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Abstract
Background: Animal models suggest that neuroprotective
effects of therapeutic hypothermia (TH) after perinatal asphyxia are reduced in infants with early-onset sepsis. Objectives: To assess the outcome of infants with perinatal asphyxia, neonatal encephalopathy, and TH in the presence of
early-onset sepsis. Methods: In a retrospective cohort of
1,084 infants with perinatal asphyxia and TH, the outcome of
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42 infants (gestational age 36.1–42.6 weeks and birth weight
2,280–5,240 g) with proven sepsis (n = 14) and probable sepsis (n = 28) was analyzed. Death, cerebral palsy, or a delayed
development at 2 years was considered an adverse outcome. Results: Sepsis was caused mostly by group B streptococci (n = 17), other Gram-positive bacteria (n = 5), and
Candida albicans (n = 1). Of the 42 infants, 9 (21.4%) died, and
5 (11.9%) showed impairments on follow-up. The outcome
is comparable to the previously reported outcome of infants
with TH without early-onset sepsis. Conclusion: A good outcome was reported in the majority of infants with perinatal
asphyxia, TH, and early-onset sepsis. Cooling should not be
withheld from these infants.
© 2018 The Author(s)
Published by S. Karger AG, Basel
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Introduction

Neonatal encephalopathy (NE) following perinatal asphyxia in term neonates is still a common and serious
condition. The prevalence of NE after perinatal asphyxia
is approximately 1–6 per 1,000 full-term live births [1, 2].
It is well known that infants with moderate-to-severe NE
carry a high risk of adverse outcome, such as cerebral palsy (CP), neurodevelopmental impairment, or mortality,
even after therapeutic hypothermia (TH) [1, 3, 4]. In addition, early-onset sepsis which is mostly caused by group
B streptococcus (GBS) or Gram-negative organisms, such
as Escherichia coli, carries a high risk of an adverse outcome [5]. The outcome of infants with perinatal asphyxia,
early-onset sepsis, and TH has not been reported in much
detail. It has been suggested that encephalopathic newborns with early-onset sepsis may have a worse outcome
compared to nonseptic neonates [6]. Studies in adults
with sepsis did not show benefits of hypothermia [7]. In
addition, in the study by Geurts et al. [8] an increased
risk for pneumonia and sepsis was observed, although
the overall infection risk was not significantly higher. At
present, little is known about the interplay of hypothermia and sepsis. Several animal models have examined the
neuroprotective effect of TH in the presence of bacterial
infections and results are inconclusive [9–12].
In the present study, the outcome of infants with perinatal asphyxia, NE treated with hypothermia, and earlyonset sepsis was assessed.
Subjects and Methods
Infants with a gestational age between 36 + 0 and 42 + 0 weeks
with perinatal asphyxia, NE, and TH admitted to one of the level
III participating Neonatal Intensive Care Units (NICU) in the
Netherlands or Flanders, Belgium, between January 2008 and December 2016 were included. During this period, 1,084 infants were
treated with TH in the participating hospitals. Retrospectively,
data were collected from the medical files. Growth percentiles were
calculated according to the Netherlands Perinatal Registry Birth
Weight centiles (www.perined.nl) [13].
Infants with positive blood cultures within 48 h after birth and
clinical signs of sepsis were considered to have a proven sepsis. Infants with clinical signs of early-onset sepsis and an elevated CRP
(≥50 mg/L) or positive surface cultures, but no positive blood culture, were considered to have a probable sepsis. All infants were
treated with antibiotics for at least 7 days, and all had signs of
multi-organ failure. Most infants were too ill to undergo lumbar
punctures.
The severity of encephalopathy was graded according to Sarnat. TH was used as described previously [3]. Although 3 infants
appeared to have a mild encephalopathy, aEEG showed a suppressed background pattern and TH was applied. In 3 infants with
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a good aEEG background pattern on admission, TH was started
because of a high Thompson score.
In all infants, aEEG was used routinely, and patterns were analyzed as described previously [14]. Clinical and/or aEEG-detected
seizures were treated according to the Dutch/Flemish neonatal seizure protocol which includes phenobarbital with midazolam and/
or lidocaine as add-on therapy [15]. Brain imaging (cranial ultrasound and MRI) was collected from the files. MRI abnormalities
were reported as watershed lesions, lesions in the basal ganglia and
thalamus (BGT), or near total injury [16].
Outcome
After discharge, follow-up assessments were performed in the
participating hospitals at regular intervals up to at least 18 months
in the routine follow-up program. Death, CP, neurodevelopmental
impairment of > 3 months, a Griffiths’ developmental quotient
<88 (–1 standard deviation, SD), or a score on the Bayley Scales of
Infant and Toddler Development-III <85 (–1 SD) were all considered an adverse outcome. In addition, infants (n = 4) with a normal
MRI at birth and having no neurological abnormalities at the age
of 6 months, and 2 additional infants with a normal MRI and no
follow-up data were categorized in the group with no adverse outcome.
Statistical Analysis
Mortality and adverse neurodevelopmental outcome data were
compared to the data reported previously in our units [3] and a
Cochrane review [4], using χ2 tests, Fisher tests, or analysis of variance (ANOVA) where appropriate. Data were expressed as mean
± SD, median with interquartile range (IQR), or in percentages.
With the number of 42 patients, it would be possible to compare
neuroprotective effects of hypothermia in septic patients (both
proven and probable sepsis combined) with all hypothermia patients presented in the studies mentioned above [3, 4] with an alpha of 0.05 and a power of 0.80. This retrospective study was approved by the local ethics committee, and the requirement to obtain informed consent for this study with anonymous data analysis
was waived according to national regulations.

Results

Between January 2008 and December 2017, 42 infants
with perinatal asphyxia and TH showed early-onset sepsis. Of these 42 infants, 14 infants had proven sepsis and
28 probable sepsis. Clinical data of our patients are presented in Table 1. Clinical data were not significantly different between the proven and probable sepsis groups.
Gestational age and birth weight were lower in the neonates who died (n = 9) compared to the ones who survived
(n = 33); however, the 5th and the 10th percentile birth
weights were similar. Infants who died had a higher
Thompson score and a more severe encephalopathy.
Clinical data of the patients with sepsis, such as gestational age, birth weight, and severity of encephalopathy
were comparable to those reported in other studies of
Hakobyan et al.

Table 1. Clinical data

Characteristics

Proven
sepsis
(n = 14)

p

Survived
(n = 33)

40.0±1.49
14 (50.0)
3,660±726
3 (10.7)
4 (14.3)

40.2±1.72
7 (50.0)
3,658±534
1 (7.1)
2 (14.3)

40.3±1.45
39.1±1.65
16 (48.5)
5 (55.6)
3,814±619
3,094±502
2 (6.1)
2 (22.2)
3 (9.1)
3 (33.3)

10 (37.0)
14 (51.9)
3 (11.1)
11 (50.0)

6 (50.0)
4 (33.3)
2 (16.7)
8 (66.7)

0.75
1.00
0.99
1.00
1.00
0.56

2 (16.7)
6 (50.0)
4 (33.3)

1 (11.1)
6 (66.7)
2 (22.2)

1 [2]
3 [3]
7.03±0.20
10 [3]
15 (60.0)

1.5 [2]
3.5 [3]
6.91±0.17
10 [2]
11 (91.7)

94±54.5

135±103

All early-onset Probable
sepsis
septic infants
(n = 28)
(n = 42)

Gestational age, weeks
40.1±1.55
Female
21 (50.0)
Birthweight
3,659±662
P5 for SGA
4 (9.5)
P10 for SGA
6 (14.3)
Mode of birth (n = 39a)
Section
16 (41.0)
SVD
18 (46.2)
Vacuum extraction
5 (12.8)
Meconium (n = 34a)
19 (55.9)
Grade of encephalopathy on
admission (n = 21b)
Mild
3 (14.3)
Moderate
12 (57.1)
Severe
6 (28.6)
Apgar score (n = 41a)
1 min
1 [2]
5 min
3 [3]
pHc (n = 34a)
6.98±0.20
Thompson score (n = 35a)
10 [3]
Antiepileptic drugs ≥1 (n = 37a)
26 (70.3)
Highest CRP during hypothermia
106±72.5
(n = 39a)
aEEG on admission (n = 33a)
CNV
3 (9.1)
DNV
6 (18.2)
BS
13 (39.4)
LV
5 (15.2)
FT
6 (18.2)
Mortality
9 (21.4)

3 (13.6)
4 (18.2)
7 (31.8)
4 (18.2)
4 (18.2)
6 (21.4)

0 (0.0)
2 (18.2)
6 (54.5)
1 (9.1)
2 (18.2)
3 (21.4)

value*

Died
(n = 9)

p

value+
0.04
0.71
0.003
0.20
0.10
0.42

12 (40.0)
13 (43.3)
5 (16.7)
14 (51.9)

4 (44.4)
5 (55.6)
0 (0.0)
5 (71.4)

3 (18.8)
12 (75.0)
1 (6.3)

0 (0.0)
0 (0.0)
5 (100)

0.57
0.39
0.07
0.89
0.06

1 [2]
3.5 [2]
6.98±0.21
10 [3]
20 (71.4)

0 [2]
2 [5]
7.0±0.13
13 [3]
6 (66.7)

0.14
0.4
0.93
0.02
0.79

0.11
0.58

103±69.0

116±89.5

0.65
0.06

0.35
0.75

1.00

3 (12.0)
6 (24.0)
11 (44.0)
2 (8.0)
3 (12.0)
–

0 (0.0)
0 (0.0)
2 (25.0)
3 (37.5)
3 (37.5)
–

0.35
<0.0001

–

Values are expressed as means ± SD, numbers with percentage in parentheses, or medians with IQR in square brackets. Bold values
are p < 0.05. SGA, small for gestational age; P5, 5th percentile; P10, 10th percentile; SVD, spontaneous vaginal delivery; aEEG, amplitudeintegrated electroencephalography; CNV, continuous normal voltage; DNV, discontinuous normal voltage; BS, burst suppression; LV,
low voltage; FT, flat trace.
a Percentages are based on data that were available from the number of infants in the institutions. It means that some data were
missing. b Data were missing for 21 infants. c The umbilical arterial pH was not reported in 8 infants. * p values were calculated between
probable and proven sepsis. + p values were calculated between infants who survived and those who died.

TH in the Cochrane review by Jacobs et al. [4] and in
Groenendaal et al. [3].
Microbiology
The children with proven sepsis showed a positive
blood culture with Gram-positive bacteria, which included GBS (n = 10), Actinomyces (n = 1), coagulase-negative
staphylococci (n = 1), Streptococcus viridans (n = 1), and
Streptococcus milleri (n = 1, Table 2). The infant with S.
viridans-proven sepsis died. The infants with proven sepTherapeutic Hypothermia and Sepsis

sis who survived developed no neurological impairments.
Some neonates in the probable sepsis group had no surface cultures taken (n = 19). These infants were diagnosed
with probable sepsis based on their high CRP values and
clinical symptoms, leaving 9 neonates with a positive surface with Gram-positive bacteria (GBS, n = 7, and Enterococcus hirae, n = 1) or fungus (Candida, n = 1). There was
no significant difference in adverse outcome, considering
the type of organism found in blood or surface culture
(Table 2).
Neonatology 2019;115:127–133
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Table 2. Bacteria cultured in infants with a proven or probable sep-

sis

Surface or blood culturea
GBS
CNS
Actinomyces oris
Streptococcus milleri
Streptococcus viridansb
Enterococcus hirae
Candida
Unknownc

Proven
sepsis
(n = 14)

Probable
sepsis
(n = 28)

Adverse
outcome

10 (71.4)
1 (7.1)
1 (7.1)
1 (7.1)
1 (7.1)
–
–
–

7 (77.8)
–
–
–
–
1 (11.1)
1 (11.1)
19 (45.2)

6
0
0
0
1
0
0
7

Values are expressed as numbers with percentages in
parentheses. GBS, group B streptococcus; CNS, coagulase-negative
staphylococcus.
a Surface culture was taken from the ear and/or umbilicus, with
missing data for 19 infants. b This infant with S. viridans sepsis
developed a coinfection with CNS at birth. c These infants were
included in the probable sepsis group due to clinical signs of sepsis
and a CRP >50 mg/L.

Outcome
Imaging
Findings of cranial MRI examinations at follow-up are
presented in Table 3. The MRI showed no abnormalities
in 51.4% of the infants with sepsis. Infants who died had
more severe MRI abnormalities (p < 0.0001). Four infants
(11.4%) had a near total pattern on the MRI. Of the 4 infants with a near total pattern, 3 died and 1 survived but
developed neurological disabilities. The aEEG of these 4
neonates showed a flat trace or continuous low voltage
and 2 had a Thompson score of >11. Furthermore, 6 neonates (17.1%) had BGT involvement on the MRI, and 7
neonates (20%) had a watershed-type injury. One infant
with a BGT pattern died and 2 developed neurological
disabilities. Finally, there was no difference in MRI results
between proven and probable sepsis (p = 0.992).
Mortality
The overall mortality among septic infants with TH
after asphyxia was 21.4%. Two infants died shortly after
admission due to severe sepsis, 7 others died after redirection of care following severe brain injury which was demonstrated using MRI. Postmortem examination was performed in 2 infants, confirming the multi-organ involvement and MRI findings. No significant difference was
6
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Table 3. MRI data and survival

Characteristics

MRI (n = 35)a
Normal
WS
BGT
NT
Not performed

Probable
sepsis
(n = 28)

Proven
sepsis
(n = 14)

Survived
(n = 33)

Died
(n = 9)

13 (46.4)
5 (17.8)
4 (14.3)
3 (10.7)
3 (10.7)

5 (35.7)
2 (14.3)
2 (14.3)
1 (7.1)
4 (28.6)

18 (54.5)
7 (21.2)
5 (15.2)
1 (3.0)
2 (6.1)

0 (0.0)
0 (0.0)
1 (11.1)
3 (33.3)
5 (55.6)

Values are expressed as numbers with percentages in
parentheses. MRI, magnetic resonance imaging; WS, watershed
pattern of injury; BGT, basal ganglia and thalamus pattern of
injury; NT, “near total” pattern of injury.
a MRI was not performed in 7 infants, of whom 5 died.

found in mortality between the proven and probable sepsis groups. The mortality in the present study (21.4%) was
comparable to the previous study (31.8%) and the Cochrane review (26.8%; Table 4).
Follow-Up
Outcome data on Neurodevelopmental disabilities
or CP are presented in Table 4. Of the 42 neonates, 33
(78.6%) infants survived. Among the survivors, 5 (15.1%)
had neurodevelopmental impairment including CP.
Three infants were too young to be formally tested or had
no follow-up. The remaining 25 infants with perinatal asphyxia and early-onset sepsis were normal (59.5%). Hypothermia-treated survivors with sepsis had no difference in the incidence of adverse outcome compared to the
previous TH studies.
Discussion

In the present study, the outcome of septic neonates
who underwent TH was reported. During the study period, 42 of the 1,084 infants (3.9%) had proven or probable early-onset sepsis. Whereas one-third had an adverse
outcome, more than 60% was normal at 18 months or
later. An additional 2 younger infants were too young to
be formally tested but were normal at this younger age.
These outcomes are comparable to the data reported in
large RCTs and the results of previously reported patients
in the Netherlands and Flanders, Belgium, without sepsis
[4, 17–20].
Hakobyan et al.

Table 4. Outcome of septic neonates with TH after asphyxia compared to previous studies [3, 4]

Outcome

Early-onset sepsis
(n = 42)

Groenendaal et al. [3]
(n = 308)

p value*

Cochrane review [4] p value+
(n = 678)

Normal outcome
Neurodevelopmental
impairment or CP
Mortality
Adverse outcome
Too young to be tested

26 (61.9)

168 (54.5)

0.37

366 (54.0)

0.32

5 (11.9)
9 (21.4)
14 (33.3)
2 (4.8)

42 (13.6)
98 (31.8)
140 (45.5)
–

0.76
0.17
0.14
–

130 (19.2)
182 (26.8)
312 (46.0)
–

0.24
0.44
0.11
–

Values are expressed as numbers with percentages in parentheses. * Significant difference was calculated between the early-onset
sepsis group and Groenendaal et al. [3]. + Significant difference was calculated between the early-onset sepsis group and the Cochrane
review [4].

Infections with GBS are still an important cause of serious morbidity in neonates [21]. In the present study, the
outcome of infants with infections caused by GBS was not
different from infections caused by other organisms. Infections with Gram-negative organisms were not seen in
the present study. In the Netherlands, early-onset sepsis
with Gram-negative organisms in full-term infants is very
rare (data from the Netherlands Perinatal Registry, www.
perined.nl).
TH has a neuroprotective effect by influencing different pathways including metabolism, cerebral blood
flow, the release of excitatory amino acids, and apoptosis. Furthermore, TH has an antioxidant effect, the ability to block the proinflammatory cascade and reduce
ATP loss [6, 22]. During sepsis, metabolic demands in
different organs are high due to the inflammation response, which may increase neuronal apoptosis and
subsequent neurological damage. Based on this theory,
TH could also be effective in infants with early-onset
sepsis. In contrast, hypothermia may suppress the potentially protective inflammatory cascade and may result in functional immune compromise, leading to an
adverse outcome in infants with sepsis [23]. Animal experiments have described conflicting results in models
of perinatal asphyxia and infections. Neuroprotective
effects have been described in neonatal models of Grampositive sepsis and TH [11], whereas a lack of effects has
been detected in neonatal models of Gram-negative sepsis and TH [9, 10]. In contrast, prolonged survival in
Gram-negative sepsis was documented in adult models
of Gram-negative and Gram-positive sepsis and TH [12,
24].
The large trials of TH in perinatal asphyxia and NE
have not described the effects of TH in infants with early-

onset sepsis in much detail. TH may increase the risk of
infections [23]. A meta-analysis in adults strongly suggested an association between TH and the risk of pneumonia and sepsis [8]. In main randomized trails, solely
5–11.3% of infants developed sepsis [17, 18, 20, 25]. However, early-onset sepsis has not been defined in much detail in most trials, and in many studies no difference was
reported between early and late-onset sepsis. In the present study, 14 of the infants developed late-onset sepsis
which is higher number compared to the study of Jacobs
et al. [25].
Our study has several limitations. First, it had a retrospective design, and some clinical data were not reported
in much detail. Furthermore, some units did not perform
routine surface cultures, thereby limiting the detection of
the causative organism in infants with clinical sepsis. The
effect of TH on CRP levels is controversial [26, 27]. Nevertheless, by using very high cutoff values for CRP (>50
mg/L), twice the upper level as those mentioned by others [28, 29], and a clinical picture of early-onset sepsis,
we considered the risk of false positives to be low. Second, follow-up was not performed uniformly, which may
have led to somewhat diverse outcome data. By using
cutoff values of the separate tests, we were able to identify infants with an adverse outcome. Third, the numbers
of sepsis cases were too small to provide detailed information on the outcome of Gram-positive versus Gramnegative neonatal sepsis, but the sample size was large
enough to demonstrate that neuroprotection by TH was
retained in infants with perinatal asphyxia and early-onset sepsis. Furthermore, no lumbar puncture was performed in most infants because of the severity of illness,
and the presence of accompanying meningitis is unknown.
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Statement of Ethics

Conclusion

A good outcome was reported in more than 60% of
infants with perinatal asphyxia, sepsis, and therapeutic
hypothermia. Therapeutic hypothermia should not be
withheld from infants with perinatal asphyxia, neonatal
encephalopathy, and early-onset sepsis.

For this observational study analyzing and reporting a large set
of anonymized data a waiver of informed consent was obtained
according to European legislation.
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A central goal of The Academy of Breastfeeding Medicine is the development of clinical protocols, free from
commercial interest or influence, for managing common medical problems that may impact breastfeeding
success. These protocols serve only as guidelines for the care of breastfeeding mothers and infants and do not
delineate an exclusive course of treatment or serve as standards of medical care. Variations in treatment may
be appropriate according to the needs of an individual patient.

Background

B

reastfeeding mothers may encounter unforeseen
reasons for separation from their infants, but more often
women express and store milk for planned events, lifestyle
flexibility, and returning to work. Knowledge of appropriate
human milk handling and storage is essential for breastfeeding success in these situations. One study indicated that although most women store their milk as recommended, *12%
heated their milk in a microwave, and 17% rinsed bottle
nipples/teats with only water before reuse,1 which may reduce
the milk’s biological properties and increase risk of contamination, respectively. Another study showed that neonatal
nurses’ knowledge and practice of breast milk collection and
storage were adequate, however, there was inadequacy related to discarding, storing, and thawing breast milk.2
Human milk is a fresh, living food with many antioxidant,
antibacterial, prebiotic, probiotic, and immune-boosting
properties in addition to nutrients. Although some of these
nutrients and health properties change with storage, there is
good evidence that human milk storage can be safe, allowing
provision of optimal nutrition to the child when breastfeeding
or immediately expressed milk is not available. When direct
breastfeeding is not possible, stored human milk maintains
unique qualities, such that it continues to be the gold standard
for infant feeding.
Preparation for Human Milk Storage

1. Washing: Women should wash their hands with soap
and water, or a waterless hand cleanser if their hands
don’t appear dirty, before milk expression. Unclean
hands may transmit viruses and bacteria, some of
1
2

which can cause illness. Studies show that human milk
containing fewer bacteria at the time of expression
develops less bacterial growth during storage and has
higher protein levels compared to milk that has an
abundance of bacteria.3–5 Additional hand hygiene and
cleaning of the breasts before expression are not necessary.6 (IIB) (Quality of evidence [levels of evidence
IA, IB, IIA, IIB, III, and IV] is based on levels of
evidence used for the National Guidelines Clearing
House7 and is noted in parentheses.)
2. Hand or Pump: Milk expression can be achieved by hand
or by a pump. As long as the appropriate steps are taken
for hand cleansing and cleaning of pump parts as per the
pump manufacturer’s instructions, there does not seem to
be a difference in milk contamination with pumping
versus hand expression.8,9 (IIB, IV) There is no need to
discard the first few drops of milk with initiating milk
expression. This milk is not more likely to be contaminated than milk that is subsequently expressed.7 One
study found that milk expressed at home appears to have
more bacterial contamination than milk expressed at the
hospital, possibly related to equipment at home or
transport, not related to personal hygiene.6 (IIB)
3. Storage Container Choice: Several studies have been
done to evaluate a range of available storage containers.
There is a significant reduction in percent of fat and an
increase in total protein and carbohydrate concentrations with either glass or polyethylene, polypropylene,
polycarbonate, or polyethersulfone bottles or bags.10
Glass and polypropylene containers appear similar in
their effects on adherence of lipid-soluble nutrients to the
container surface,11 the concentration of immunoglobulin
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A (IgA), and the numbers of viable white blood cells in the
stored milk.12 Use of polyethylene containers was associated with a marked drop (60%) of IgA12 and milk’s
bactericidal effect when compared to Pyrex, a type of
tempered glass.13 Steel containers were associated with a
marked decline in cell count and cell viability when
compared to polyethylene14 and glass.15 (IIB)
There has been concern about possible contamination of milk stored in polypropylene bags because of the
risk of contamination by puncturing the plastic.16 (IV)
However, one study showed no difference between
contamination and fat loss when comparing hard and
soft polypropylene containers.17 Therefore, plastic bags
used for human milk storage should be sturdy, sealed
well, and stored in an area of the freezer where damage
to the bag would be minimized. (IIB) Containers made
with bisphenol A, which is found in several plastic
containers including baby bottles, should be avoided
based on strong evidence of its adverse effects as an
endocrine disruptor.18 There should be caution about
the use of bottles with bisphenol S, a bisphenol A alternative, as it may also have deleterious effects, although this is not well established in the literature.
Human milk should not be stored in hospital plastic
specimen storage containers such as those used for urine or other bodily fluids because there is insufficient
evidence regarding their chemical safety and effects on
infants’ health;19 only food grade plastic containers
should be used for human milk storage. (IV)
4. Care of Containers: Containers for human milk storage and
breast pump milk collection kits must be completely dismantled, washed in hot soapy water and rinsed or washed
in a dishwasher,8 and should always be thoroughly air
dried or dried with paper towels.20 They do not need to be
sterilized. If soap is not available, then boiling water is
preferable. (IIB) Chemical disinfection is not ideal, as the
disinfectant can be easily deactivated and could expose
infant to unnecessary risk of both inadequately clean
containers and residual chemical disinfectant.20 (IV)
Storage of Human Milk

1. Freshly expressed human milk may be stored safely at
room temperature (10–29C, 50–85F) for some period of time. Studies suggest different optimal times
for room temperature storage because conditions vary
greatly in the cleanliness of milk expression technique
and the room temperature. Warmer ambient temperatures are associated with faster growing bacterial
counts in stored milk. For room temperatures ranging
from 27C to 32C (29C = 85F), 4 hours may be a
reasonable limit.5,21,22 For very clean expressed milk
with very low bacterial counts, 6–8 hours at lower
room temperatures may be reasonable, but it is best to
chill or refrigerate as soon as possible if the milk will
not be used during that time.4,23–25 (IIB)
2. Ice packs: Very few studies have evaluated milk
storage safety at 15C (59F), which would be
equivalent to an ice pack in a small cooler. Hamosh
et al.21 suggested that human milk is safe at 15C for
24 hours, based on minimal bacterial growth noted in
the samples from their study. (IIB)
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3. Refrigeration: Several studies have demonstrated the
safety of refrigerating human milk (4C, 39.2F), either
by evaluating the bactericidal capacity of stored milk as
a marker for milk quality or by measuring bacterial
growth in the stored milk samples. Bactericidal capacity
of stored refrigerated human milk declines significantly
by 48–72 hours.26–28 However, studies of expressed
human milk with little contamination at the time of
expression demonstrate safe, low levels of bacteria
growth in milk at 72 hours24 and even after 4–8 days of
refrigeration.3,4,29
Few studies have been done on the change in milk
composition during refrigerator storage. One study
found that lipid composition and lipase activity remained stable up to 96 hours in the refrigerator.30
Lactoferrin levels are stable in the refrigerator for 4–
5 days.31,32 Many immunologic factors in colostrum
such as IgA, cytokines, and growth factors are not diminished with refrigeration for 48 hours.33 (IIB)
4. Freezing expressed human milk (0F, -18C) has been
demonstrated to be safe for at least 3 months. Evidence
indicates that thawed human milk, previously frozen for
at least 6 weeks at -20C (-4F), has the same bacterial
viability and diversity as it did when it was freshly expressed.34 The basic principles of freezing dictate that
frozen foods at -18C (0F) are safe indefinitely from
bacterial contamination, although enzymatic processes
inherent in food could persist, with possible changes in
milk quality.35
Fat, protein, and calories decrease in human milk when
frozen for 90 days compared to fresh human milk.36
Frozen human milk has a significant increase in acidity by
3 months, likely due to ongoing lipase activity, that increases free fatty acids in the milk.37 Based on a few
studies with very small samples sizes, vitamin E appears
stable in frozen milk over time, and vitamin C levels decrease significantly after 1–5 months of storage.38,39 There
is a paucity of research on how freezer storage affects
nearly all vitamins and minerals in human milk.38–40
Bioactive factors in human milk variably diminish
with freezing. Lactoferrin levels and bioactivity are
significantly lower in human milk frozen at -20C for 3
months.13,31,32 However, several cytokines, IgA and
growth factors from colostrum are stable for at least 6
months at -20C (-4F).10,33 One trial evaluating milk
frozen for 9 months found a progressive decline in pH
and in bacterial counts, and increases in nonesterified
fatty acids. Other macronutrients, osmolality, and immunoactive proteins remained unchanged in this study
after 9 months.41 Frozen human milk should be stored
in the back of the freezer to prevent intermittent rewarming due to freezer door opening, and should be
kept away from the walls of self-defrosting freezers. All
containers with human milk should be well sealed to
prevent contamination. (IIB)
5. Smell of stored milk: Refrigerated and frozen human
milk may have an odor different from fresh milk due to
lipase-mediated triglyceride breakdown, releasing fatty
acids. The odor likely comes from oxidation of these
fatty acids.42,43 This lipolysis process has antimicrobial
effects preventing the growth of microorganisms in
thawed refrigerated milk.44 There is no evidence to
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suggest that infants often reject human milk due to this
odor. Many foods that humans eat, such as eggs, cheese,
and fish, have an unpleasant odor that does not affect
taste. One study demonstrated that freezing human milk
to -80C (-112F) leads to less change in smell as
compared to conventional freezing to -19C.43 Heating
milk to above 40C to deactivate lipase is not advised
because this may destroy many of the immunologically
active factors in human milk. (IIB)
6. Expansion while freezing: When filling a container with
human milk, space should be left at the top to allow for
expansion with freezing. All stored containers of human
milk should be labeled with the date of milk expression
and the name of the child if the milk will be used in a
child-care setting. It is typical for infants in daycare to
take 60–120 mL (2–4 ounces) of human milk at one
feeding. Therefore, storing human milk in a variety of
small increments such as 15–60 mL is a convenient way
to prevent waste of thawed human milk.
7. Mixing milk: Freshly expressed warm milk should not
be added to already cooled or frozen milk, to prevent
rewarming of the already stored milk. It is best to cool
down the newly expressed milk first before adding it to
older stored milk.

5.

A summary of milk storage guidelines is given in Table 1.
6.

Using Stored Human Milk

1. Cleaning of feeding devices: Containers and feeding
devices used to feed the infant should be cleaned with
soap and water and air dried or dried with a paper
towel before/after every use. They do not need to be
sterilized for a healthy infant. (IIB)
2. Using fresh milk first: Fresh milk is of higher quality
than frozen milk. Fresh milk contains current maternal
secretory IgA antibodies that may be relevant to the
dyad’s recent infectious exposures.45 Freshly expressed
milk is highest in antioxidants, vitamins, protein, fat,
and probiotic bacteria compared to refrigerated or frozen milk.27,36,38,39 Fresh human milk also has the
greatest immunologic activity compared to refrigerated
or frozen milk.10,31,46 (IB)
3. Thawing frozen milk: There are several ways to thaw
frozen human milk: by either placing the container in the
refrigerator overnight; by running it under warm water;
by setting it in a container of warm water; or by using a
waterless warmer. Slow thawing in the refrigerator causes less fat loss than thawing in warm water.47 (IIB)
4. Warming human milk: Most infants drink milk cool, at
room temperature, or warmed; infants may demonstrate a

7.

8.

preference. Warming thawed human milk to body temperature is best done over a period of 20 minutes in
lukewarm water (at most 40C). Even warming the milk
just to 37C brings the fat to its melting point, promoting
changes from solid fat, which is present at 4C refrigerator temperature, to liquid or oil fat. Oil fat appears to
adhere to the side of the container at 37C more than it
does at 4C, therefore lowering the fat content of the
milk. One study compared tepid water warming at 37C
and waterless warming and found there was no difference between them in regards to changes in fat, protein,
lactoferrin, and secretory IgA.44
Milk placed in hot water bath (80C, which is not
uncommon in the real setting) creates islets of high
temperature milk due to lack of stirring.48 Overheating
during the warming process causes denaturation and
inactivation of milk’s bioactive proteins and decreased
fat content. (IIB)
Microwaving: Studies done on defrosting human milk
in a microwave demonstrate that controlling the temperature in a microwave is difficult, causing the milk
to heat unevenly.49 Although microwaving milk decreases bacteria in the milk much like pasteurization
does, it also significantly decreases the activity of
immunologic factors, which may reduce its overall
health properties for the infant.50,51 (IIB)
Using thawed milk: Once frozen milk is brought to
room temperature, its ability to inhibit bacterial growth
is lessened, especially by 24 hours after thawing.52
Previously frozen human milk that has been thawed
for 24 hours should not be left out at room temperature
for more than 2 hours.44 (IIB)
Refreezing: There is little information on refreezing
thawed human milk. Bacterial growth and loss of antibacterial activity in thawed milk will vary depending
on the technique of milk thawing, duration of the thaw,
and the amount of bacteria in the milk at the time of
expression. At this time no recommendations can be
made on the refreezing of thawed human milk.
Using previously fed milk: Once an infant begins
drinking expressed human milk, some bacterial contamination occurs in the milk from the infant’s mouth.
The length of time the milk can be kept at room
temperature once the infant has partially fed from the
cup or bottle would theoretically depend on the initial
bacterial load in the milk, how long the milk has been
thawed, and the ambient temperature. There has been
insufficient research done to provide recommendations
in this regard. However, based on related evidence
thus far, it seems reasonable to discard the remaining

Table 1. Milk Storage Guidelines
Location of storage

Temperature

Maximum recommended storage duration

Room temperature

16–29C (60–85F)

4 hours optimal
6–8 hours acceptable under very clean conditions
4 days optimal
5–8 days under very clean conditions
6 months optimal
12 months acceptable

Refrigerator
Freezer

*4C (39.2F)
0F (-18C)
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milk within 1–2 hours after the infant is finished
feeding. (IV) To avoid wasting or discarding unfed
milk, mothers may consider storing milk in a variety of
increments such as 15, 30, or 60 mL.
9. Handling: Expressed human milk does not require
special handling (such as universal precautions), as is
required for other bodily fluids such as blood. It can be
stored in a workplace refrigerator where other workers
store food, although it should be labeled with name
and date.53 (IV) Mothers may prefer to store their milk
in a personal freezer pack or cooler, separate from
communal refrigerator areas.
10. Infections: Uncontaminated human milk naturally
contains nonpathogenic bacteria54,55 that are important in establishing the neonatal intestinal flora. These
bacteria are probiotics—they create conditions in the
intestine that are unfavorable to the growth of pathogenic organisms.55 If a mother has breast or nipple
pain from a bacterial or yeast infection, there is no
evidence that her stored expressed milk needs to be
discarded. Human milk that appears stringy, foul, or
purulent should, however, be discarded and not be
fed to the infant. (IV)
Areas for Future Research

The evidence for some aspects of human milk storage is
lacking. Many studies are older, and because of differences in
methodology, are difficult to compare. The studies vary in
many respects, such as technique of milk collection, cleanliness and types of containers, duration of storage, method of
thawing and warming milk, temperature and type of storage
unit, and culture techniques of milk samples. Large highquality studies evaluating human milk storage in a variety of
circumstances over a longer duration of time are needed.
Standards for evaluating milk quality, such as culture techniques, need to be established. Although it is ideal to have a
universal international guideline for human milk storage, it
may be impossible for one guideline to represent unusual or
limited circumstances in some cultures.
Human milk naturally has both prebiotic and probiotic
activity that is essential in establishing the infant gut microbiome. Human milk’s prebiotic components are nondigestible factors such as oligosaccharides that promote the
growth of beneficial microorganisms in the intestines. Human
milk’s probiotic components are commensal organisms. Because of the impact of refrigeration, freezing, thawing, and
warming on the bactericidal activity of human milk, feeding an
infant stored human milk may have different consequences on
infant intestinal health compared to breastfeeding, and this
should be investigated further. Along the same lines, stored
human milk changes in quality over time, as demonstrated by
many of the referenced articles included in this protocol. The
effect of stored human milk versus fresh human milk on the
health of a child should be studied.
There is also no agreed-upon definition of unsafe milk.
Several studies describe the degree of milk contamination
over a period of time under certain temperature and storage
time conditions, typically described as the number of colonyforming units per milliliter. There is no accepted limit at
which point milk should not be consumed, although 1 · 104
colony-forming units/mL has been suggested. Other studies

have investigated the bactericidal capacity of stored human
milk, which would reflect its immunologic effectiveness for
the infant and the risk of the milk becoming contaminated
over time during storage. The percentage loss of bactericidal
activity that would render human milk unfit has not been
determined. A definition for adequate milk quality should be
established, with guidelines on what would constitute unsafe
milk or lower-quality milk that would necessitate discarding
of stored milk.
There is only one study investigating human milk quality
after 6 months of freezing. This is particularly concerning,
given that a few very small studies have demonstrated a
decline in some vitamins after 3 months of freezing. Because some infants rely entirely on frozen human milk for
nutrition, studies should be done to confirm that this is
nutritionally safe.
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34. Marı́n ML, Arroyo R, Jiménez E, et al. Cold storage of
human milk: Effect on its bacterial composition. J Pediatr
Gastroenterol Nutr 2009;49:343–348.
35. USDA. Freezing and food storage. 2013. Available at
https://www.fsis.usda.gov/wps/portal/fsis/topics/food-safetyeducation/get-answers/food-safety-fact-sheets/safe-foodhandling/freezing-and-food-safety/ct_index/!ut/p/a1/jVFtT8Iw
EP417Nto55CgSWMWDCoiaFAZ-7IUetuajHa2h4K_3g4k
EQNKm1zu5Xnae-5IQmKSKP4uc45SK17WcdJO6RNt
Bxdd2h9dBD16N3x9Gt13u7QzPneA6R-AYXgi_8iJ6H_8_
gkfnJmH7kNOkopj4UuVaRLngD5X9gOMJXGmtfAtzwDX
fsbn6NsCAF2hzvmbasGVKKXKHdgAfDrP0YX_g0niOaZ
SCViRCUn2u6KBu3fDcNy67Q9DOmr9BhwY2xZwfC5Oe
F7q2WZH00jNwo5TaCADA6a5NC5dIFb2skEb1AI386JZ
d7tttpnr91366o3tNHkzVDfNFaNbZ_3tsPE (Accessed
April 2, 2017).
36. Garcı́a-Lara NR, Escuder-Vieco D, Garcı́a-Algar O, et al.
Effect of freezing time on macronutrients and energy
content of breastmilk. Breastfeed Med 2012;7:295–301.
37. Vázquez-Román S, Escuder-Vieco D, Garcı́a-Lara NR,
et al. Impact of freezing time on dornic acidity in three
types of milk: Raw donor milk, mother’s own milk, and
pasteurized donor milk. Breastfeed Med 2016;11:91–93.
38. Romeu-Nadal M, Castellote A, Lopez-Sabater M. Effect of
cold storage on vitamins C and E and fatty acids in human
milk. Food Chem 2008;106:65–70.
39. Buss I, McGill F, Darlow B, et al. Vitamin C is reduced in
human milk after storage. Acta Paediatr 2001;90:813–815.
40. Bank MR, Kirksey A, West K, et al. Effect of storage time
and temperature on folacin and vitamin C levels in term
and preterm human milk. Am J Clin Nutr 1985;41:235–242.
41. Ahrabi A, Handa D, Codipilly C, et al. Effects of extended
freezer storage on the integrity of human milk. J Pediatr
2016;177:140–143.
42. Spitzer J, Klos K, Buettner A. Monitoring aroma changes
during human milk storage at +4C by sensory and quantification experiments. Clin Nutr 2013;32:1036–1042.
43. Sandgruber S, Much D, Amann-Gassner U, et al. Sensory
and molecular characterisation of the protective effect of
storage at -80C on the odour profiles of human milk. Food
Chem 2012;130:236–242.
44. Handa D, Ahrabi AF, Codipilly CN, et al. Do thawing and
warming affect the integrity of human milk? J Perinatol
2014;34:863–866.
45. Lönnerdal B. Bioactive proteins in breast milk. J Paediatr
Child Health 2013;49 Suppl 1:1–7.
46. Akinbi H, Meinzen-Derr J, Auer C, et al. Alterations in the
host defense properties of human milk following prolonged
storage or pasteurization. J Pediatr Gastroenterol Nutr
2010;51:347–352.
47. Thatrimontrichai A, Janjindamai W, Puwanant M. Fat loss
in thawed breast milk: Comparison between refrigerator
and warm water. Indian Pediatr 2012;49:877–880.
48. Bransburg-Zabary S, Virozub A, Mimouni FB. Human
milk warming temperatures using a simulation of currently
available storage and warming methods. PLoS One 2015;
10:e0128806.
49. Ovesen L, Jakobsen J, Leth T, et al. The effect of microwave heating on vitamins B1 and E, and linoleic and linolenic acids, and immunoglobulins in human milk. Int J
Food Sci Nutr 1996;47:427–436.
50. Quan R, Yang C, Rubinstein S, et al. Effects of microwave
radiation on anti-infective factors in human milk. Pediatrics 1992;89:667–669.

ABM PROTOCOL

51. Sigman M, Burke K, Swarner O, et al. Effects of microwaving human milk: Changes in IgA content and bacterial
count. J Am Diet Assoc 1989;89:690–692.
52. Hernandez J, Lemons P, Lemons J, et al. Effect of storage
processes on the bacterial growth-inhibiting activity of
human breast milk. Pediatrics 1979;63:597–601.
53. CDC. Are special precautions required for handling breast
milk? 2015. Available at https://www.cdc.gov/breastfeeding/
faq/#Precautions (accessed June 26, 2017).
54. Delgado S, Arroyo R, Jimenez E, et al. Mastitis infecciosas
durante la lactancia: Un problema infravalorado. Acta Pediatr Esp 2009;67:564–571.
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ABSTRACT.
Purpose: Continuous peripheral pulse oximetry for monitoring adequacy of oxygenation is probably the most
important technological advance for patients’ monitoring and safety in the last decades. Pulse oximetry has the
disadvantage of measuring the peripheral circulation, and the only mean to measure oxygen content of the central
circulation is by invasive technology. Determination of blood oxyhaemoglobin saturation in the retinal vessels of the
eye can be achieved noninvasively through spectrophotometric retinal oximetry which provides access to the central
nervous system circulation. The aim of the thesis was to determine whether retinal oximetry technique can be applied
for estimation of the central nervous system circulation which until now has only been possible invasively. This was
achieved by measuring oxyhaemoglobin saturation in three adult subject study groups: in people with central retinal
vein occlusion (CRVO) to observe local tissue hypoxia, in patients with severe chronic obstructive pulmonary disease
(COPD) on long-term oxygen therapy to observe systemic hypoxaemia and in healthy subjects during hyperoxic
breathing to observe systemic hyperoxemia. In addition, the fourth study that is mentioned was performed to test
whether retinal oximetry is feasible for neonates.
Methods: Retinal oximetry in central retinal vein occlusion: Sixteen subjects with central retinal vein occlusion participated
in the study. The oxyhaemoglobin saturation of the central retinal vein occlusion aﬀected eye was compared with the fellow
unaﬀected eye. Retinal oximetry in healthy people under hyperoxia: Thirty healthy subjects participated in the study, and
the oxyhaemoglobin saturation of retinal arterioles and venules was compared between normoxic and hyperoxic
breathing. Retinal oximetry in severe chronic obstructive pulmonary disease: Eleven patients with severe chronic obstructive
pulmonary disease participated in the study. Retinal oximetry measurements were made with and without their daily
supplemental oxygen therapy. Retinal arteriolar oxyhaemoglobin saturation when inspiring ambient air was compared
with blood samples from the radial artery and ﬁnger pulse oximetry and healthy controls. The healthy control group was
assembled from our database for comparison of oxyhaemoglobin saturation of retinal arterioles and venules during the
ambient air breathing. The retinal oximeter is based on a conventional fundus camera and a specialized software. A beam
splitter coupled with two high-resolution digital cameras allows for simultaneous acquisition of retinal images at
separative wavelengths for calculation of oxyhaemoglobin saturation. In addition, retinal images of 28 full-term healthy
neonates were obtained with scanning laser ophthalmoscope combined with modiﬁed Oxymap analysis software for
calculation of the optical density ratio and vessel diameter
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Results: Retinal oximetry in central retinal vein occlusion: Mean retinal venous oxyhaemoglobin saturation was
31  12% in CRVO eyes and 52  11% in unaﬀected fellow eyes (mean  SD, n = 14, p < 0.0001). The
arteriovenous oxygen diﬀerence (AV-diﬀerence) was 63  11% in CRVO eyes and 43  7% in fellow eyes
(p < 0.0001). The variability of retinal venous oxyhaemoglobin saturation was considerable within and between eyes
aﬀected by CRVO. There was no diﬀerence in oxyhaemoglobin saturation of retinal arterioles between the CRVO eyes
and the unaﬀected eyes (p = 0.49). Retinal oximetry in healthy people under hyperoxia: During hyperoxic breathing, the
oxyhaemoglobin saturation in retinal arterioles increased to 94.5  3.8% as compared with 92.0  3.7% at baseline
(n = 30, p < 0.0001). In venules, the mean oxyhaemoglobin saturation increased to 76.2  8.0% from 51.3  5.6%
(p < 0.0001) at baseline. The AV-diﬀerence was markedly lower during hyperoxic breathing as compared with the
normoxic breathing (18.3  9.0% versus 40.7  5.7%, p < 0.0001). Retinal oximetry in severe chronic obstructive
pulmonary disease: During ambient air breathing, chronic obstructive pulmonary disease subjects had signiﬁcantly
lower oxyhaemoglobin saturation than healthy controls in both retinal arterioles (87.2  4.9% versus 93.4  4.3%,
p = 0.02, n = 11) and venules (45.0  10.3% versus 55.2  5.5%, p = 0.01) but the AV-diﬀerence was not markedly
diﬀerent (p = 0.17). Administration of their prescribed oxygen therapy signiﬁcantly increased the oxyhaemoglobin
saturation in retinal arterioles (87.2  4.9% to 89.5  6.0%, p = 0.02) but not in venules (45.0  10.3% to
46.7  12.8%, p = 0.3). Retinal oximetry values were slightly lower than ﬁnger pulse oximetry (mean percentage
points diﬀerence = 3.1  5.5) and radial artery blood values (5.0  5.4). Retinal oximetry study in neonates: The
modiﬁed version of the retinal oximetry instrument estimated the optical density ratio in retinal arterioles to be
0.256  0.041 that was signiﬁcantly diﬀerent from the 0.421  0.089 in venules (n = 28, p < 0.001, paired t-test). The
vascular diameter of retinal arterioles was markedly narrower than of venules (14.1  2.7 and 19.7  3.7 pixels,
p < 0.001).
Conclusion: The results of this thesis indicate that spectrophotometric retinal oximetry is sensitive to both local and
systemic changes in oxyhaemoglobin saturation. Retinal oxyhaemoglobin saturation values are slightly lower than
radial artery blood sample and ﬁnger pulse oximetry values. The discrepancies between the diﬀerent modalities are
expected to derive from countercurrent exchange between central retinal artery and vein within the optic nerve but
calibration issues cannot be excluded as contributing to this diﬀerence. Despite these diﬀerences, the ﬁndings indicate
the potential of retinal oximetry for noninvasive real-time measurements of oxyhaemoglobin saturation in central
nervous system vessels. Following calibration upgrade and technological improvement, veriﬁcation retinal oximetry
may potentially be applied to critically ill and anaesthesia care patients. The study on combined scanning laser
ophthalmoscope and retinal oximetry supports the feasibility of the technique for oximetry analysis in newly born
babies.
Key words: central retinal vein occlusion – chronic obstructive pulmonary disease – oximetry – retinal vessels – systemic circulation


AGRIP.
Tilgangur: Innleiðing p
ulsoximælinga til samfelldrar mælingar a s
urefnismettun bl
oðs er ein mikilvægasta tækniþr
oun
€ryggi og v€
tæðar (peripheral
undanfarinna 
aratuga fyrir o
oktun sj
uklinga. Þær hafa þ
o þann veikleika að mæla u
circulation) og eina leiðin til að mæla s
urefnisstyrk ı miðlægum æðum er með ıfarandi slagæðamælingum. Mæling 
a
s
urefnismettun ı sj
onhimnuæðum augans með sj
onhimnu-s
urefnismæli er hins vegar mæling a miðlægum æðum 
an
ıfarandi tækni. Sj
onhimnan er hluti miðtaugakerﬁsins og eru sj
onhimnuæðar þvı miðlægar æðar, sem samsvara
s
urefnis
astandi miðtaugakerﬁsins að nokkru leyti.Meginmarkmið verkefnisins er að meta hvort hægt se að nota
sj
onhimnu-s
urefnismælingar til að mæla s
urefnismettun ı miðlægri bl
oðras sem hingað til hefur ekki verið m€
ogulegt
nema með ıfarandi inngripum. Sannreynd er geta tækisins til að meta s
urefnismettun ı miðlægum æðum með þvı að
skoða þrj
a h
opa fullorðins f
olks; F
olks með miðblaæðarlokun (central retinal vein occlusion, CRVO) sem veldur
staðbundnum s
urefnisskorti ı innri sj
onhimnunni, sj
uklinga með alvarlega langvinna lungnateppu (chronic obstructive
pulmonary disease, COPD) sem einkennist af kerﬁsbundnum s
urefnisskorti og heilbrigða einstaklinga til að meta
kerﬁsbundin 
ahrif innandaðs s
urefnis. Fj
orða ranns
oknin sem komið er inna var framkvæmd til að meta hvort
sj
onhimnu-s
urefnismælingar eru 
alitlegur kostur fyrir nybura.
Aðferðir: Sj
onhimnu-s
urefnismælingar ı miðbl
aæðarlokun: Sextan einstaklingar með miðblaæðarlokun t
oku þ
att ı
ranns
okninni og var s
urefnismettun augans með blaæðastıﬂuna borin saman við s
urefnismettun ı gagnstæða auganu.
urefnis: Þrjatıu heilbrigðir einstaklingar t
oku þ
att ı
Sj
onhimnu-s
urefnismælingar hj
a heilbrigðum við inn€
ondun 100% s
ranns
okninni og var s
urefnismettun sj
onhimnuæða við inn€
ondun a andr
umslofti borin saman við inn€
ondun 100%
s
urefnis. Sj
onhimnu-s
urefnismælingar ı alvarlegri langvinnri lungnateppu: Ellefu einstaklingar með alvarlega langvinna
lungnateppu með varanlega þ€
orf fyrir s
urefni t
oku þatt ı ranns
okninni. S
urefnismettun sj
onhimnuæða hægra augans
var mæld bæði með og 
an s
urefnismeðferðar. Niðurst€
oðurnar voru bornar saman og jafnframt gerður samanburður 
an
oðs
yni fr
a sveifarslagæð, við ﬁngurmælingu (pulse oximeter) og heilbrigðan samanburðarh
op
s
urefnismeðferðar við bl
r gagnagrunni sem ranns
sem fengin var u
oknarh
opurinn hafði aður safnað. S
urefnismælirinn samanstendur af
r myndunum. Lj
hefðbundinni augnbotnamyndvel og serst€
okum hugb
unaði sem les u
osdeilir ser til þess að tvær
treikninga 
stafrænarmyndavelar taka samtımis myndir af sama svæðinu með sitthvorri bylgjulengdinni fyrir u
a
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s
urefnismettun sj
onhimnuæða. Sj
onhimnu-s
urefnismælingar ı n
yburum: Að auki voru teknar myndir af 28 fullbura
nyburum með laser skanna augnbotnamyndavel og fyrrgreindum hugb
unaði sem b
uið var að aðlaga laser skanna
treikninga 
tækninni, til u
a æðavıdd og lj
osþettnihlutfalli ı slag- og blaæðlingum.
Niðurst€
oður: Sj
onhimnu-s
urefnismælingar ı miðbl
aæðarlokun: Meðaltal s
urefnismettunar ı blaæðlingum augna með
miðbl
aæðarlokun mældist 31  12% og 52  11% ı gagnstæðum augum (meðaltal  staðalfravik, n = 14,
p < 0.0001). Mismunur s
urefnismettunar ı slag- og blaæðlingum mældist 63  11% ı augum með miðblaæðarlokun
og 43  7% ı gagnstæðum augum (p < 0.0001). Breytileiki blaæðamettunar reyndist umtalsverður bæði innan augna
og milli augna með miðbl
aæðarlokun. Ekki reyndist munur a s
urefnismettun ı slagæðlingum augna með
miðbl
aæðarlokun og ı gagnstæðum augum (p = 0.49). Sj
onhimnu-s
urefnismælingar hj
a heilbrigðum við inn€
ondun
urefnis j
ok s
urefnismettun slagæðlinga ı 94.5  3.8% til samanburðar við
100% s
urefnis: Inn€
ondun 100% s
92.0  3.7% 
aður en h
un h
ofst (n = 30, p < 0.0001). I blaæðlingum j
okst s
urefnismettunin ı 76.2  8.0% fr
a
51.3  5.6% (p < 0.0001) 
aður en inn€
ondunin h
ofst. Mismunur s
urefnismettunar ı slag- og blaæðlingum lækkaði
marktækt 
a meðan 
a inn€
ondun s
urefnisins st
oð (18.3  9.0% versus 40.7  5.7% aður, p < 0.0001). Sj
onhimnu s
urefnismeðferðar mældist sj
onhimnu-s
urefnismettunin
s
urefnismælingar ı alvarlegri langvinnri lungnateppu: An
marktækt lægri hj
a f
olki með alvarlega langvinna lungnateppu en hja heilbrigða samanburðarh
opnum bæði ı slag(87.2  4.9% versus 93.4  4.3%, p = 0.02, n = 11) og ı blaæðlingum (45.0  10.3% versus 55.2  5.5%, p = 0.01).
Ekki reyndist mærktækur munur 
a mismuni s
urefnismettunar ı slag- og blaæðlingum milli þessara h
opa (p = 0.17).
Inn€
ondun s
urefnismeðferðar j
ok marktækt s
urefnismettunina ı slagæðlingum (87.2  4.9% versus 89.5  6.0%,
onhimnu-s
urefnismælingarnar s
yndu
p = 0.02) en ekki ı bl
aæðlingum (45.0  10.3% versus 46.7  12.8%, p = 0.3). Sj
lıtið eitt lægri gildi en ﬁngurmælingar (mean percentage points diﬀerence = 3.1  5.5) og ıfarandi slagæðamælingar
(5.0  5.4). Sj
onhimnu-s
urefnismælingar ı n
yburum: Lj
osþettnihlutfallið ı slagæðlingum sj
onhimnunnar mældist
marktækt lægra en ı bl
aæðlingum (0.256  0.041 versus 421  0.089, n = 28, p < 0.001, parað t-pr
of). Æðavıdd
slagæðlinga reyndist marktækt minni en ı blæðlingum (14.1  2.7 versus 19.7  3.7 pixlar, p < 0.001).

oknanna s
yna að sj
onhimnu-s
urefnismælirinn er næmur fyrir staðbundnum og
Alyktanir:
Niðurst€
oður ranns
kerﬁsbundnum breytingum 
a s
urefnismettun ı miðlægum æðum. Sj
onhimnu-s
urefnismælingar syna eilıtið lægri gildi
€llum lıkindum rekja til nalægrar legu miðslagæðarinnar við
en slagæða- og ﬁngurmælingar. Mismuninn ma að o
miðbl
aæðina innan sj
ontaugarinnar (countercurrent exchange) og kv€
orðunar a sj
onhimnu-s
urefnismælinum. Þr
att fyrir
þennan mun, gefa ranns
oknirnar vısbendingar um að vıkka megi notagildi tækisins yﬁr ı mælingar a s
urefnisb
uskap ı
orðunina a mælitækinu og með tilkomu tækniframfara er
miðlægum æðum bl
oðr
asarinnar. Endurskoða þarf kv€
m€
ogulega unnt að sannreyna gildi mæliaðferðarinnar a svæﬁngadeildum og hja alvarlega veikum sj
uklingum 
a
gj€
orgæslu. Ranns
oknin 
a ungab€
ornunum gefur vısbendingar um að sj
onhimnu-s
urefnismælingar seu alitlegur kostur til
mats 
a s
urefnismettun hj
a n
yburum.
Lykilorð: Sj
onhimnuæðar, s
urefnismælingar, miðlæg bl
oðras, miðblaæðalokun ı sj
onhimnu, langvinn lungnateppa.

Introduction
In situations of caring for patients in
the intensive care units (ICU), in acute
care settings and under sedation and
general anaesthesia continuous monitoring of oxyhaemoglobin saturation
using noninvasive peripheral pulse
oximetry has become a standard of
care. The peripheral pulse oximetry,
however, depends on pulsatile arterial
blood volume, and its measurements
are therefore limited by inadequate
tissue perfusion accompanying peripheral vasoconstriction. Clinical experience yields it diﬃcult to obtain
measurements under such conditions
and may leave no other options but
invasive measures. Unlike the central
nervous system which is protected and
preferred in shock and severe illnesses,
peripheral pulse oximeter measurements do not represent the central
vasculature. The development of a

noninvasive retinal oximeter (Hardarson et al. 2006) to measure oxyhaemoglobin saturation in retinal
vessels provides a prospect for central
vascular oximetry. The retinal arterioles are derived from the ophthalmic
artery which is the ﬁrst branch from the
internal carotid artery, and represents
the central vasculature in the central
nervous system. Presuming the retinal
arterial oxygen content is identical to
the systemic circulation, retinal oximetry may provide relevant information
on oxygen delivery to the central nervous system. Such a method may
enhance the monitoring and treatment
of critically ill patients in the ICU, in
the ﬁeld of emergency and anaesthesia
care. Thus, the aim of the thesis was to
determine whether retinal oximetry
technique can be applied for estimation
of the central nervous system circulation which until now has only been
possible through invasive measures.

Oxyhaemoglobin saturation monitoring

For survival of human beings, oxygen
delivery to tissues must be suﬃcient to
meet minimal oxygen consumption for
cellular metabolism. Insuﬃcient capillary oxygen supply leads to impaired
cellular respiration (oxidative phosphorylation) and energy production that
may rapidly progress to hypoxic injury
and eventually death (Scheuﬂer 2004).
Early recognition of inadequate oxygen
delivery and prompt intervention is
therefore crucial for survival and
health outcome of patients who are
critically ill and in unstable hemodynamic conditions (Perel 2015).
Numerous techniques have been
applied to monitoring oxygen delivery
and tissue oxygenation but few have
proceeded into routine clinical practice.
Direct measurements of oxygen partial
pressure (PO2) with polarographic
microelectrodes require a needle to be
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inserted into the preferred tissue, for
example to assess oxygenation of the
brain. Reﬂectance spectrometry is a
noninvasive alternative technique for
continuous monitoring of microvascular oxyhaemoglobin saturation and
intracellular
oxygen
availability
(Scheuﬂer 2004; Carreau et al. 2011).
In clinical practice, the oxygen delivery
by the systemic circulation can either
be accessed directly by arterial blood
gas analysis of oxygen partial pressure
(PaO2) and oxyhaemoglobin saturation
or determined indirectly by transcutaneous pulse oximetry.
Arterial blood gas monitoring

Invasive arterial blood gas monitoring
necessitates intermittent direct arterial
blood sampling for estimation of oxyhaemoglobin saturation, most commonly from a peripheral radial artery
or femoral artery in the groin. The
arterial blood sample is processed on
arterial blood gas analyser which calculates the estimated oxyhaemoglobin
saturation based on empirical equations, operating PO2 and pH values.
Invasive arterial blood gas analysis is
considered the gold standard technique
for estimation on oxyhaemoglobin saturation (Haymond 2006; Collins et al.
2015), especially in critically ill patients
where precision and accurate values are
necessary for treatment and health
outcome.
Transcutaneous pulse oximetry

The global marketing of transcutaneous pulse oximetry in the mideighties and coinciding reduction
(90%) in anaesthesia-related fatalities
(Severinghaus 2007) marked a milestone in patient monitoring care. Since
then, complimentary continuous pulse
oximetry has become a routine standard of care whenever tissue oxygenation is jeopardized such as in acute care
settings and anaesthesia practice. Concurrently, its establishment is considered the most important technological
monitoring advances for patients’
safety (Severinghaus 2011) and widely
viewed as the ﬁfth vital sign in aforementioned hospital and out-of-hospital
settings.
Pulse oximetry is based on photoplethysmography which calculate light
absorption ampliﬁcation as transmitted
light intensity lessens when peripheral
arterial blood volume increases during
systolic left ventricular ejection. The
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stroke volume permits arterial blood
saturation to be distinguished from
venous blood saturation and is responsible for the pulsatile nature of this
technique. Pulse oximetry incorporates
the optical technique of diﬀerence
in dual light absorption spectra to
distinguish the oxyhaemoglobin from
deoxyhaemoglobin in arterial blood.
Deoxyhaemoglobin absorbs greater
amount of red light (660 nm) whereas
oxyhaemoglobin absorbs greater amount
of near-infrared light (940 nm). The
greater absorbability of near-infrared
light and the scattering of red light is
the reason for the oxygen-rich arterial
blood to be distinguished from the
oxygen poor venous blood.
The oximeter probe is most commonly put on a ﬁnger (also earlobe, toe
and nose) where two light-emitting
diodes emit the two diﬀerent wavelengths of light through the peripheral
vascular bed. A photodiode on the
opposite site of the tissue receives the
transmitted red and near-infrared light
for calculation of their relative amount
of oxygenated haemoglobin. Eventually,
the arterial oxyhaemoglobin saturation is
illustrated as photoplethysmographic
waveform and digital number display
(Sinex 1999; Alian et al. 2011; Chan &
Chan 2013; Nitzan e al. 2014).
Several studies (Shamir et al. 1999;
Golparvar et al. 2002; Westphal et al.
2009) have suggested the possible role
of pulse oximetry other than monitoring arterial oxyhaemoglobin saturation
and pulse rate. In this respect, a pulse
oximetry analysis of the plethysmographic waveform has been proposed
to give useful information on hemodynamic changes, including ﬂuid volume
status (Cannesson et al. 2007; McGrath
et al. 2011) and cardiac arrhythmias
(Cripps et al. 1992; Marinskis et al.
2006) in critically ill patients.
Limitations of peripheral pulse oximetry

For noninvasive pulse oximeter, the
empirical calibration route is carried
out on healthy volunteers with simultaneous assessment of the standard
deviation of diﬀerence between oxyhaemoglobin saturation values obtained
by pulse oximetry and invasive arterial
blood sample. In general, the proclaimed accuracy of a pulse oximeter
measurement is 2%. Derived from
clinical studies on critically ill patients
and preterm neonates, this number
translates into a probability of an

intrinsic error of 3–4% (Nitzan et al.
2014). Such discrepancy may have
enormous impact on patients, when
accurate values are warrant for precision of their titrated supplemental
oxygen therapy.
Studies have, in general, reported
good correlations between oxyhaemoglobin
saturation
values
obtained by pulse oximetry and invasive arterial blood gas measures over
the range of 70% to 100% in healthy
people and patients with adequate
perfusion. This correlation is, however,
lost and pulse oximetry readings
become inaccurate in patients with
inadequate tissue perfusion and under
hypoxic condition (Trivedi et al. 1997;
Van de Louw et al. 2001; Perkins et al.
2003; Wilson et al. 2010).
Peripheral vasoconstriction is one of
the earliest response to compromised
central blood volume (Dutton 2007;
Scheeren et al. 2012), severe hypoxia
(Heistad & Abboud 1980) and acute
pain (Hoiseth et al. 2015), signalling
the acute sympathetic nervous system
response for redistribution of blood
ﬂow from lower priority organs to vital
organs, including the central nervous
system (Dutton 2007). Because peripheral pulse oximetry depends on pulsatile arterial blood volume, their usage
can be limited by inadequate tissue
perfusion (Chan & Chan 2013; Nitzan
et al. 2014). Under such circumstances,
it may become diﬃcult or even impossible to obtain suﬃcient signal for a
pulse oximetry reading from peripheral
vascular bed. In case of hypoxaemia,
the pulse oximeter measurement may
also lag behind the real-time oxygen
deterioration of arterial blood (Fouzas
et al. 2011).
Ongoing eﬀorts to improve noninvasive
oximetry

Despite recent advances and ongoing
eﬀorts to improve the existing technology, noninvasive oximetry modalities
are still inferior to invasive monitoring.
The drawback of current technology
underpins the need for ongoing
endeavour to improve and develop
noninvasive method for estimation of
oxyhaemoglobin saturation. Concurrently, near-infrared spectroscopy has
gained increased attention in the acute
patient care. Unlike pulse oximetry,
cerebral and tissue near-infrared spectroscopy oximetry is independent of
the pulsatile blood ﬂow. It uses ﬁxed
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and relative 70% venous and 30%
arterial blood to estimate capillary
saturation and therefore tissue oxygenhaemoglobin saturation. For that
reason, transcutaneous cerebral nearinfrared spectroscopy oﬀers information on intracerebral tissue oxygen
supply and metabolic demand rather
than cerebral oxygen delivery itself
(Ikeda et al. 2014; Steppan & Hogue
2014).
Retinal oximetry

Measurements of oxyhaemoglobin saturation in retinal vessels may be a more
direct indicator of oxygen delivery to
the brain than the peripheral pulse
oximetry or a cerebral near-infrared
spectroscopy. In numerous clinical situations counting critical care, operating rooms, emergency departments and
out-of-hospital
traumatic
injury,
patients may suﬀer circulatory shock
where peripheral vasoconstriction limits the pulse oximetry readings but
ocular and cerebral perfusion are preserved (Denninghoﬀ et al. 2003; Riva
et al. 2011). For that reason, measurement of central nervous system vessels
with retinal oximetry may be more
reliable mean for estimation of oxygen
delivery to the brain and to guide
resuscitation.
Spectrophotometric retinal oximetry
captures images of the retinal circulation for the calculation of oxyhaemoglobin saturation and thus an

estimation of oxygen delivery to the
central nervous system by the central
circulation. Such method might be
highly valuable and mark a milestone
in patient care, especially for those
patients at risk for central nervous
system hypoxia. In addition to arterial
oxygen delivery, the retinal oximetry
allows direct noninvasive assessment of
venous oxyhaemoglobin saturation
and hence has the potential for microcircular hemodynamic assessment as
well. Therefore, the method could be
an important step in the development
of improved approach for measurement oxyhaemoglobin saturation of
the human body, imaging the only
place where arterial and venous blood
can be directly imaged with visible
light.
Retina

The transparent structure of the eye
allows images as light waves to pass
through the cornea, aqueous humour,
lens and vitreous humour before hitting
the retina that lines the back of the eye
(Fig. 1). The retina is a part of the central
nervous system and formed embryonically as an outgrowth of the forebrain. It
is approximately 0.3 mm thick and
composed of numerous cell and nerve
ﬁbre layers the light must enter before
reaching the photoreceptors in the outer
retina. Once the light gets to the photoreceptors, it is transformed into nerve

Fig. 1. A schematic view of the tissues of the eye. Illustration ©Dave Carlson/CarlsonStockArt.com.

signals and transmitted by the optic
nerve to the cerebral cortex for recreation into a visual image (Levin et al.
2011; Kolb 2012).
The optic disc (optic nerve head) is a
white circular spot in the central retina
(Fig. 2). On the temporal side in the
centre of the retina is the macula, an
avascular oval-shaped area, approximately 5 mm in diameter. The macula
constitutes the fovea, which is densely
packed with cones, the photoreceptors
that are essential for sharp and detailed
colour vision. The rods are the photoreceptors for black and white vision
of dim light and are predominantly
found outside the macula, in the
periphery of the retina.
Retinal oxygenation
Ocular blood ﬂow

The human retina is supported by two
vascular systems which diﬀer both
anatomically and physiologically: the
retinal circulation and the choroidal
circulation. The retinal circulation supports the inner two-thirds of the retina
whereas the choroidal vasculature supplies the outer third of the retina with
at least 85% of the total ocular blood
ﬂow (Alm & Bill 1973; Nickla &
Wallman 2010). Both these circulations
arise from the ophthalmic artery, which
supplies the entire eye. The ophthalmic
artery is the ﬁrst branch emanating the
internal carotid artery on its way carrying metabolic substrates and oxygenated blood (Riva et al. 2011) from
the aorta to the brain. The ophthalmic
artery divides into the central retinal
artery and ciliary arteries to supply the
inner and outer retina at the back of
the eye, respectively (Riva et al. 2011).

Fig. 2. Normal fundus photography of the left
eye with retinal arterioles and venules piercing
the optic disc. The dark spot in the centre is the
macula consisting the fovea.
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Retinal circulation. The central retinal

artery (CRA) penetrates the optic
nerve sheath about 10 mm behind the
globe (Fig. 3). It runs centrally within
the optic nerve to the optic disc where
it bifurcates into superior and inferior
retinal branches. These branches in
turn divide into temporal and nasal
arterioles where each supplies one
quadrant of the inner retina (Pournaras
et al. 2008; Hayreh 2011). The retinal
circulation is an end-arterial circuit
without anatomizes. Retinal arterioles
arcade by dichotomous and side-arm
branching towards the periphery, until
terminating in two-layered capillary
plexuses that connect with postcapillary

venules. Larger arterioles and venules
are found in the innermost layers of the
retina at the inner limiting membrane
and the outer plexiform layer. Capillary density is greatest in the centre of
the retina with the more superﬁcial
capillary plexus situated in the ganglion cell and nerve ﬁbre layer. The
second capillary plexus lies deeper, at
the border of the inner nuclear and
outer plexiform layer with a singlelayered capillary network proceeding
until it ﬁnally vanishes, leaving an
avascular zone in the farthest retinal
periphery. In addition, a single-layered
capillary network surrounds the area of
the avascular fovea as well as the

Fig. 3. Anatomy of ocular circulation (a – artery, b – vein, n – nerve). (A) Cut away drawing along
the superior–inferior axis of the human eye through the optic nerve, showing the vascular supply
to the retina and choroid. (B) Drawing showing vasculature of the retina and choroid. Drawings
by Dave Schumick from Anand-Apte and Hollyﬁeld (2009). Reprinted from Prog Retin Eye Res,
31(5), Kur et al. Cellular and physiological mechanisms underlying blood ﬂow regulation in the
retina and choroid in health and disease, 377–406, © 2012, with permission of Elsevier Ltd.
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superﬁcial peripapillary capillaries that
enclose the optic disc, to chase the
superior and inferior temporal retinal
vessels.
The retinal venous system follows a
similar pattern to the arteriolar structure. It runs independently in the
periphery of the retina but in close
proximity to the arterioles with occasionally crossing within the centre of
the retina. The postcapillary venules
drain into major branch venules that
merge at the optic nerve head to form a
central retinal vein (CRV). The CRV
leaves the eye adjacent (temporal) to
the CRA within the optic nerve before
emptying either into the ophthalmic
vein or directly into the cavernous
sinus (Pournaras et al. 2008; Hayreh
2011; Riva et al. 2011).
Choroidal circulation. The choroidal circulation is located between the outer
retina and the sclera that constitute the
outermost membrane of the eye. It
originates in 2–3 main ciliary arteries
coming oﬀ the ophthalmic artery to
supply the temporal and nasal portions
of the choroidal sphere. Main ciliary
arteries branches into 10–20 short posterior ciliary arteries and two long
posterior ciliary arteries to form major
choroidal arteries that support the
posterior and anterior portion of the
choroid, respectively. The shortest posterior ciliary arteries aim for a vascular
structure near the macula to nourish
the vicinity of fovea. Occasionally, a
cilioretinal artery arises directly from a
short posterior ciliary artery or the
peripapillary choroid. It normally
pierces the retina temporal to the optic
disc to nourish the macular area but
the location and contribution to the
oxygen supply vary.
The choroid is made of three layers:
the outermost Haller0 s layer of large
vessels, the inner Sattler0 s layer of
medium and small arteries and arterioles and the dense innermost network
of single choriocapillary layer. Choriocapillary blood drains into the vortex
veins before entering orbital veins
(Hayreh 1975, 2011; Nickla & Wallman 2010; Riva et al. 2011) and eventually emptying into the cavernous
sinus.
Retinal metabolism

The retina is metabolically one of the
most active tissues in the body, consuming oxygen faster than the brain
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Fig. 4. Chorioretinal layers and major cell types. Modiﬁed from Zheng et al. (2012). The
neurosensory retina has distinct layers (from top to bottom): inner limiting membrane (ILM),
nerve ﬁbre layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer
(INL), outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting membrane
(ELM), photoreceptor inner segments (IS) and photoreceptor outer segments (OS). The retinal
pigment epithelium (RPE) lies outside the neurosensory retina but is considered a part of the
retina embryologically. The major retinal cell types are ganglion cells (G), diﬀuse amacrine cells
(DA), amacrine cells (Am), M€
uller cells (M), bipolar cells (B), horizontal cells (H), rods (R) and
cones (C). Reprinted from Prog Retin Eye Res, 41(2014), Pikuleva & Curcio., Cholesterol in the
retina: The best is yet to come, 64–89, ©2014, with permission of Elsevier Ltd.

whilst lacking the capacity of oxygen
reserve (Wangsa-Wirawan & Linsenmeier 2003). Oxygen delivery by the
two separate vascular systems must
therefore be highly eﬃcient to meet
the metabolic demand of the retinal
tissue as reﬂected by their intrinsic
properties in virtue. The retinal circulation is characterized by slow rate of
blood ﬂow (Alm & Bill 1973; Wang
et al. 2009; Werkmeister et al. 2015),
high oxygen extraction (Werkmeister
et al. 2015) and about 35% arteriovenous oxygen diﬀerence (Schweitzer
et al. 1999). In contrast, the choroidal
circulation has exceedingly high blood
ﬂow (Riva et al. 2011) and very low
oxygen extraction fraction or only 3%
(Nickla & Wallman 2010). Choriocapillaries have large diameter (≥10 lm)
which generate low resistance (compared with 5 lm of retinal capillaries,

oﬀering higher resistance) that explains
the high blood ﬂow and low rate of
oxygen extraction of the choroidal
circulation. This create oxygen abundance gradient across the Bruch0 s
membrane to the avascular zone of
outer retinal layers for the energy
consuming activity of the photoreceptors (Linsenmeier & Padnick-Silver
2000).
Because the choroidal circulation is
located immediately behind the retina,
a suﬃcient oxygen ﬂux from the choriocapillaries through the Bruch0 s membrane and retinal pigment epithelium
(Fig. 4) is of vital importance for
normal function of the photoreceptors
(Delaey & Van De Voorde 2000;
Linsenmeier & Padnick-Silver 2000;
Jackobiec’s et al. 2008). From choriocapillaries, the PO2 declines sharply
across the outer retina until it reaches a

very low minimum in the inner segments, at the location of mitochondria
in photoreceptors (Linsenmeier & Padnick-Silver 2000). Photoreceptors carry
out the most energy demanding function of the retina (Buttery et al. 1991)
that is inﬂuenced by illumination. The
metabolic activity is higher in dark
than in light when the oxygen consumption exceeds 90% of the blood
supply. In darkness thus, approximately 90% of the oxygen supply
comes from the choroidal circulation
and the remainder 10% diﬀuses from
the retinal circulation. In light however, the oxygen ﬂux from the choroidal
circulation fulﬁls the photoreceptors
metabolic need and some oxygen may
even reach the inner retina as well
(Stef
ansson et al. 1983; Linsenmeier &
Braun 1992; Linsenmeier & PadnickSilver 2000; Hardarson et al. 2009;
Nickla & Wallman 2010).
Unlike choroidal blood ﬂow that
appears to be unaﬀected by increased
metabolic activity of the retinal tissue,
the blood ﬂow ampliﬁes in the retinal
circulation (Garhofer et al. 2002) to
supply photoreceptor oxygen consumption under increased metabolic
demand (in a dim light). This is manifested by sharp decline in oxygen
diﬀusion across the outer nuclear layer
to the inner segments (Linsenmeier &
Padnick-Silver 2000) at the location of
the photoreceptors at the outer retina.
The spatial diﬀerences of oxygen
diﬀusion between the retinal and choroidal circulations depend on the location and local metabolic activity within
the retinal tissue (Braun et al. 1992;
Linsenmeier & Braun 1992). Studies
have shown that the superior and
inferior temporal quadrants of the
retina receive higher blood ﬂow (Feke
et al. 1989) and consume more oxygen
(Schweitzer et al. 1999) than the nasal
hemisphere that most likely reﬂects the
metabolic activity as previously discussed.
The photoreceptors include rods and
cones and are responsible for light
absorption (Fig. 4). Horizontal and
bipolar cells transmit signals from the
photoreceptors to the ganglion cells
which carry them via optic nerve to the
brain. The photoreceptors are situated
in the outer retina and receive oxygen
from the choriocapillaries (ChC)
located outside the retinal pigment
epithelium, adjacent to the Bruch0 s
membrane
(BrM).
The
retinal
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circulation supplies the inner part of
the retina with capillaries reaching
down to the plane of photoreceptors.
Autoregulation

Vascular beds in organs have an intrinsic capacity to some extent to regulate
the perfusion pressure locally. This
property is referred to as autoregulation and is produced by an intrinsic
capacity for a stretch response of the
arteriolar vascular smooth muscle. This
ability for a local regulation maintains
the blood ﬂow relatively constant
despite of variations in the perfusion
pressure (Arjamaa & Nikinmaa 2006)
and keeps the PO2 of the inner retina
relatively unaﬀected by either systemic
hypoxaemia or hyperoxia. This is an
unique characteristic trait of the retinal
tissue. Dissimilar to most other tissues
of the body, the retinal vessels and the
optic nerve head lack autonomic innervations and subsequently relay on the
autoregulation for regulation of blood
ﬂow. The mechanism behind the retinal
autoregulation is not fully understood
but is balanced by the eﬀects of myogenic and metabolic factors on the
vascular resistance in adjustment of
local blood ﬂow to changes in perfusion pressure and the metabolic need of
the tissue.
Retinal arteries have remarkably
well-developed smooth muscle layer
that diﬀer them from arteries of the
same size in other organs. Changes in
arteriolar diameter are considered the
main regulatory component of the
retinal vasculature and are triggered
either by systemic or by local factors
(Delaey & Van De Voorde 2000;
Pournaras et al. 2008; Hayreh 2011).
Vascular resistance is generated along
the entirely length of the arteriolar wall
but terminal arterioles between 20 lm
and 50 lm in diameter oﬀer the main
resistance, thereby playing a central
role in the autoregulatory response
either by vessel dilation or by vasoconstriction (Jeppesen et al. 2007; Hayreh
2011; Schmidl et al. 2011a). Contractile
properties of intramural pericytes in
retinal capillaries also play a role in the
autoregulatory response (Anderson
1996; Anderson & Davis 1996). Pericytes possess similar properties as
smooth muscle cells in that they can
dilate and constrict the capillary
lumen to some minor extent in
response to vasoactive substances or
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to provocation by local blood gases
(Pournaras et al. 2008; Kur & Newman 2014).
Systemic and local factors

Autoregulation of the retinal blood ﬂow
pertains to metabolic and myogenic
mechanisms in reaction to activation
of systemic and local factors as mentioned above. The autoregulatory mechanism is evoked by vasoactive
substances that are released from the
endothelium in arterioles and the adherent retinal tissue. Metabolic autoregulation strives for retinal tissue local
blood ﬂow regulation in unity with its
metabolic requirements. For instance,
in the case of accumulation of metabolic
wastes in the tissue, the rate of blood
ﬂow increases. The myogenic autoregulation, however, is activated by alterations in the transmural pressure,
secondary to constriction or stretching
on the endothelium in the vessel wall. In
return, vasoactive factors are released
causing either a dilatation or constriction of the vessel (Delaey & Van De
Voorde 2000; Pournaras et al. 2008).
Systemic factors. Systemic blood pressure, circulating hormones, arterial
blood gases and pH are among the
systemic factors that activate the autonomic local vascular reaction. Local
factors incorporate the PO2 and partial
pressure of carbon dioxide (PCO2), pH,
endothelial
factors
(endotheliumderived relaxing factors and constricting factors) and retinal factors (Delaey
& Van De Voorde 2000). Increase in
arteriolar mural pressure and mechanical stretch trigger release of the
endothelium-derived constricting factor, endothelin-1, resulting in vasoconstriction (Polak et al. 2003). Nitric
oxide (NO) is one of the major endothelium-derived relaxing factor (EDRF),
maintaining the basal vascular tone and
mediating vasodilatation by several
agonists (Schmetterer & Polak 2001).
Acetylcholine, histamine and bradykinin are all examples of neurotransmitters that modulate the vascular tone by
activation of EDRF (Yu et al. 2003).
The role of retinal relaxing factor
(RRF) is yet relatively unknown. It
seems to play considerable role as an
indirect mediator of the hypoxic
response by the retinal tissue itself,
independent of other vasoactive mediators (Maenhaut et al. 2007). Other local
compounds that contribute to retinal
blood ﬂow regulation include adenosine

and prostacyclin by increasing the arteriolar diameter. Angiotensin II, prostaglandin and cyclooxygenase narrow the
arteriolar diameter whereas lactate
modulates the vascular tone parallel to
the local metabolic need either by constricting or by widening the vessel
(Gidday & Park 1993; Yamanishi et al.
2006; Pournaras et al. 2008).
Circulating hormones like endothelin-1 and angiotensin II have negligible
eﬀects on the retinal circulation (Flammer & Mozaﬀarieh 2008) because the
nonfenestrated endothelium of retinal
capillaries and the complex network of
tight junctions, that resemble the blood–
brain barrier (Patton et al. 2005), prevent large molecules penetrating the
inner blood–retinal barrier. Conversely,
the fenestrated endothelium of choriocapillaries is highly permeable to molecules their size, allowing for their direct
eﬀects on smooth muscle cells (Flammer
& Mozaﬀarieh 2008; Riva et al. 2011).
Hypoxaemia and hyperoxia. Hypoxaemia provokes reactivity in retinal
vessels mainly through release of tissue
metabolites in response to the abnormally low PO2 in the arterial blood.
Hypoxaemia frequently results in
hypoxia, the inadequate level of oxygenation for retinal tissue metabolism.
Reports on the impact of adenosine on
retinal vascular relaxation are conﬂicting (Gidday & Park 1993; Delaey et al.
2000) but prostacyclin, lactate and the
RRF are all released under hypoxic
condition and are found to increase the
retinal blood ﬂow secondary to
vasodilatory response (Delaey et al.
2000; Hata et al. 2000; Yamanishi
et al. 2006; Maenhaut et al. 2007;
Pournaras et al. 2008). Supposedly,
RRF is one of the main modulators
for hypoxic vascular response. It is
independent of endothelial involvement in the arteriolar wall which may
explain the slower onset of retinal
vascular reaction as compared with
that of the cerebral circulation.
In hyperoxia, retinal vasoconstriction has faster onset than the vasodilatation during hypoxaemia probably
due to faster release of vasoconstrictive
substances from the endothelial cells in
retinal arterioles (Delaey et al. 2000;
Maenhaut et al. 2007; Cheng 2014).
Gas challenges on retinal circulation. Similar to cerebral circulation (Pournaras
et al. 2008), the retinal circulation
adjusts the local retinal blood to changes
in arteriolar PO2 and PCO2 by widening
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or narrowing the vascular lumen.
Hyperoxia-induced vasoconstriction is
greater in retinal vessels than in cerebral
vessels, in contrast with the hypercapnic-induced vasodilatation that is
greater in the brain (Kisilevsky et al.
2008; Cheng et al. 2016).
Hyperoxic and hypocapnic gas challenges provoke vasoconstrictions in
both retinal arterioles (Gilmore et al.
2004) and venules (Jean-Louis et al.
2005; Palkovits et al. 2014a; Palkovits
et al. 2014b; Werkmeister et al. 2015;
Cheng et al. 2016; Rose et al. 2016)
whereas hypercapnic (Venkataraman
et al. 2008) and hypoxic gas mixtures
induce vasodilatation of those vessels
(Brinchmann-Hansen
et al.
1989;
Choudhary et al. 2013; Palkovits et al.
2014c; Cheng et al. 2016; Rose et al.
2016). The blood ﬂow regulation is
found to be relatively stable when PaO2
is above 32–37 mmHg but beneath these
limits the autoregulatory response is
found to be lost (Cheng et al. 2016).
According to electroretinography studies, the inner retina show more sensitivity to transient hypoxic stress (at the
level of the retinal ganglion cells) than
the outer retina which is more resistant
to the hypoxic challenges (Tinjust et al.
2002; Janaky et al. 2007; Caprara &
Grimm 2012).
Perfusion pressure. The ability for local
autoregulation in vascular beds maintains the retinal blood ﬂow relatively
constant and independent of ﬂuctuations in the perfusion pressure, as long
as the ocular perfusion pressure (OPP)
is within a range of upper and lower
limits of the autoregulatory plateau.
Beyond these limits, the vascular
reserve is lost and ocular blood ﬂow
becomes directly dependent on the
pressure (Arjamaa & Nikinmaa 2006).
By most studies, the upper limits of
retinal blood ﬂow regulation are
attained when the mean arterial blood
pressure (MAP) reaches approximately
40% above baseline (Schmidl et al.
2011a). Other studies have found the
autoregulatory limits of the mean OPP
in the range of 34–60% over baseline
(Pournaras et al. 2008), more than
36% below baseline (Riva et al. 1981)
or when the intraocular pressure
(IOP) either reaches about 30 mmHg
(Schulte et al. 1996) or drops below
10 mmHg (Williamson & Harris 1994)
Calculation of retinal blood ﬂow. Retinal
blood ﬂow (BF) through the optic
nerve head is directly proportional to

the perfusion pressure and inversely
proportional to the vascular resistance:
BF ¼

PP
;
R

ð1Þ

where perfusion pressure (PP) is the
force that drives blood through the
vessel, determined by the diﬀerence
between the arterial and venous pressure (ΔP). The resistance (R) of a vessel
wall against the PP is a function of the
vascular calibre and the vessel tone
(Caprioli & Coleman 2010). Blood ﬂow
resistance can be calculated according
to the Poiseulle’s law:
R¼

8gL
;
r4

ð2Þ

where vascular resistance (R) is
directly related to the ﬂuid viscosity
(g) and the length of a vessel (L) and
inversely related to the radius of the
vessel in the fourth power (r). For
that reason, even small changes in the
vascular lumen have considerable
eﬀects on blood ﬂow resistance. For
instance, lessen the retinal arteriolar
lumen by half will 16-fold the increase
in OPP.
Ocular perfusion pressure. As already
brought up, the mean OPP is the
pressure driving the blood through
the optic nerve. It is determined by
the mean ophthalmic arterial pressure
(MOAP) entering the eye, minus the
mean ophthalmic venous pressure
(MOVP), leaving the eye:
OPP ¼ MOAP  MOVP:

ð3Þ

The MOVP is close to the intraocular pressure (IOP), and therefore, the
OPP can be estimated as:
OPP ¼ MOAP  IOP
¼ 2=3MAP  IOP:

ð4Þ

The IOP is determined by the rate
of aqueous humour production and
the drainage of aqueous humour
through the trabecular meshwork.
The normal lower and upper limits
of IOP are 10 and 22 mmHg, respectively, and the mean around 16 mmHg
(Williamson & Harris 1994; Thariq
Bhatti 2008).
Mean arterial pressure. Mean OPP is
estimated to be two third of the mean
brachial blood pressure. The mean
arterial pressure is the time-weighted

average calculation on arterial pressures during one pulse cycle (Butterworth et al. 2013), determined by the
following equation:
MAP ¼

SBP þ 2ðDBPÞ
:
3

ð5Þ

The MAP calculation is based on the
fact that during a pulse cycle, one third
of the time is spent near the systolic
blood pressure (SBP) and two third
near diastolic blood pressure (DBP;
Butterworth et al. 2013)
The OPP may be aﬀected by one or
more of the variables that are used to
calculate its value. For example, a low
systemic arterial blood pressure or a
high IOP (≥30 to 34 mmHg) will
reduce the OPP whereas a high systemic blood pressure or a low IOP
(<10 mmHg) will elevate the OPP
(Williamson & Harris 1994). Consequently, the vessel lumen will distend
or constrict to the magnitude of fall or
rise in IOP, respectively, until reaching
the point the compensatory ability is
lost and retinal blood ﬂow becomes a
direct function of OPP.
Choroidal blood flow regulation

Regulation of retinal blood ﬂow is
believed to be more eﬃcient than of
the choroidal ﬂow by the autoregulatory
mechanism. Unlike the retinal circulation, the choroidal vascular bed and the
central retinal artery up to the lamina
cribrosa are innervated by the autonomic nervous system (Nickla & Wallman 2010). The choroidal circulation
demonstrates limited autoregulatory
capacity to changes in IOP (Schmidl
et al. 2011b; Schmidl et al. 2012) but
emerging evidence has veriﬁed some
autoregulatory eﬀorts to changes in
MAP and OPP (Fuchsjager-Mayrl
et al. 2003; Luksch et al. 2003; Schmidl
et al. 2012)..
It is also likely that the choroidal
circulation is only autoregulated by
changes in PCO2 but not PO2 (Thylefors
et al. 2009). Under system hypoxaemic
conditions, the level of PO2 drops linearly from the choriocapillaries across
the outer retina (Linsenmeier & Braun
1992) so the oxygen ﬂux becomes insufﬁcient for the outer retina oxygen
requirements. In case the systemic
PaO2 becomes less than 60 mmHg, the
retinal circulation contributes (10%)
by oxygen diﬀusion to the outer
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retinal segments (Linsenmeier & Braun
1992).
Hypercapnia on the other hand exerts
strong vasodilatory NO-mediated
eﬀects on the choroidal vasculature, just
like on the retinal circulation (Schmetterer & Polak 2001). Carbon
monoxide seems to aﬀect the rate of
choroidal blood ﬂow to some degree
whilst hyperoxia has negligible eﬀects
on the blood ﬂow (Schmidl et al. 2011a).
Due to the lack of choroidal autoregulatory response to system hyperoxia, the
abundant oxygen ﬂux for the duration
of supplemental oxygen breathing seems
beneﬁciary for the inner retinal tissue by
attenuating the eﬀects of hyperoxic
vasoconstriction on the retinal circulation (Palkovits et al. 2014a).
Oxygen transportation to tissues
Physiology of oxygenation

Oxygen is transported by the arterial
blood to tissues in two forms: dissolved
and combined with haemoglobin.
Under normal condition, about 97%
of the oxygen is bound with haemoglobin and the residual oxygen (3%) is
dissolved in plasma (Guyton and Hall
2000). Oxygen combines reversibly with
the haem portion of the haemoglobin
molecule to form oxyhaemoglobin. This
chemical reaction is reliant on the concentration of PO2 dissolved in plasma.
Each haemoglobin molecule has the
capacity to combine with four oxygen
molecules. Accordingly, the percentage
of haemoglobin molecules occupied by
oxygen molecules to the total oxygen
binding capacity is expressed as oxyhaemoglobin saturation (West 2005).
Oxyhaemoglobin dissociation curve. The
relationship between oxyhaemoglobin
saturation and the PO2 can be
described by the oxyhaemoglobin dissociation curve (Fig. 5).
The oxyhaemoglobin dissociation
curve has a sigmoidal shape representing
the dynamic interaction between the
oxyhaemoglobin saturation and the
PO2 in plasma. The binding of the ﬁrst
oxygen molecule is more diﬃcult
than subsequent oxygen-haemoglobin
attachments. After the ﬁrst oxygen
combines with one of the four heme
portions of the haemoglobin, conﬁgural
changes of the haemoglobin protein
facilitates additional binding to
the other heme groups. Subsequently,
The aﬃnity for the fourth oxygen
molecule is nearly 300-fold greater than
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Fig. 5. The oxyhaemoglobin dissociation
curve (blue) illustrates how oxyhaemoglobin
saturation arises quickly up till approximately
PO2 of 50 mmHg, under normal physiological
conditions. From PO2 of 60 mmHg which
represents about 90% oxyhaemoglobin saturation, the curve becomes ﬂatter because of
fewer available oxygen-haemoglobin binding
sites, until complete saturation is reached at
100%. The red dotted line represents a condition of rightward shift of the curve and the
green line leftward shift of the oxyhaemoglobin dissociation curve. Public
domain ﬁgure. https://upload.wikimedia.org/
wikipedia/commons/8/8a/Oxyhaemoglobin_d
issociation_curve.png.

for the ﬁrst one. The opposite is just true
for oxygen release in tissues in that the
dissociation of the ﬁrst oxygen molecule
facilitates subsequent oxygen release
from the haemoglobin (Guyton and
Hall 2000; Butterworth et al. 2013).
The chemical reaction of oxygen
binding is illustrated by the steep sigmoidal upward shift in the region of 20–
30 mmHg (Harvey and Ferrier 2011).
Normally, 50% oxyhaemoglobin saturation (P50) is reached at approximately
26.6 mmHg. When the haemoglobin
aﬃnity for oxygen is increased, the
50% saturation is reached at a lower
PO2 with subsequent shifting of the
oxyhaemoglobin dissociation curve to
the left and less availability of oxygen
for tissues. The exact opposite is true
when the haemoglobin aﬃnity for
oxygen is decreased. Then, the oxyhaemoglobin dissociation curve is
shifted to the right and a higher PO2 is
needed to reach the 50% oxyhaemoglobin saturation, and more oxygen becomes available for tissues. This
condition is typical for a normal oxygen
delivery in tissues where hydrogen ion
(H+) concentration accompanying elevated CO2 production secondary to
cellular metabolism shifts the oxyhaemoglobin dissociation curve to the

right. Hence, the haemoglobin aﬃnity is
decreased and more oxygen is released
at lower PO2. This condition is represented at the steepest part on the curve
where only small changes in PO2 dislodge oxygen molecules from the haemoglobin. Other known factors that
shift the curve to the right include
increased
2,3
diphosphoglycerate
(DPG) and elevated blood temperature
(Guyton and Hall 2000; Butterworth
et al. 2013).
Oxygen content of the blood. As previously stated, the oxyhaemoglobin saturation (SO2) is the percentage of
available haemoglobin binding sites
that are combined with oxygen given
by the following equation:
SO2 ð%Þ ¼

½HbO2 
 100;
½Hb þ ½HbO2 

ð6Þ

where HbO2 is the oxygen combined
with haemoglobin and Hb is the deoxygenated haemoglobin. The SO2 is multiplied by 100 to obtain the percentage.
The SO2 of arterial blood (SaO2) at
100 mmHg is approximately 97,5%
and 75% for the mixed venous blood
(SvO2) at PaO2 of 40 mmHg (Guyton
& Hall 2000; West 2005).
According to the Henry’s law, the
dissolved concentration of oxygen in the
blood is proportional to the partial pressure. For each mmHg of PO2, there is
0.003 ml oxygen (O2) dissolved in 100 ml
of blood. Therefore, a normal arterial
blood (at sea level) with PO2 of
100 mmHg contains 0.3 ml O2 per
100 ml blood. The oxygen capacity is
about 20.8 ml O2 • 100 ml1 of blood
because one gram of pure Hb can combine
with 1.39 ml O2 and normal blood has
about 15 gram of Hb • 100 ml1. However, under normal physiological conditions of the body, other species of
haemoglobin, namely dyshaemoglobins,
may exist in the blood as well (West 2005).
Because in reality the oxyhaemoglobin saturation never reaches
the theoretical maximum of 1.39 ml O2
and some measurements give 1.34 ml,
the total oxygen content of blood is
given by the following equation:
Oxygen concentration
¼ ð1:34  Hb  SaO2 Þ þ 0:003
 PO2 ;

ð7Þ

where 1.34 is the oxygen carrying
capacity (ml/g) of haemoglobin (at
sea level), Hb is the amount of
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haemoglobin in the blood (g/dl), SaO2
is the oxyhaemoglobin saturation of
arterial blood at given PO2 and
0.003 ml O2 dissolved in 100 ml of
blood per mmHg PO2.
Dyshaemoglobin. Haemoglobin can be
classiﬁed as a normal haemoglobin that
is capable of carrying oxygen (Hb and
HbO2) and dyshaemoglobin that are
haemoglobin derivatives and incapable
of an oxygen holding. Dyshaemoglobin
are further classiﬁed as methaemoglobin (MetHb), carboxyhaemoglobin
(COHb) and sulfhemoglobin (SHb).
Sulfhemoglobin is an uncommon form
that is caused by reaction of sulphacontaining
compounds,
usually
from excessive use of sulpha-based
drugs (Haymond 2006). Carboxyhaemoglobin carries carbon monoxide
that is formed during the metabolic
pathway of haem into bilirubin and
constitutes normally less than 1–3% of
the total haemoglobin in the body
(McClatchey 2002). It can, however,
be as much as ﬁvefold in a heavy
smoker (Whincup et al. 2006). The
greater aﬃnity (200- to 300-fold) of
carbon monoxide for haemoglobin
than oxygen allows COHb to easily
displace the HbO2, shifting the oxyhaemoglobin dissociation curve to the
left. Methaemoglobin is the oxidative
deoxy form of normal haemoglobin
where the iron of the haem group is in
a ferric (Fe3+) form instead of the
ferrous (Fe2+) state. The MetHb has
no oxygen carrying capacity and similar to the COHb can shift the oxyhaemoglobin dissociation curve to the
left (McClatchey 2002; Butterworth
et al. 2013).
Some contemporary peripheral cooximeters diﬀerentiate aforementioned
abnormal dyshaemoglobin structures
from normal haemoglobin. However,
at 660 nm, the COHb has an absorbance parallel with that of HbO2 (Miller
2000) thereby necessitating information
on whether the person is an active
smoker before spectroscopic retinal
oximetry is performed. The half-life of
COHb is 4–6 hr on a room air so
smoking should preferentially be
abstained for 12–24 hr prior to retinal
oximetry. Breathing 100% oxygen
shortens COHb half-life to 40–80 min
and hyperbaric oxygen breathing shortens it still further, or to 15–30 min
(Nagelhout & Zaglaniczny 2001).
Fetal haemoglobin. Fetal haemoglobin
(HgbF) constitutes about 75–84% of

the total haemoglobin in new born
babies (Chestnut 2004) and 1% of the
normal adult haemoglobin (Schechter
2008), or haemoglobin A (HgbA).
Functionally, HgbF diverges from
HgbA in that it has somewhat higher
aﬃnity for oxygen because of
decreased interaction with 2,3–DPG
(Mosca et al. 2009) with P50 around
19–21 mmHg (Chestnut 2004) instead
of 26.6 mmHg in adults. During the
ﬁrst month of life, the HgbF amount is
progressively substituted by HgbA
until dwindling oﬀ by 6 months of life
(Edoh et al. 2006). As HgbA starts to
substitute the HgbF, the level of
2,3DPG raise and the aﬃnity becomes
analogous to that of adults within the
ﬁrst few months, although the concentration of HgbF still remains 25%
(Chestnut 2004). HgbF has nearly the
same absorption spectrum for oxyhaemoglobin and deoxyhaemoglobin
as HgbA and hence should not aﬀect
the oximetry outcome measures from
of adults (Miller 2000; Chestnut 2004).
Matching oxygen supply to demand

Oxygen transport to tissues depends on
adequate respiratory and circulatory
function. Dry air at sea level (barometric pressure of 760 mmHg) has a PO2
of 20.93% (~21%). The fully saturated
vapour pressure at a sea level is
47 mmHg at normal body temperature
of 37°C. Thus, the PO2 of an inhaled
air at sea level is expressed as follows:
ð20:93Þ
ð76047Þ¼149mmHg:
100

ð8Þ

When the inspired air reaches the
alveoli of the lungs, the PO2 has
dropped to about 100 mmHg. The
reason is that the alveolar PO2 is a
product of the balance between alveolar ventilation and the alveolar gas
diﬀusion across the capillary blood gas
interface (West 2005).
Global oxygen delivery. Global oxygen
delivery (DO2) to tissues is a product of
cardiac output (CO), or the blood ﬂow,
and the total oxygen content of the
arterial blood (CaO2; McLellan and
Walsh 2004). The DO2 is calculated by
the following formula:
DO2 ¼ CO  CaO2 ;

ð9Þ

where cardiac output is a product of
the heart rate (HR) and stroke volume
(SV) and the stroke volume is the

amount of blood ejected by the left
ventricle during one heart beat. The
oxygen concentration depends on both
oxyhaemoglobin saturation and PO2
dissolved in plasma, as previously discussed. Therefore, an inadequate oxygen delivery may either originate from
impaired cardiac output, insuﬃcient
PaO2 or a low haemoglobin count
(Butterworth et al. 2013).
Global oxygen delivery to tissues
depends on two processes: convection
of the blood down the arterial tree and
diﬀusion from capillaries to adjacent
tissues (Leach & Treacher 2002). Elastic properties and calibre of the vessel
wall determine the vascular resistance
against the cardiac output. Subsequently, the compliance in the arterial
system serves the function of damping
the pulsatile output from the left ventricle. Hence, the pulsatile pressure is
minimized and a continuous blood ﬂow
facilitated down to the microvascular
level (Guyton and Hall 2000).
The rate of oxygen uptake by pulmonary capillaries is governed by oxygen consumption in tissues that is fairly
constant under normal resting conditions (West 2005). The cardiac output
is constantly adapted to the overall
metabolic need of the body. It is
controlled by the sum of various factors (as previously discussed) that regulate local blood ﬂow according to
metabolic need of tissues. These factors
add together to make the venous return
which in turn is delivered by the
pumping activity of the heart and
convective ﬂow down the arterial tree
to capillaries (Guyton and Hall 2000).
From the capillary blood, the oxygen
diﬀuses down its concentration gradient to the much lower PO2 of the
mitochondria of individual cells in
tissues (Leach & Treacher 2002).
Presuming the retinal arterial oxygen
content is identical to the systemic
circulation, the oxygen delivery to a
retinal tissue can be derived from
equation 9, by substituting total retinal
blood ﬂow (TRBF) for the cardiac
output:
DO2 ¼ TRBF  CaO2 :

ð10Þ

Oxygen consumption. Tissue oxygen
consumption (VO2) is equivalent to
the tissue metabolic rate under aerobic
conditions per minute. The Fick’s
equation describes the relationship
between oxygen consumption, cardiac
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output or retinal blood ﬂow and the
oxygen content in both retinal arterioles (CaO2) and venules (CvO2):
VO2 ¼ CO  ðCaO2  CvO2 Þ

ð11Þ

or
VO2 ¼ TRBF  ðCaO2  CvO2 Þ;

ð11Þ

where CaO2 – CvO2 is the diﬀerence
between the arterial and venous oxygen
content (arteriovenous oxygen diﬀerence, AV-diﬀerence). The global arterial oxygen content is about 20 ml/
100 ml blood and the venous oxygen
content about 15 ml/100 ml blood and
thus producing arteriovenous oxygen
diﬀerence of approximately 5 ml/
100 ml blood (Butterworth et al. 2013).
Arteriovenous oxygen diﬀerence. By rearranging equation 11, it is apparent the
oxygen consumption and the local
blood ﬂow determine the arteriovenous
oxygen diﬀerence in the retinal tissue:
AV-difference ¼

VO2
:
BF

ð12Þ

The AV-diﬀerence is directly related
to the local tissue oxygen consumption
and inversely to the local blood ﬂow.
The relationship is clearly manifested in
both retinal and choroidal circulations.
In this context, the retinal circulation is
characterized by low VO2/BF ratio and
a large AV-diﬀerence, resulting in relatively low oxygen content on the venous
side of the circulation. In contrast, the
choroidal circulation is characterized by
high VO2/BF ratio and low AV-diﬀerence with high oxygen content on the
venous side of the circulation.
Oxygen extraction fraction. The amount
of oxygen consumption is reﬂected by
the fraction of oxygen extraction
(OEF) across the perfused capillary
network. The oxygen extraction fraction can be calculated as follows:
OEF ¼

CaO2  CvO2
:
CaO2

ð13Þ

Normal oxygen extraction fraction
for the majority of tissues is 25%
(5 ml/20 ml). In other words, under
normal conditions, most tissues consume only one-fourth of the oxygen
delivered to the capillary bed. When
oxygen supply exceeds the oxygen
demand for the metabolic activity, the
extraction fraction becomes less than
25%. However, when the oxygen
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supply is less than the metabolic
demand, the extraction fraction
becomes greater than 25% (Butterworth et al. 2013).
Blood ﬂow distribution varies enormously among tissues, depending on
their momentary functional requirements. Some tissues, including the
retina (Wangsa-Wirawan & Linsenmeier 2003) and the brain, have steady
energy requirements whilst perfusion
and energy utilization of others (e.g.
the liver) are predominated by their
activity level (Scheuﬂer 2004). Consequently, tissues with greater energy
expenditure, like the inner retina, myocardium and the brain, extract higher
oxygen fraction than less active tissues.
The oxygen extraction fraction of the
cerebral tissue is close to 40% and the
arteriovenous oxygen diﬀerence is
about 34% (Hatazawa et al. 1995;
Qin et al. 2011). Likewise, the inner
retina oxygen extraction fraction is
37% and arteriovenous oxygen diﬀerence approximately 35% (Schweitzer
et al. 1999; Felder et al. 2015). Consequently, a duration of reduced oxygen
supply (hypoxaemia) will directly aﬀect
metabolic processes in retinal and cerebral tissue cells (Kergoat et al. 2006;
Ozcimen et al. 2016).
The application of noninvasive fundus reﬂectometry in human studies has
made calculation of the inner retinal
oxygen extraction achievable. Studies
in young healthy individuals indicate
no changes in oxygen extraction under
acute mild systemic hypoxia (Palkovits
et al. 2014c). During 100% oxygen
breathing however, the oxygen extraction is lessened by more than 60%
from the normoxic breathing (Palkovits et al. 2014a). For those reasons,
the retina autoregulatory response
seems to be eﬃcient under both acute
system hypoxaemic and hyperoxic
conditions.
Inadequate tissue oxygenation

Oxygen diﬀusion from a capillary lumen
to tissues is directly related to the
capillary area and the PO2 diﬀerence
across the vessel wall and is inversely
related to the distance between the two
sites (Leach & Treacher 1998, 2002;
West 2005). Normally above 1–
3 mmHg of oxygen pressure is required
to maintain cellular oxidative metabolism which allows for a large safety
margin in animals (Leach & Treacher
1998; Guyton & Hall 2000; Scheuﬂer

2004). This is true for the inner retina as
well which has remarkably higher PO2
that measures around 20 mmHg in animals with circulatory structure that is
analogous to humans (Wangsa-Wirawan & Linsenmeier 2003).
During the ﬁnal step of a cellular
respiration, oxygen-dependent adenosine triphosphate (ATP) is made as an
energy basis for the tissue metabolism.
Oxygen deﬁciency depletes the ATP
stores and the speed of cellular injury
will be determined by the tissue oxygen
consumption and the ability to attain
ATP under anaerobic conditions.
Anaerobic metabolism can only serve
as a temporarily reserve because of the
inability to match tissue oxygen consumption. Consequently, the rapidity
of cellular damage diﬀers remarkably
among tissues where neurological cells
can only survive for few minutes
(Leach & Treacher 1998; Guyton &
Hall 2000). This holds true for the
photoreceptors and other retinal
neurological cells that require high
oxygen consumption for the energy
demanding process of transmitting
light waves into neurological signs for
interpretation by the brain (Caprara &
Grimm 2012). The physiological
response of prioritization blood ﬂow
to the retina and brain is thus of
uttermost importance during hemodynamic stress and makes the retina
indeed the most advantageous source
for noninvasive measures of oxygen
delivery and viability of the central
nervous system.
Similarities between retina and the
brain. Embryologically, the retina is a

direct outgrowth of the diencephalon,
sharing similarities in microvascular
structure with the cerebral circulation,
blood ﬂow and regulatory mechanisms
(Delaey & Van De Voorde 2000; Patton et al. 2005). Based on the homogeneity, emerging evidence suggests
that the retinal vasculature may be a
surrogate for pathological changes on
the cerebrovasculature and even the
cardiovascular system as well (Patton
et al. 2005; McClintic et al. 2010;
Flammer et al. 2013). Like in retina,
the rate of oxygen consumption by the
cerebral tissue is quite constant
(3.5 ml/100 gm tissue, or nearly 49 ml
O2/min the entire brain) except under
intense brain activity (Clarke & Sokoloﬀ 1999). Consequently, the high oxygen consumption and the inability to
store oxygen and any metabolic
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products such as glucose render the
cerebral tissue extremely vulnerable to
an ischaemic insult (Pittman 2011).
When arterial blood PO2 level goes
below about 60 mmHg (Ainslie &
Poulin 2004), the oxyhaemoglobin saturation becomes less than 90% (Gupta
et al. 1997) and the cerebral tissue PO2
becomes less than 30 mmHg (normal
35–40 mmHg), a prompt provocation
of compensatory response with
increased cerebral blood ﬂow (Guyton
& Hall 2000; Carreau et al. 2011) is
initiated secondary to ampliﬁcation of
cardiac output (Zhou et al. 2007).
As previously discussed, the retinal
blood is dependent on the blood ﬂow
delivered by the carotid arteries to the
brain. Impaired global oxygen delivery
in case of severe hypoxaemia (Heistad &
Abboud 1980) or haemorrhagic shock
initiates compensatory response of
intense peripheral vasoconstriction to
redirect blood ﬂow from lower priority
organs to the vital ones (Dutton 2007)
to preserve cerebral and ocular perfusion (Denninghoﬀ et al. 2003; Riva
et al. 2011). The initial compensatory
response is aimed at increasing oxygen
extraction to match the oxygen demand
for cellular metabolism as evident by
decreased oxyhaemoglobin saturation
on the venous site of the circulation. In
contrast, a reduced oxygen consumption for example during hypothermia or
with tissue necrosis lessens the fraction
of oxygen extraction as shown by

increased venous oxyhaemoglobin saturation (Schober & Schwarte 2012).
Eventually, whenever inadequate oxygenation jeopardizes the normal cellular
function, vigilant oxygen monitoring
with timely restorative and preventive
measures is crucial for viability and
functionality of individual tissues and
body organs.
Retinal oximetry

The retina possesses highly sophisticated architecture of neurological layers and vascular structure that is
analogous to the cerebral circulation.
The transparent structure at the front
of the eye oﬀers an unique opportunity
for a direct noninvasive observation of
the retinal circulation. Dual-wavelength
spectrophotometric
retinal
oximetry allows for a direct noninvasive assessment of oxyhaemoglobin
saturation in retinal vessels which serve
as a window to the central nervous
system. The technique is based on
diﬀerent light absorption of oxyhaemoglobin and deoxyhaemoglobin
and gives information on the oxyhaemoglobin saturation.
Principles of retinal oximetry

Spectrophotometric oximetry measures
the attenuation of light travelling
through a blood column as a function
of wavelength, based on the fact that
oxy- and deoxyhaemoglobin have

Fig. 6. Light absorptivity at isosbestic (570 nm) and nonisosbestic (600 nm) wavelengths.
Isosbestic wavelengths are insensitive to oxyhaemoglobin saturation whereas nonisosbestic
wavelengths are sensitive to distinctive oxyhaemoglobin saturation. For the Oxymap T1 retinal
oximeter, wavelength of 570 nm is at the reference isosbestic point whilst 600 nm is sensitive to the
oxyhaemoglobin. The ﬁgure was created by Jona Valgerdur Kristjansdottir based on data from
Zijlstra et al. (2000).

diﬀerent light absorption spectra
(Fig. 6). Oxyhaemoglobin is light red
in colour whilst deoxyhaemoglobin is
darker red in colour. These diﬀerences
of shades permit calculation for oxyhaemoglobin saturation in retinal arterioles and venules.
Like conventional oxyhaemoglobin
saturation measurements in a whole
blood sample, the retinal oximetry
exploits the Beer–Lambert law to its
system. Supposedly, the light absorption is dependent on the extinction
coeﬃcient (molar absorptivity) of the
blood (ɛ); the distance of light has to
travel through the sample (d) and the
concentration (c):
I ¼ I0  10ecd ;

ð14Þ

where I0 is the original light intensity
not interacting with the blood, and I is
the intensity of light transmitted
through the blood.
Dual-wavelength spectrophotometric oximetry simultaneously acquires
two automatic monochromatic retinal
images at two diﬀerent wavelengths.
One is at the isosbestic point and one at
a nonisosbestic wavelength. Vessel
points are automatically selected
(Fig. 7) for measurement of light intensity inside (I) and outside the vessel (IO)
for calculation of optical density
(OD). Because of light absorbance by
the erythrocytes, the intensity of
reﬂected light from the vessel is less
than from the immediate surrounding
retina.

Fig. 7. Monochrome retinal oximetry image
with a pseudocolour overlay of selected
measure points along the vessel. Green overlay
(600 nm) shows the light intensity of the
measure inside the vessel (I). Red measurepoints illustrate the light intensity of the
background, to the sides of the vessel (Io).
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The OD describes the light absorbance and can be calculated as:
OD ¼ logðI0 =IÞ:

ð15Þ

The higher the OD, the higher is the
absorbance. The OD inside a vessel at
the isosbestic point depends on the
vascular diameter in addition to the
distance that the light travels (d) and
the erythrocyte concentration (c) but is
independent of oxyhaemoglobin saturation. In addition to the vascular
diameter and the cd, the OD at the
nonisosbestic wavelength depends on
the oxyhaemoglobin saturation. Consequently, the OD ratio at these two
wavelengths is sensitive to oxyhaemoglobin saturation whilst the vascular width and cd tend to cancel out.
Optical density at the two diﬀerent
wavelengths allows for calculation of
an optical density ratio (ODR):
ODR ¼

OD nonisosbestic
:
OD isosbestic

ð16Þ

The ODR has nearly linear relationship to the oxyhaemoglobin saturation
(Beach et al. 1999; Harris et al. 2003;
Hardarson et al. 2006) that permits
calculation of oxyhaemoglobin saturation (SO2):
SO2 ¼ a þ b  ODR:

ð17Þ

In the equation, a and b are calibration constants based. The calibration
constant of the retinal oximeter used
for the purpose of this thesis will be
discussed in Chapter 3.2.3.2.
Development of retinal oximetry

Noninvasive spectrophotometric analysis dates back to 1959, when Hickam
and associates used broadband light
ﬁlters, two wavelengths of light and
standard photographic ﬁlms to measure oxyhaemoglobin saturation in
retinal vessels (Hickam et al. 1960).
Subsequently, photoelectric technique
(Delori 1988), imaging spectroscopy
(Schweitzer et al. 1999), multispectral
confocal imaging (Smith et al. 2000)
and digital camera systems (Beach
et al. 1999) evolved from other
research groups. For review, see Harris
et al. (2003), Geirsdottir et al. (2012)
and Beach (2014).
Currently, two diﬀerent systems are
commercially available for retinal
oximetry that allots noninvasive direct
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measurement of arterioles and venules:
the Imedos system (RVA; Imedos,
Jena, Germany) and the Oxymap retinal oximeter (Oxymap; Oxymap ehf.
Reykjavik, Iceland).
Retinal oximetry with scanning laser ophthalmoscope (SLO). Recently, a scan-

ning laser ophthalmoscope (SLO) was
combined with modiﬁed Oxymap analysis software for development of SLO
retinal oximetry with a dual-wavelength algorithm. SLO uses low power
laser wavelengths (instead of white
light) to scan through individual separate retinal layers at once from the
inner sensory layers down to the
choroid. A green laser (532 nm) scans
from the inner retina to the pigment
epithelium whereas red laser (366 nm)
gives a choroidal view by scanning
from the retinal pigment epithelium
down to the choroid.
The SLO brings some theoretical
advances to retinal oximetry. First, it
minimizes any unnecessary light exposure to the fundus by using laser
(instead of white light imaging in regular fundus cameras) to obtain the
monochromatic images at the dual
diﬀerent wavelengths. Second, it
acquires wide-ﬁeld scanning of nearly
the entire fundus but conventional
fundus cameras are limited to quite
narrow images of the posterior pole.
Third, pupil dilation using mydriatic
eye drops is unnecessary. Finally, it
pierces other optical opacities in the eye
such as cataracts better than conventional spectrophotometric fundus camera (Kristjansdottir et al. 2014). In
addition, SLO has a potential for
application of retinal oximetry to
neonates and infants. This could mark
a milestone in management of preterm
neonates (and other paediatric groups)
who are treated in incubators at neonatal intensive care units.
The risk of retinopathy of prematurity (ROP) is inversely related to gestational age and weight at birth.
Extremely premature infants and those
with low birthweight are therefore at
highest risk for severe ROP and consequently a poor visual outcome due to
the immaturity of retina at birth
(Cavallaro et al. 2014). The interruption of normal retinal vascular development following transition from the
relatively hypoxic intrauterine environment to the oxygen-rich ambient air
after birth which is further aggravated
by administration of supplemental

oxygen therapy is twofold: the ﬁrst
phase is characterized by suppression
of insulin-like growth factor I and
normal vascular endothelial growth
factor (VEGF). The second phase is
characterized by hypoxic-induced neovascularization that is analogous to
other proliferative retinopathies, as
the retina becomes more metabolically
demanding (Smith 2004). Careful titration of supplemental oxygen to preterm
neonates to reduce the risk of visual
impact (i.e. blindness) from hyperoxia
is therefore of vital importance for
retinal vascular development. Currently, oxygen supplementation to
those babies is monitored by continuous peripheral pulse oximetry and
intermittent invasive arterial blood
gas measurements.
The noninvasive dual-wavelength
confocal SLO combined with oximetry
analysis for retinal oximetry may
improve monitoring and management
of these babies. Prior to allowing oxyhaemoglobin saturation measurements
of retinal arterioles and venules, it is
necessary to determine the ODR in
full-term healthy neonates, shortly
after birth.
Retinal oximetry in healthy individuals

Retinal oximetry has shown sensitivity
and reliability with high reproducibility
and repeatability of retinal oxyhaemoglobin saturation measurements
during normoxia in healthy humans
(Hardarson et al. 2006; Hardarson
et al. 2009; Blondal, Sturludottir, Hardarson, Halldorsson, and Stefansson
2011; Geirsdottir et al. 2012; Palsson
et al. 2012; Heitmar & Cubbidge 2013;
Man et al. 2013; Man et al. 2014; Yip
et al. 2014; Werkmeister et al. 2015),
rhesus monkeys (Li et al. 2016) and
pigs (Traustason et al. 2013) and during induced hypoxaemia (Choudhary
et al. 2013; Palkovits et al. 2014c; Rose
et al. 2016) and hyperoxia (Palkovits
et al. 2014a; Werkmeister et al. 2015;
Rose et al. 2016) in humans. Most of
these studies have been carried out to
test the reproducibility and sensitivity
of the technique but also to study
normal physiological reactions to oxygen challenges and retinal metabolism.
Report on the groundwork of SLO
with dual-wavelength retinal oximetry
revealed sensitivity and repeatability in
healthy humans and that the emplacement is technically feasible and promising for advancement of retinal
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oximetry in the future (Kristjansdottir
et al. 2014).
Normoxia. Recently, some research
reports were published on normal retinal vessel oxyhaemoglobin saturation
in human subjects of multiethnicities
(Table 1). These studies show similar
results although some small deviations
exist between diﬀerent versions of retinal oximeters and between diﬀerent
research groups. The diﬀerences are
attributable to the retinal oximeter
hardware, the calibration of the oximeter, the analysis software and the analytical approaches. When comparing
oxyhaemoglobin saturation measurements between diﬀerent studies, the
importance of identical calibration
between retinal oximeters devices
(Geirsdottir et al. 2012) must be kept
in mind and whether methodological
procedures for oximetry analysis were
according to standardized protocol.
None of the studies have found diﬀerence in oxyhaemoglobin saturation
between the left and right eyes but the
eﬀects of age on oxyhaemoglobin saturation are conﬂicting.
Geirsdottir et al. (2012) found the
oxyhaemoglobin saturation in retinal
venules to decrease signiﬁcantly with
advanced age, or 1.9% for every
10 years in males and 0.7% for females.
The oxyhaemoglobin saturation in

and venous oxyhaemoglobin saturation
to increase with age but the AV-diﬀerence to remain unaﬀected. There was no
statistical correlation between the retinal oximeter measurements and ﬁnger
pulse oximetry readings. They speculated that heavily pigmented fundus like
in Indians has more melanin exposed for
light absorption which could hypothetically alter the ODR and hence the
oximetry measures (Mohan et al.
2015). Yang et al. (2016) obtained difference in oxyhaemoglobin saturation
measurements between retinal quadrants. The arteriolar measures from
inferotemporal quadrant gave the lowest value followed by the superotemporal, inferonasal and superonasal
quadrants, respectively. The retinal
venules followed a similar pattern (Yang
et al. 2016). Nakano et al. (2016) measured increased oxyhaemoglobin saturation in major retinal arteries (0.67%
per 10 years) with advanced age but not
in venules. They found the mean oxyhaemoglobin saturation to be markedly
lower in both retinal arterioles and
venules in the temporal hemispheres,
particularly in the inferotemporal vessels that are similar to the ﬁndings of
Geirsdottir et al. Palsson et al. Mohan
et al. and Yang et al. (Nakano et al.
2016). Recently, Liu et al.(2017) published the ﬁrst study on retinal oximetry

retinal arterioles was not aﬀected by
age. Consequently, the AV-diﬀerence
increased by 1.5  0.5% for every
10 years in males and 1.0  0.4% in
females. The vessel diameter was inversely aﬀected by the age whereas the OPP
rose with age which the authors suggested might partly compensate for the
increase in vascular resistance caused by
the decreased vessel lumen. The oxyhaemoglobin saturation measurements
of both retinal arterioles and venules
were signiﬁcantly lower in the inferotemporal quadrants than other retinal
quadrants (Geirsdottir et al. 2012). Jani
et al. (2014) found no diﬀerence across
ethnicity, genders nor iris/fundus pigmentations. They found both the arteriolar and venous oxyhaemoglobin
saturation to decrease with age and an
increase in AV-diﬀerence. The oxyhaemoglobin saturation values were
lowest in the inferotemporal quadrant
and highest in the superonasal quadrant. Conversely, the AV-diﬀerence was
greatest in the inferotemporal quadrant
and lowest in the superotemporal quadrant (Jani et al. 2014). Yip et al. (2014)
reported the age to act as a negative
factor for oxyhaemoglobin saturation in
venules, similar to the ﬁnding of Geirsdottir et al. and Jani et al. (Yip et al.
2014). In contrast to the above studies,
Mohan et al. (2015) found the arteriolar

Table 1. Published data on retinal oxyhaemoglobin saturation (%) in healthy subjects. All values are mean  standard deviation, except*.
Ethnicity
(number of
subjects)

Age (years)

Device (software)

Caucasians (120)

18 to 80 median 47

Oxymap T1 (2.2.1)

92.2  3.7

55.6  6.3

36.7  5.4

19 to 74 mean
44.1  14.7

Oxymap T1 (2.3.1)

90.4  4.3

55.3  7.1

35.4  4.0

Yip et al. (2014)
Mohan et al. (2015)
Yang et al. (2016)
Nakano et al. (2016)

Caucasian (18)
Hispanic (13)
AfricanAmerican
(17) Asian (13)
Asian (118)
Asian Indian (98)
Chinese
Japanese (252)

Oxymap
Oxymap
Oxymap
Oxymap

Liu et al. (2017)

Chinese (122)

Man et al. (2013)

Caucasian (20)

Man et al. (2014)

Caucasian (50)

≥40
18 to 63 Mean 33
19 to 30
20 to 93 Mean
61.1  18.8
5 to 13 Mean
13.0  2.9
19 to 45 Mean
30.1  7.56
18 to 58 Median 26

Kristjansdottir
et al. (2014)

Caucasian (11)

Mean: 34  10

SLO (modiﬁed
Oxymap analyser
Software)

Author (year)
Geirsdottir et al.
(2012)
Jani et al. (2014)

T1 (2.3.1)
T1 (2.4.2)
T1(2)
T1 (2.4.2)

Arterioles

93.64
90.3
93.2
97.0

Oxymap T1
(2.4.2 and 2.5.0)
Imedos
Imedos

*






6.9
6.6
6.3
6.9

Venules

54.22
56.9
60.4
52.8






AV-diﬀerence

6.9
6.3
5.3
8.3

85.5  7.1

48.2  5.5

94.0  4.9

61.8  4.99

95.94 range:
91.53–98.49
92  13

*

62.35 range
57.65–64.17
57  12

39.43
33.2
32.9
44.2






8.9
5.2
6.4
9.2

37.3  6.5

33.79  3.37

SLO = scanning laser ophthalmoscope.
* Median of the right eye.
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in children. According to their results,
the oxyhaemoglobin saturation of retinal arterioles and venules is lower in
children than in adults. In arterioles, the
oxyhaemoglobin saturation increased
considerable with age and showed a
similar trend in venules. They observed
a statistical diﬀerence between measurements in all retinal quadrants, being
lowest in the inferotemporal region,
followed by superotemporal, inferonasal and superonasal quadrants,
respectively. The AV-diﬀerence, however, was similar between retinal hemispheres. The authors hypothesized the
reason for lower oxyhaemoglobin saturation in children is due to their yet not
fully developed retina, resulting in a
higher oxygen consumption and is
inversely related to the retinal nerve
ﬁbre layer thickness (Liu et al. 2017).
Man et al. (2014) reported similar
ﬁndings, using the Imedos system, to
Mohan et al. (2015) on increased oxyhaemoglobin saturation in both retinal
arterioles and venules by age and
unchanged AV-diﬀerence. They did
not observe any correlation of oxyhaemoglobin saturation in retinal vessels with OPP. They reported, however,
a strong correlation of the ﬁnger pulse
oximetry
readings
with
oxyhaemoglobin saturation in retinal arterioles and the AV-diﬀerence which is in
contrast with the ﬁndings of Geirsdottir et al. (2012) and Mohan et al.
(2015).
The results on measured oxyhaemoglobin saturation by Kristjansdottir et al. (2014) on the employed
SLO retinal oximetry with a dualwavelength algorithm of modiﬁed Oxymap analysis software (Kristjansdottir
et al. 2014) are in agreement with other
publications of retinal oximetry normative data.
Induced hypoxaemia. Retinal oximetry
studies on induced acute systemic
hypoxaemia in healthy young adults
show sensitivity to changes of oxygen
concentration in both retinal arterioles
and venules. In other words, these
studies show the subnormal oxygen
level delivered by the systemic circulation is being manifested in the central
circulation by retinal oximetry.
Choudhary et al. (2013) used multispectral image-replicating imaging
spectrometer to measure the eﬀects of
acute mild hypoxaemia on retinal vessel oxyhaemoglobin saturation in 10
healthy subjects with the mean age of
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25  5 years.
During
normoxic
breathing, the mean oxyhaemoglobin
saturation of retinal arterioles was
98.5  1.6%, 70.7  2.7% in venules
and the AV-diﬀerence was 27.8 
2.9%. During hypoxic breathing of
15% oxygen, the oxyhaemoglobin saturation in retinal arterioles decreased
to 90.3  2.0% and 62.4  2.2% in
venules. The AV-diﬀerence, however,
remained unchanged whilst the vessel
diameter increased by 3% and 4%,
respectively. The oxyhaemoglobin saturation in retinal arterioles was similar
to their ﬁnger pulse oximetry readings
or 98.5  1.6% under normoxic
breathing and 89.6  0.5% with
hypoxic breathing (Choudhary et al.
2013).
Palkovits et al. (2014c) included 27
healthy Caucasians in a statically analysis of retinal oximeter measurements
and blood ﬂow velocity during normoxia and diﬀerent breathing regimens
of hypoxic mixture. The participants
age ranged from 18 to 35 years (mean
25.2  3.9 years). The Imedos retinal
oximetry system was used to measure
oxyhaemoglobin saturation and vessel
diameter in one major temporal retinal
artery and venule. Blood velocity was
measured by bidirectional laser Doppler velocimetry at the same location as
oxyhaemoglobin saturation and diameter were quantiﬁed. The study was
performed in randomized two-way
crossover design and parameters were
obtained under normoxia and under
isocapnic hypoxia when participants
inhaled oxygen 12% + nitrogen 88%
or oxygen 15% + nitrogen 85%. Oxyhaemoglobin saturation in both retinal
arterioles and venules, the AV-diﬀerence and ﬁnger pulse oximetry readings
all decreased during the hypoxic gas
mixtures breathing. The PO2 of a
capillary earlobe blood measured 45.5 
7.0 mmHg and 56.9  4.3 mmHg during 12% and 15% oxygen breathing,
respectively. The hypoxic breathing
regimen induced vasodilatation in both
retinal arteries and venules as compared with normoxia that was more
prominent during 12% oxygen breathing. The blood ﬂow increased during
both breathing regimens but was more
augmented during 12% oxygen breathing (Palkovits et al. 2014c). It appears
that the retinal circulation was well
autoregulated during the hypoxic challenges which is in agreement with
earlier statements in that above a

PaO2 of 32–37 mmHg the autoregulatory response of the retinal circulation
is well preserved. The authors concluded that the retinal oxygen extraction fraction was unaﬀected by the
graded systemic hypoxia. Rose et al.
(2016) used metabolic hyperspectral
retinal camera to measure oxyhaemoglobin saturation of retinal arterioles and venules of one eye in 11
healthy people, under conditions of
normoxia, isocapnic hyperoxia and
isocapnic hypoxia. Total retinal blood
ﬂow was quantiﬁed with Doppler spectral-domain optical coherence tomography (SD-OCT). Participants mean
age was 33.36  6.03 years. When the
end-tidal partial pressure of oxygen
(EtO2), which is an indicator of arterial
PO2, was reduced from baseline
(100 mmHg) to 80, 60 and 50 mmHg,
the retinal arterial and venous oxyhaemoglobin saturation decreased from
99.3  5.8% and 56.3  4.2% to 95.6 
5.1% and 52.5  4.1%, 89.6  2.8%
and 49.5  2.9%, 83.3  3.9% and
45.0  6.1%, respectively. The retinal
blood ﬂow increased markedly during
the hypoxic gas mixture breathing as
compared with the normoxic baseline
breathing (Rose et al. 2016).
Induced hyperoxia. Like studies on
induced hypoxaemia, retinal oximetry
demonstrates sensitivity to changes of
oxyhaemoglobin saturation for the
period of acute systemic hyperoxia.
Palkovits et al. (2014a) used the
Imedos system to measure oxyhemoglobin saturation of one major
temporal retinal artery and vein in 41
healthy humans during isocapnic 100%
oxygen breathing. The age of the participants ranged from 18 to 35 years.
Retinal venous blood velocity was
measured using bidirectional laser
Doppler velocimetry, and the blood
ﬂow was calculated. At baseline during
normoxic
breathing,
the
oxyhaemoglobin saturation in retinal arterioles measured 92.3  3.9% and
61.8  4.4% in venules and the AVdiﬀerence 30.5  7.9%. During 100%
oxygen
breathing,
these
values
increased
to
96.4  3.1%,
73.9  10.0% and 22.4  10.4%,
respectively. The increase in oxyhaemoglobin saturation was greater in
retinal venules than arterioles and the
calculated blood ﬂow was markedly
reduced during the hyperoxic breathing
(Palkovits et al. 2014a). Werkmeister
et al. (2015) used the Imedos system to
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measure the oxyhaemoglobin saturation and vessel diameter in retinal
arterioles and venules and dual-beam
Doppler FD-OCT system for retinal
blood velocities. Measurements were
performed in one eye during both
normoxic and 100% oxygen breathing.
Participants included eight healthy persons between the age of 18 and
35 years. During normoxic breathing,
the mean oxygen saturation of retinal
arterioles was 95.3  1.9% and
68.0  3.9% of venules. During hyperoxic breathing, these values raise to
99.4  0.3% and 76.6  5.2%, respectively, with a drop in the AV-diﬀerence
(Werkmeister et al. 2015).
Rose et al (2016) reported marked
increase in oxyhaemoglobin saturation
of retinal venules during baseline level
versus 200 mmHg and baseline level
versus 300 mmHg (above-mentioned
method in 1.8.3.2). The oxyhaemoglobin
saturation in retinal arterioles at 200
and 300 mmHg remained unchanged
as compared with 100 mmHg at baseline. Yet, the total retinal blood ﬂow did
signiﬁcantly decrease under the hyperoxic breathing (Rose et al. 2016). These
results of increased oxyhaemoglobin
saturation on the venous site of the
circulation and reduced blood ﬂow
under system hyperoxia indicate the
eﬀective autoregulatory response and
reduced oxygen extraction of the inner
retina with enhanced global oxygen
delivery as already stated in former
chapters.
Retinal oximetry in eye diseases

Retinal oximetry has been widely used
for retinal imaging and appraisal of
retinal vessel oxyhaemoglobin saturation in patients with variety of eye
diseases. Those include glaucoma
(Michelson & Scibor 2006; Olafsdottir
et al. 2011; Vandewalle et al. 2012;
Vandewalle et al. 2013), diabetic
retinopathy (Hardarson & Stef
ansson
2012b; Khoobehi et al. 2013; Jørgensen
& Bek 2014; Jørgensen et al. 2014;
Kashani et al. 2014; Klefter et al.
2015; Dong et al. 2016; Klefter et al.
2016; Man et al. 2015; Sin et al. 2016),
retinitis pigmentosa (Eysteinsson et al.
2014; Battu et al. 2015; Ueda-Consolvo et al. 2015; Zong et al. 2016)
age related macular degeneration
(AMD; Geirsdottir et al. 2014), retinal
vein occlusions (Hardarson & Stef
ansson
2010, 2012a; Lin et al. 2016) and retinal arterial occlusions (Hardarson

et al. 2013). All these studies reveal
notable changes in retinal vessel oxyhaemoglobin saturation and retinal
tissue metabolism. For instance, in
severe glaucomatous eyes, increased
venous oxyhaemoglobin saturation
and reduced AV-diﬀerence indicate
reduced oxygen extraction secondary
to retinal tissue atrophy (Olafsdottir
et al. 2011; Vandewalle et al. 2013). In
patients with diabetic retinopathy
increased oxyhaemoglobin saturation
in both retinal arterioles and venules
in addition to unaltered AV-diﬀerence
(Hardarson & Stef
ansson 2012b;
Jørgensen et al. 2014; Man et al.
2015), are indicative of disease progression to more advanced stages. In
retinitis pigmentosa, changes in retinal
oximetry values and reduced vascular
calibre most likely mirror retinal tissue
atrophy and decrease in oxygen consumption (Eysteinsson et al. 2014;
Battu et al. 2015). In patients with
exudative AMD, an increase in both
retinal venous oxyhaemoglobin saturation and AV-diﬀerence indicate abnormally low oxygen consumption of the
inner retina (Geirsdottir et al. 2014). In
both retinal artery occlusions and retinal vein occlusions, retinal oximeter
measurements give valuable information on the oxygen changes and the
eﬀect on retinal tissue metabolic function by comparing the aﬀected eye with
the fellow unaﬀected eye. In central
retinal vein occlusion (CRVO), the
mean oxyhaemoglobin saturation has
shown to be markedly lower and the
inter eye variability greater than of the
fellow unaﬀected eye (Hardarson &
Stef
ansson 2010; Traustason et al.
2014). In branch retinal vein occlusion
(BRVO), the oxyhaemoglobin saturation of retinal venules is decreased to a
variable degree and in some cases the
arteriolar saturation is higher in the
aﬀected eye than in the opposite unaffected eye (Hardarson & Stef
ansson
2012a; Lin et al. 2016).
Up to date, only a few studies have
been published on retinal oximetry in
people with branch and central retinal
artery occlusion. These reports give
novel insight of the consequences of
obstructed arterial blood ﬂow on the
retinal tissue oxygen supply. Initially,
after the clinical onset of symptoms the
oxyhaemoglobin saturation of retinal
arterioles is subnormal but gets better
with time and treatment (Hammer
et al. 2009; Hardarson et al. 2013)

signalling facilitation of the local blood
ﬂow and hence improved oxygen delivery to the inner retina.
Central retinal vein occlusion (CRVO)

Central retinal vein occlusion is a sight
threatening disease that is a frequent
cause for visual loss in humans. It
usually aﬀects only one eye (McAllister
2012) although the incidence of CRVO
in the contralateral eye may reach 7%
within 5 years from the development in
the ﬁrst eye (Hahn et al. 2013). The
clinical existence of the disease has
been known since 1878 (Hayreh 2014)
but its pathophysiology is yet to be
fully elucidated (Glueck et al. 2005;
Kang et al. 2011; Hayreh et al. 2012).
The risk factors have been associated
with variety of systemic factors, such as
hypertension and diabetic mellitus,
haematologic and local factors, including ocular hypertension and glaucoma
(Elman et al. 1990; Hayreh et al. 2001,
2004). In 2008, CRVO was estimated
to aﬀect 2.5 million people worldwide,
based on a prevalence ratio of 0,8 per
1000 individuals from populationderived studies around the world
(Rogers et al. 2010). As an advanced
age has been identiﬁed as an important
risk factor (McAllister 2012) for
CRVO, the prevalence and disease
burden may be expected to rise with
the growth rate of the ageing population during the 21st century.
Pathophysiology. CRVO is caused by
thrombotic occlusion of the central
retinal vein most commonly within
the optic nerve at a variable location
posterior to the lamina cribrosa. Colour Doppler imaging and ﬂuorescein
angiography demonstrate central retinal venous outﬂow obstruction and
retinal capillary nonperfusion to various degrees (Hayreh 2005), along with
reduced venous blood ﬂow velocity and
prolonged arteriovenous transit time
(Arsene et al. 2002). Clinical entities of
the disease consists as well of visual
impairment (Martinet et al. 2012),
intraretinal haemorrhage, venous tortuosity, vascular congestion and macular oedema (London & Brown 2011).
The impediment to the venous blood
ﬂow ampliﬁes the upstream intraluminal pressure (venous dilatation) which
elevates the hydrostatic pressure causing extravasations of ﬂuid into the
extracellular space (Kaur et al. 2008)
resulting in retinal tissue oedema. Retinal
hypoxia
stimulates
VEGF
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production, which increases vascular
permeability and leakage of osmotically
active plasma proteins into tissue.
Increased hydrostatic diﬀerence between
vasculature and tissue and reduced
osmotic pressure diﬀerence combine to
cause retinal oedema according to Starling0 s law. Eventually, the extent of the
venous stasis retinopathy together with
or without tissue hypoxia depends on
the severity (Hayreh et al. 2011) and
location of the obstruction against blood
ﬂow within the central retinal vein.
Depending on the implicated retinal
tissue hypoxic injury, the temporary and
long-term visual morbidities are primarily caused by vitreous haemorrhage, the
magnitude of macular oedema, concomitant development of neovascularization
and the progression to neovascular glaucoma (McIntosh et al. 2010).
Retinal blood ﬂow in CRVO. Fluorescein
angiographies always manifest some
evidence of blood ﬂow within the vascular bed in CRVO. The obstruction to
venous outﬂow is determined by the
number of tributaries anterior to the
occlusion in the central retinal vein for
collateral ﬂow. The farther away from
lamina cribrosa, the greater the amount
of tributaries situated anterior to the
occlusion to create anastomosis with
nearby veins for rerouting the blood
around the thrombus. On the contrary,
the closer the thrombus is situated to the
lamina cribrosa, fewer tributaries are
available for this collateral ﬂow (Hayreh
et al. 2011). In addition, histopathological studies on enucleated eyes due to
neovascular glaucoma after CRVO has
shown evidence of recanalization of the
thrombus that most likely have an onset
early on and proceeds over time (Green
et al. 1981).
Classiﬁcation of CRVO. CRVO is classiﬁed as either nonischaemic or ischaemic type of CRVO. In the former, the
thrombi is located more distal in the
optic nerve whereas the occlusion is
closer to the lamina cribrosa in the
ischaemic type. Subsequently, the clinical entity and visual outcome of the
nonischaemic and ischaemic CRVO are
very divergent based on the number of
tributaries anterior to the occlusion for
venous blood shunting (Hayreh et al.
2011).
Nonischaemic CRVO is relatively
benign with better prognosis and visual
outcome than the ischaemic type which
has poor prognosis (Hayreh 2014).
Macular oedema is seen in both types
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but is markedly less and not always
present in the nonischaemic form.
Unlike the ischaemic type, neovascularization never develops in nonischaemic CRVO eyes. Transient visual
deterioration (central scotoma) secondary to macular oedema is the major
complication in nonischaemic CRVO
that tends to resolve over time. Ischaemic CRVO on the other hand is characterized by severe hypoxia and
capillary closure with the risk of neovascular glaucoma and permanent
blindness due to an irreversible ischaemic damage of macular ganglion cells
(Hayreh et al. 1983; Hayreh 2014).
Tissue hypoxia. Similar to chronic systemic hypoxic condition in cardio- and
pulmonary diseases (Arjamaa & Nikinmaa 2006), vascular disorders like
CRVO may result in local hypoxia of
the inner retina tissue (Williamson
et al. 2009). The local hypoxia involves
only the retinal circulation secondary
to the obstruction of the central retinal
vein whereas the oxygen delivery by the
systemic circulation is normal.
Hypoxia sets oﬀ cascade of hypoxia
signals, primarily by the hypoxia-inducible factor (HIF) protein. HIF is a key
factor and a common denominator for
all hypoxia-dependent events in cells
including angiogenesis regulation and
transcription of several others genes.
HIF comprises two subunits: a stable
HIF-b unit which is continuously
expressed and a labile HIF-a unit
which is regulated and stabilized by
normal cellular oxygen tension. Under
hypoxic conditions, HIF-1a evades its
degrading and starts to build up before
moving into the nucleus of the cell
where it proceeds as a transcription
factor for several gene arrays (Arjamaa
& Nikinmaa 2006). These target genes
direct glucose transport to tissue cells,
glycolysis, a modulation of the vascular
tone and an erythropoiesis for homeostasis and survival of retinal cells
(Carreau et al. 2011). In oxygendepleted tissues, the HIF-1a is a chief
stimulant for upregulation of VEGF
for neovascular sprouting (Pages &
Pouyssegur 2005) and angiogenesis
throughout the body. The VEGF
expression and inﬂammatory induction
disrupt the blood–retinal barrier (Arjamaa & Nikinmaa 2006; Kaur et al.
2008; Flammer et al. 2013) that is
analogous to the breakdown of the
blood–brain barrier (Schoch et al.
2002; Yeh et al. 2007) in cerebral

ischaemia (Croll et al. 2004). Consequently, the inﬂammatory mediators
(Kaur et al. 2008) and VEGF expression jointly add to the vascular hyperpermeability,
retinal
oedema,
intraretinal haemorrhage and the retinal capillary nonperfusion manifested
in CRVO (Boyd et al. 2002; Campochiaro et al. 2008; Noma et al.
2009; Campochiaro 2012).
In ischaemic CRVO, the angiogenic
factors diﬀuse across the disrupted
blood–retinal barrier to establish neovascularization at remote locations
throughout the intraocular tissues
(Kaur et al. 2008), on the optic nerve
head and the iris which carries the risk
for neovascular glaucoma. For
instance, the concentration of VEGF
in the aqueous humour was found to be
directly correlated with the onset and
progression of neovascularization of
the iris (Boyd et al. 2002) and to be
inversely related with the patient0 s
visual outcome (Campochiaro 2012).
Because the VEGF upregulation is a
chief stimulant for blood–retinal barrier breakdown, a treatment for antiVEGF formation is considered an
eﬀective means for improving visual
outcome in CRVO-aﬀected eyes (Campochiaro et al. 2011; Epstein et al.
2012) either as a monotherapy or in
conjunction with other forms of treatment such as vitrectomy or a panretinal
photocoagulation.
Oxygen measurements in CRVO. Four
studies have published their ﬁndings on
oxygen content in humans with CRVO.
All of them quantiﬁed lower oxygenation of the inner retina in CRVOaﬀected eyes than in the opposite
unaﬀected eyes. In 2002, Yoneya and
associates used spectral imaging to
measure oxyhaemoglobin saturation
of retinal vessel in eyes aﬀected by
ischaemic CRVO. They reported semiquantitative correlation between ﬂuorescein angiography and decreased
oxyhaemoglobin saturation of retinal
venules (less than 40%) in patients with
ischaemic CRVO. They also noted
decreased oxyhaemoglobin saturation
in adjacent capillary areas that seemed
to be circulatory intact. In addition,
unaﬀected retinal hemispheres in
CRVO eyes appeared to be inﬂuenced
by the circulatory disruption (Yoneya
et al. 2002). In 2009, Williamson and
associates used oxygen sensitive electrode probes to measure intravitreal
PO2 during vitrectomy. Patients with
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ischaemic CRVO had lower preretinal
PO2 than patients undergoing vitrectomy for either epiretinal membrane
removal or macular hole (Williamson
et al. 2009). In 2010, Hardarson and
Stef
ansson used the Oxymap, noninvasive spectrophotometric retinal oximeter (2nd version), with a 45-degree view
of the fundus to measure retinal vessel
oxyhaemoglobin saturation in eight
patients with unilateral CRVO. The
mean oxyhaemoglobin saturation in
venules was 49  12% in CRVO eyes
and 65  6% in the unaﬀected eyes
(p = 0.003). There was no diﬀerence,
however, in arteriolar oxyhaemoglobin
saturation (99%) of CRVO-aﬀected
and unaﬀected fellow eyes (Hardarson
& Stefansson 2010). Most recently,
Traustason et al. (2014) used a similar
noninvasive spectrophotometric technique (Oxymap Retinal Oximeter P3)
for retinal oximetry in 11 patients with
unilateral CRVO. At baseline, before
intravitreal VEGF inhibitor treatment
(Ranibizumab) was initiated, the mean
oxyhaemoglobin saturation of retinal
venules was 32  12% and 59  10%
in the unaﬀected eyes (p = 0.001).
Concurrently, the oxyhaemoglobin saturation of retinal arterioles was significantly higher in CRVO eyes than in
fellow eyes, or 95  8% and 91  3%,
respectively (p = 0.04). The oxyhaemoglobin saturation in CRVO eyes
improved with time and intravitreal
anti-VEGF
treatment
but
still
remained subnormal or roughly halfway normalized at 3 and 6 months
follow-up point in time (Traustason
et al. 2014).
Hayreh and associates have studied
the eﬀectiveness of diﬀerent parameters
for delineating ischaemic CRVO from
nonischaemic CRVO in the early stages
of the disease. They found ﬂuorescein
angiography to provide optimal reliable information about retinal capillary
nonperfusion in only 50–60% of
patients whereas combining information from electroretinography and relative aﬀerent papillary defect captured
97% of the cases and hence to be the
best tests (Hayreh 2014). Information
on retinal oxyhaemoglobin saturation
may be helpful in classiﬁcation of
CRVO in the early stages of the disease
although the value of this is beyond the
scope of this thesis. Retinal oximetry
may also be valuable in the management and observation of CRVO
patients over time. Timely intervention

on retinal tissue hypoxia is supposedly
essential for preventing and interrupting any detrimental eﬀects of the
hypoxia signalling cascades in CRVO
where retinal oximetry may possibly
play a vital role in the future.
Earlier oximetry studies on CRVO
have been conﬁned to imaging a small
portion of the fundus. In this thesis, we
use the Oxymap T1 oximeter to acquire
wider images of the fundus, than
previous studies, to analyse oxyhaemoglobin saturation in retinal vessels in patients with CRVO and to
observe the disease process over time.
Retinal oximetry in systemic diseases

Retinal oximetry has been shown to be
reliable and valid in patients suﬀering
from chronic systemic hypoxia secondary to Eisenmenger syndrome and
in patients with severe chronic obstructive pulmonary disease (COPD).
Traustason et al. (2011) utilized the
Oxymap device to detect hypoxaemia of
both retinal arterioles and venules in
clinically stable patients with Eisenmenger syndrome, a congenital cyanotic
cardiac defect. The oxyhaemoglobin
saturation in retinal arterioles was
81  9% and 44  12% in venules as
compared with 93  3% (p ˂ 0.001)
and 59  5% (p ˂ 0.001), respectively,
in healthy controls. The AV-diﬀerence
was not markedly diﬀerent between the
groups (37%  6% and 34%  5%,
respectively). The oxyhaemoglobin saturation of retinal arterioles in the Eisenmenger group correlated with both
intrafemoral artery oxyhaemoglobin
saturation
(83  5%,
p = 0.82;
p ˂ 0.001) and ﬁnger pulse oximetry
(88  5%). Also, the decrease in retinal
venous oxyhaemoglobin saturation was
decreased in proportion to the decrease
in femoral artery saturation. Palkovits
et al. (2013) reported retinal vessel
hypoxia in patients with severe COPD
during cessation of their supplemental
oxygen therapy, using the Imedos
device. The AV-diﬀerence remained
unchanged during both breathing regimens of the ambient air and oxygen
supplementation. According to their
ﬁndings, the retinal oxyhaemoglobin
saturation correlated with both capillary earlobe blood gas sample and ﬁnger
pulse oximeter measurements (Palkovits et al. 2013).
In people with Giant cell arteritis,
retinal oximetry has revealed reduced
oxyhaemoglobin saturation in retinal

arterioles and elevation in venules
despite no ophthalmological manifestation of the disease (Turksever et al.
2014). Mild-to-moderate Alzheimer
disease also appears to be expressed
by elevated oxyhaemoglobin saturation
of both retinal arterioles and venules as
compared with healthy control group
(Einarsdottir et al. 2015).
Although the literature is sparse on
retinal oximetry in systemic diseases,
those results suggest the retinal circulation represents the systemic and
central nervous system involvement.
Retinal oximetry imaging opens the
opportunity to examine the central
nervous oxyhaemoglobin saturation
in systemic diseases and thus gain
new insight into oxygen delivery
and retinal metabolism in systemic
disorders.
Chronic obstructive pulmonary disease
(COPD)

Chronic obstructive pulmonary disease is characterized by progressive
airﬂow limitation (Global Initiative
for Chronic Obstructive Lung Disease
(GOLD) 2016), chronic inﬂammation
of the airways and systemic inﬂammatory response (van Eeden & Sin 2008).
The airﬂow limitation eventually creates ventilation–perfusion mismatching that unavoidable leads to
systemic hypoxaemia, either with or
without CO2 retention (West 2003).
The severity of airﬂow limitation is
classiﬁed by spirometry measurement
of a forced expiratory volume in one
second (FEV1) to the forced vital
capacity (FVC), after maximum inspiration. Patients with less than 50%
and 30% of the predicted forced
expiratory volume in one second
(FEV1/FVC) are classiﬁed with severe
(stage 3) and very severe (stage 4)
COPD, respectively. Long-term oxygen therapy (>15 hr/day) has shown
to increase survival in patients with
severe resting hypoxaemia and is recommended for patients with a resting
PO2 at or below (≤) 55 mmHg or
arterial oxyhaemoglobin saturation
≤88%, with or without hypercapnia
(Global
Initiative
for
Chronic
Obstructive Lung Disease (GOLD)
2016). The aim of the supplemental
oxygen therapy is to target the pulmonary oxygen concentration between
60–80 mmHg and the oxygen ﬂow
titrated according to arterial blood
gas and peripheral pulse oximeter
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measurements (Hines & Marschall
2012).
The magnitude of systemic inﬂammation in COPD has been aﬃliated
with the severity of the airﬂow obstruction and is believed to underlie the
extrapulmonary pathogenesis of the
disease (Clarenbach et al. 2012). Many
organ systems are negatively aﬀected
by the systemic inﬂammatory response
including the cardiovascular and autonomic nervous system (van Gestel &
Steier 2010). Cardiovascular events are
considered a frequent reason for mortality in patients classiﬁed with mild-tomoderate COPD (Sin et al. 2006; van
Eeden & Sin 2008). Presumably, the
systemic inﬂammatory response in
addition to the systemic hypoxia,
oxidative stress and sympathetic activation leads to vascular dysfunction
and hence a cardiovascular disease
(Clarenbach et al. 2012). Hypoxia
seems to provoke vascular dysfunction
by disrupting the physiological equilibrium between vascular constriction and
vasodilatation by means of upregulation of vasoconstrictive mediators,
such as endothelin-1 and inhibition of
nitrous oxide activity (McQuillan et al.
1994).
It has been speculated that hypoxaemia is a key modulator for development of polyneuropathy in COPD
patients (Ozge et al. 2005; Oncel et al.
2010) and thus possibly playing role in
the optic nerve and retinal involvement
(Demir et al. 2012) in the disease. As
already mentioned, Palkovits et al.
(2013) reported markedly reduced oxyhaemoglobin saturation of both retinal
arterioles and venules in patients with
severe COPD. According to their ﬁndings, there was a signiﬁcant positive
correlation of oxyhaemoglobin saturation in retinal arterioles with capillary
earlobe blood measures and ﬁnger
pulse oximetry (Palkovits et al. 2013).
Based on their ﬁndings, retinal oximetry has the ability to identify systemic
hypoxaemia of the retinal circulation
which supports its potential for applicability to acute patients’ care settings
in the future.

oxygenation in order to improve noninvasive monitoring of critically ill and
patients in anaesthesia care in the
future.
The speciﬁc objective is to test
whether oxyhaemoglobin saturation
of the systemic circulation can be
measured through the retinal circulation in health and disease. The research
questions and hypothesis are the following:
Research question 1: Is the retinal
oximeter sensitive to changes in oxyhaemoglobin saturation (Papers I-V)?
(a) Is the retinal oximeter sensitive to
local hypoxia in retina, that is CRVO
(Paper I)?
(b) Is the retinal oximeter sensitive to
systemic changes in oxygen levels?
(Papers II and III)?
(i) Is the oxyhaemoglobin saturation
in retinal vessels aﬀected by the
system hypoxaemia and supplemental oxygen breathing in people with
severe chronic obstructive pulmonary disease (Paper III)?
(ii) Is oxyhaemoglobin saturation in
retinal vessels aﬀected by hyperoxic
breathing in healthy individuals
(Paper II)
(c) Is a retinal oximetry applicable to
infants (Paper IV)?

Aims

Hypothesis 1:
(a) The retinal oximeter is sensitive to
the various extent of retinal tissue
hypoxia in people with CRVO (Paper I).
(b) The retinal oximeter is sensitive to
changes in systemic arterial oxygen
content.
(i) Oxyhaemoglobin saturation in
retinal vessels is aﬀected by systemic
hypoxaemia in people with severe
COPD, and the oxyhaemoglobin saturation improves with supplemental
oxygen breathing (Paper III).
(ii) Oxyhaemoglobin saturation of
retinal vessels is increased from normal baseline level during systemic
hyperoxia (Paper II).
(c) Combined scanning laser ophthalmoscope and retinal oximetry is sensitive to diﬀerent oxygen content in
retinal arterioles and venules. The
modiﬁed version of retinal oximetry is
feasible for neonates (Paper IV).

The overall aims of this thesis are to
test whether the retinal oximetry can be
applied to measuring systemic oxygen
levels in healthy subjects as well as
subjects
with
compromised

Research question 2: Is retinal
oximetry comparable to radial artery
blood measures and ﬁnger pulse oximetry in people with chronic hypoxia
secondary to severe COPD (Paper III)?
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Hypothesis 2: Spectrophotometric
retinal oximetry is at least as good
indicator of the systemic oxyhaemoglobin saturation as invasive
radial artery blood sample measurements and peripheral ﬁnger plethysmography in people with severe COPD
(Paper III).

Materials and Methods
Protection of human subjects and ethical
standards

The studies were approved by the
National Bioethics Committee of Iceland and the Icelandic Data Protection
Authority. Protocols were in compliance with the tenets of Declaration of
Helsinki. A signed informed consent
was obtained from all adult participants (Papers I-III) and parents of the
neonates (Paper IV) prior to the study
enrolment.
Retinal oximetry studies
Study population
CRVO patients (Paper I). Nineteen

consecutive Caucasian patients who
presented with symptoms of unilateral
CRVO at the Department of Ophthalmology at the Landspitali University
Hospital in Iceland enrolled in the
study. All patients were recruited using
convenience sampling of referral by
their ophthalmologist for retinal
oximetry. The study design is a
prospective observational case series.
Three study subjects were excluded
from the analysis due to either insuﬃcient oximetry image quality or lack of
images from the ﬁrst visit. Of the 16
patients included in the analysis, eleven
were males and ﬁve females. The age
ranged from 48 to 81 years with the
mean of 64  9 years (mean  SD).
Five patients were referred by their
ophthalmologist for repeated oximetry
imaging over time.
Four patients were treated for glaucoma, two patients had COPD, two
had diabetes mellitus, ﬁve had ischaemic heart disease, four were on a
treatment for arterial hypertension,
and single patients had aortic valve
replacement, atrial ﬁbrillation, ipsilateral carotid endarterectomy, chronic
renal failure, renal cancer and
migraine. Oxyhaemoglobin saturation
measurements of retinal vessels of both
eyes were made before initiating any
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treatment (except for seven days of
latanoprost eye drops in one case).
Healthy people under hyperoxia (Paper
II). In total, 33 healthy individuals with

healthy eyes were recruited through
advertisement for the study. Thirty
subjects were included in the analysis.
Eleven were males and 19 females with
the mean age of 44  18 years.
Exclusion criteria included any eye
disease, stroke, epilepsy and seizure
disorders, smoking and systemic diseases. Systemic diseases pertained to
disorders that could have pathological
eﬀects on the eye such as diabetes
mellitus or aﬀecting the systemic oxygen content like cardiopulmonary diseases including coronary artery disease
and COPD.
It was required that expiratory endtidal oxygen plateau was reached during the hyperoxic breathing (100%
oxygen) period. Three participants
were precluded from the study: two of
them did not reach end-tidal oxygen
plateau and one was considered a
glaucoma suspect. All study subjects
underwent eye examination by ophthalmologist within seven months
before participation in the study.
COPD patients (Paper III). Eleven
Caucasian (7 female, 4 male) people
with severe COPD [GOLD (Global
Initiative in Obstructive Lung Disease)
stage 3 or 4] as classiﬁed by a forced
expiratory volume of less than 50% of
predicted in one second (FEV1 ˂ 50%)
were recruited in the study. The mean
age was 70.4  5.4 years (ranging 66
to 82 years). All COPD participants
were on long-term oxygen therapy and
had lightweight portable concentrator
devices that supplied their prescribed
oxygen (Luxfer, Salford M50 3XE,
UK). The long-term oxygen therapy
was based on meeting the international
criteria for sustained hypoxia, generally
deﬁned as an arterial oxyhaemoglobin
saturation of <90%. All COPD participants received their ambulatory pulmonary care at the National University
Hospital in Iceland and were clinically
evaluated to have suﬃcient respiratory
reserve capacity to endure ceasing their
supplemental oxygen for 15 min. They
were all in a stable condition and had a
baseline ﬁnger pulse oximetry of
greater than 89% on their prescribed
oxygen.
Study exclusion criteria included
signs or symptoms of a coronary arterial disease; history of atrial ﬁbrillation,

congestive heart failure, carotid stenosis, brain tumour, stroke, anticoagulation treatment with blood test
coagulation factors outside the normal
range; diabetes mellitus, mental illness
or any eye disease. Before participating
in the study, all the COPD subjects
underwent a complete eye examination.
Eleven age and gender matched
healthy subjects served as a control
group data. The control group was
selected from a set of 120 healthy subjects in a database who had undergone
retinal oximetry analysis of oxyhaemoglobin saturation whilst breathing ambient air prior to the current
investigation.
Neonates (Paper IV). Fifty-nine fullterm healthy neonates were recruited
at the paediatric department of the
University Hospital in Iceland during a
routine ﬁfth day postpartum infant
examination. The mean gestational
age was 40 weeks. Thirty-four were
female and 25 male gender. The mean
age on the day of the study was
16  4.8 days.
Inclusion
criteria
included healthy neonates with gestational age of 37 to 42 weeks and
normal weight at birth. Exclusion criteria included any complications of the
mother or the foetus during pregnancy
or in the perinatal period.
Successively retinal images were
obtained from 55 babies. Three babies
were excluded from the study because
they did not collaborate in opening
their eyes for image acquisition. One
was precluded due to prematurity at
birth.
Study protocol (Papers I-IV)

All studies were conducted according
to a standard protocol. Medical histories including smoking were obtained
from self-reported questioners (Papers
I-III) and patient records (Papers I &
III). Prior to the study, participants sat
comfortable on a chair for measurement of vital signs at baseline. Pupil
dilation (mydriasis) was achieved using
1% tropicamide (Mydriacyl, S.A.
Alcon-Couvreur N.V., Puurs, Belgium)
followed by retinal oximetry. In neonates, a detail on the maternal and fetal
health was obtained prior to the study
(Paper IV).
CRVO (Paper I). A ﬁnger pulse oximetry reading (Ohmeda Biox 3700;
Ohmeda, Boulder, CO), blood pressure
and pulse rate measurements (Omron
M6 Comfort [HEM-7000-E]; Omron

Healthcare Europe, Hoofddorp, the
Netherlands) were obtained prior to
and following retinal oximetry and
recorded on the patient chart.
Hyperoxia
(Paper
II). Oxyhaemoglobin saturation of retinal arterioles and venules by retinal oximetry
imaging were compared between three
inspired gas conditions: (1) ambient air
(baseline), (2) hyperoxic breathing for
10 min, and (3) ambient breathing for
10 min (recovery). Under each circumstances; ﬁnger pulse oximetry, pulse
rate, blood pressure, fraction of
inspired oxygen (FiO2), end fraction
of expired oxygen (EtO2), end-tidal
carbon dioxide (EtCO2), fraction of
inspired carbon dioxide (FiCO2) and
respiratory rate (RR) were measured.
First, both pupils were dilated for
measurement of IOP (iCare TAO1
Tonometer; Tiolat Oy, Helsinki, Finland). Next, with the study participant
sitting comfortable in a chair, a ﬁnger
pulse oximetry, pulse rate (DatexOhmeda, Oxytip+ Healthcare, Finland)
and blood pressure readings ([HEM7221-E]; Omron Healthcare Europe,
Hoofddorp, the Netherlands) were
obtained followed by retinal oximetry
imaging for baseline.
Then, an appropriately sized inﬂatable soft cushion face mask (Flexicare,
Flexicare Medical Ltd., Mountain
Ash., UK) was placed over the mouth
and nose of the subject0 s face. The face
mask was connected to a circle system
with carbon dioxide absorber of an
anaesthesia machine (Dameca: Siesta
10770, Rodovre, Denmark). Airtight
seal was created by fasten a head strap
to retaining hooks surrounding the
facial mask oriﬁce which was further
supported by the participant0 s hand to
prevent leakage. The adequacy of the
face mask ﬁtting was tested by checking the tidal volume and capnography
waveform with oxygen ﬂowing through
the anaesthesia machine (Dameca:
Siesta 10770, Rodovre, Denmark).
Subsequently, the oxygen ﬂow was set
to 6 l/min and 100% concentration
inhaled for 10 min that was immediately followed by a second session of
retinal oximetry imaging. Because the
face mask did not ﬁt in front of the
fundus camera, it was removed and the
study subjects held their breath whilst
the retinal oximetry images were captured (about 30 seconds).
The face mask was also attached to a
respiratory gas analyser (Datex-
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Ohmeda D-LCC15.03, Planar Systems
Inc., Beaverton Oregon, USA) with the
ability to continuously monitor the
subjects’ respiratory parameters (FiO2,
EtO2, FiCO2, EtCO2, RR) throughout
the study. Blood pressure cuﬀ was
applied over the brachial artery and
the blood pressure measured under the
three breathing regimens: (1) on ambient air at baseline, (2) 9 min into
hyperoxic breathing and (3) recovery
ambient air breathing for 10 min. Systolic and diastolic blood pressures were
used to calculate mean arterial pressure
(MAP) using the formula: (1/3 systolic
blood pressure) + (2/3 diastolic blood
pressure). The ocular perfusion pressure (OPP) was calculated as 2/3 MAP
– IOP.
Two male study subjects, 24 and
33 years old, underwent retinal oximetry imaging of the left eye every 5 seconds for a total of 120 seconds. The
procedure started at once when the
supplemental oxygen was halted and
lasted into the ﬁrst 2 min of the recovery ambient air breathing.
COPD patients (Paper III). Oxyhaemoglobin saturation of retinal arterioles and venules in subjects with
severe COPD was compared to healthy
controls whilst breathing ambient air.
Additionally, the COPD subjects were
exposed to three inspired gas conditions: 1) prescribed supplemental oxygen, 2) ambient air and 3) prescribed
supplemental oxygen. Under each
breathing regimen, ﬁnger pulse oximetry, pulse rate, blood pressure, fraction
of inspired and expired oxygen (FiO2/
EtO2), inspired and end-tidal carbon
dioxide (FiCO2/EtCO2), respiratory
rate and retinal oximetry images of
both eyes were obtained (Fig. 8).
Radial arterial blood samples for blood

Fig. 8. Order of experimental protocol.
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gas analysis were drawn under the
ambient air breathing period only.
Subjects were seated comfortably in a
chair whilst breathing their prescribed
supplemental oxygen from a lightweight
portable oxygen concentrator. Finger
oximetry sensor was applied to a ﬁnger
for which a stable reading could be
obtained and the ﬁrst peripheral arterial
oxyhaemoglobin saturation value and
pulse rate were measured (DatexOhmeda OxyTip+ Healthcare, Finland). The patient’s portable oxygen
concentrator device and nasal cannula
were then substituted with a dual nasal
cannula system (Flexicare Medical Limited, UK) connected to an oxygen
cylinder with the ﬂow meter set at the
subjects prescribed rate of ﬂow. In
addition, the cannula was connected to
a respiratory gas analyser (DatexOhmeda D-LCC15.03, Planar Systems
Inc., Beaverton Oregon, USA) with the
ability to continuously monitor the respiratory rate and measure the respiratory parameters. Finger pulse oximetry,
pulse rate, respiratory rate, EtCO2 and
FiO2 were continuously measured during the study. Noninvasive blood pressure cuﬀ was applied over the brachial
artery (Omron M6 Comfort [HEM7000-E]; Omron Healthcare Europe,
Hoofddorp, the Netherlands) on the
opposite arm to the ﬁnger pulse oximeter. Blood pressure measurements were
obtained at three diﬀerent time-points in
the study. Mean arterial pressure was
calculated from systolic and diastolic
blood pressure values, using the formula: (1/3 systolic blood pressure) + (2/3
diastolic blood pressure).
After pupil dilation, baseline retinal
oximetry images were obtained with
subjects inhaling their prescribed supplemental oxygen (ﬁrst baseline

period). Then, the supplemental oxygen was discontinued and the subject
inhaled ambient air (ambient air period) followed by acquisition of the
second session of retinal oximetry
images. The prescribed supplemental
oxygen was then reinstituted for a
period of 20 min (second baseline
period) followed by acquisition of the
ﬁnal session of retinal oximetry images.
Prior to the second retinal oximetry
session, whilst on ambient air for
10 min, a modiﬁed Allen’s test (Habib
et al. 2012) was made on the nondominant hand to verify the arterial competency. Instantaneously, after the
oximetry imaging, an radial artery
blood sample was drawn (BD Preset
with needle, Becton, Dickinson and
Company, UK) and sent for immediate
blood gas analysis using co-oximetric
blood gas analysis (ABL 800,
Radiometer A/S, Husum, Denmark).
Neonates (Paper IV). The neonate lay
in a prone position on the lower arm of
the parent. The parent stabilized the
back by supporting the chin and chest
with the other hand (modiﬁed ﬂying
baby position). The researcher assisted
the parent by aligning the head of the
baby towards the SLO device with the
adequacy of alignment conﬁrmed on
the Optomap monitor. The researcher
spread the infants’ eyelid by hand using
a rubber glove or a cotton tip. A
diﬀerent researcher obtained images
of this one eye.
Oxymap retinal oximeter (Papers I-III)

The noninvasive dual-wavelength Oxymap T1 retinal oximeter (Oxymap ehf.,
Reykjavik, Iceland) is based on a
conventional fundus camera (Topcon
TRC-50DX; Topcon Corporation,
Tokyo, Japan) connected with a costume-made optical adapter (Fig. 9).
Two narrow band-pass ﬁlters (5 nm)
and a beam splitter are coupled with
two high-resolution digital cameras
(Insight IN 1800, 1600 9 1200 square
pixels; Diagnostic Instruments Inc.,
Sterling Heights, MI) that generate
50° view of the fundus.
First, the fundus camera brieﬂy illuminates the ocular fundus with white
light for retinal oximetry. Subsequently, the two narrow band ﬁlters
allow the retinal oximeter to simultaneously acquire two monochromatic
retinal images at 570 nm and 600 nm
for spectrophotometric analysis. A
broader 80 nm band-pass ﬁlter is
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Fig. 9. The retinal Oxymap T1 oximeter.

situated in the light path of the fundus
camera (585 nm centre wavelength) in
order to restrict redundant light exposure to the subjects’ eyes by permitting
only 545 to 625 nm light to exit the
camera lens.
Spectrophotometric oximetry is
based on the fact that oxyhaemoglobin
and deoxyhaemoglobin have diﬀerent
light absorption spectra. The monochrome image at 570 nm is at isosbestic
wavelength that is insensitive to oxyhaemoglobin. The absorbance of arterioles and venules is similar at this
point so they come into view equally
dark on the image. The monochromatic image at 600 nm wavelength,
however, is at nonisosbestic point that

is
sensitive
to
oxyhaemoglobin
(Fig. 10). The absorbance of the arterioles at this wavelength is less than of
venules so the arterioles appear
brighter than venules on the image.
Oximetry imaging. The room was
dimmed with window blinds by the
only light source coming from the
fundus camera and a computer screen
that was conﬁgured at the dimmest
setting. Image acquisition was performed according to a standard protocol with the study subjects sitting at the
fundus camera with their chin on a chin
rest and forehead against the head bar
in front of them. The same experienced
researcher took all the images with
participants sitting in front of the
fundus camera. Five images of the
right eye were taken ﬁrst and then of
the left eye in Papers II and III. In
Paper I, these ﬁve images were ﬁrst
taken of the CRVO-aﬀected eye and
then the opposite unaﬀected eye. The
ﬁrst image was centred on the macula.
Second image was centred on the optic
disc. On the third image, the subject
gazed up and on the fourth image
down. The ﬁfth image was replication
of the second image with the optic disc
in the centre. The average time for
obtaining these ﬁve images of each eye
was approximately 30 seconds. The
ﬁrst good quality image with the optic
disc in centre was selected manually for
analysis.
Image processing. Specialized software
(Oxymap Analyzer software 2.2.1,
Papers I and II, and 2.4 Paper III,
version 3847) automatically selects vessel points on the monochromatic
images for measurement of light intensity inside (I) and outside the vessel (IO)
for calculation of optical density (OD)

Fig. 10. Oxymap T1 acquisition of two monochromatic fundus images at diﬀerent wavelengths with
the optic disc in the centre. (A) Isosbestic wavelength (570 nm) that is not sensitive to oxygen. (B)
Oxyhaemoglobin-sensitive wavelength (600 nm). The arterioles and venules are of similar density
on the 570 nm image (left), but on the 600 nm image (right), the arterioles have a much lower optical
density and appear brighter, due to lower absorption of oxyhaemoglobin at 600 nm.

and optical density ratio (ODR) for
estimation of oxyhaemoglobin saturation. The calibration of the retinal
oximeter is based on calibration constants where a = 1.28 and b = 1,24.
These calibration factors are derived
from the work of Schweitzer et al.
(1999), who measured the average
oxyhaemoglobin saturation of whole
blood in vivo and vitro for healthy
people using calibrated imaging spectroscopy. Their ﬁndings of 92.2% for
retinal arterioles and 57.9% for venules
are used to extrapolate the oxyhaemoglobin saturation in subjects’
vessel by comparison of the ODR to
that of the calibration settings. The
calculated oxyhaemoglobin saturation
is then automatically presented as a
pseudocolour overlay (Fig. 11) on the
fundus image.
The software also quantiﬁes the
vessel width at particular point by
counting the pixels on an orthogonal
cross section of the vessel. These numbers of pixels are then averaged for
over 100 cross sections along the measured vessel to obtain the mean.
Data analysis. First- and second-degree
arterioles and venules in each quadrant
on the fundus images were selected for
analysis and calculation of mean oxyhaemoglobin saturation values. Vessels
were matched so that measured vessels
in the fellow eye were parallel to the
CRVO eye (Paper I), within the eye
between oximetry sessions (Papers II
and III) or between the eye of the
COPD subject and of a healthy subject
from the control group (Paper III). To
get this matching, two vessel segments

Fig. 11. Pseudocolour image of the right fundus in a healthy subject. The colours indicate
oxyhaemoglobin saturation as seen on the
scale on the right. In general, arterioles are
orange to red, indicating oxygen saturation
about 90–100%. Venules may vary from bluish
to yellow but are normally green, indicating
normal oxyhaemoglobin saturation around
50–60%.
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were sometimes averaged and inserted
as one for calculation of the mean for
the eye. For example, in CRVO, if a
selected vessel segment in the inferior
temporal venule in the fellow eye was
too short (˂100 pixels) before branching, both daughter vessels on the other
side of the bifurcation were measured.
The calculated mean average was then
inserted as one and compared with the
mean value of the matching parent
vessel before branching (if ≥100 pixels)
in the CRVO-aﬀected eye.
The AV-diﬀerence was represented
as the calculated diﬀerence between
arterial and venous oxyhaemoglobin
saturation.
CRVO (Paper I)—Vessel segments
close to haemorrhages were excluded
to bypass artefacts. Vessels were
matched so that measured vessels in
the fellow eye were parallel to the
CRVO eye.
Of the sixteen patients included in
the analysis, single measurement was
made in 11 cases and repeated measurements in ﬁve cases over a time
period ranging from two weeks to
20 months. Data from two patients
were not included in the comparative
statistical analysis because images of
the unaﬀected eye were lacking. Hence,
the values of their oxyhaemoglobin
saturation and numbers of measured
vessels are given in the result Table 4
(Chapter 4.1) for information only.
Hyperoxia (Paper II)—Oxyhaemoglobin
saturation was calculated for all ﬁrst- or
second-degree arterioles and venules in
each quadrant of the right eye. Vessels
were matched between retinal images of
the three breathing regimens.
COPD (Paper III)—First- and seconddegree arterioles and venules in each
quadrant of the right eye were matched
between the retinal images of the three
breathing conditions and with a retinal
image of a healthy control subject.
Identical image acquisition and oximetric analyses were performed for the
healthy subjects.
Of the 11 COPD participants, one
was not breathing the prescribed oxygen on arrival so there was no measurement at ﬁrst baseline for this
subject and we were unable to draw
arterial blood sample from another.
Hence, data from 10 subjects within the
COPD group underwent statistical
analysis at each study time period for
comparison of mean and standard
deviation. Furthermore, one COPD
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Table 2. Selection criteria for retinal vessel segment measurement of oxyhaemoglobin saturation
with the Oxymap T1 retinal oximeter. One pixel is approximately 9.3 lm.
Begin vessel selection

End vessel selection
Minimum vessel
diameter
Vessel length

Vessel segment
exclusion criteria

Papers I and II:
a) at least 15 pixels around the optic disc excluded
b) at least 15 pixels on a border of any bright area around the optic disc
excluded
c) start as close to the optic disc as possible
Paper III: An area that was demarcated 1.5 disc diameters (344 pixels)
Papers I and II: Never closer than 30 pixels to the rim of the image
Papers III: 3 disc diameters (690 pixels)
Papers I and III : 8.0 pixels (~75 lm)
Paper II: 6.0 pixels (~56 lm)
Paper I: 100–300 pixels (as close to 300 pixels as possible)
Paper II: 50–200 pixels (as close to 200 pixels as possible)
Paper III: 50 pixels at minimum but as close to the total length of the
segment between the two circles (1.5 and 3 disc diameters) as possible.
a) Vessel branching with 15 pixels
b) Vessel crossing
c) Any extremes in background brightness such as haemorrhage to avoid
artifacts

patient was ‘a mouth breather’, and
therefore, it was not possible to get
adequate EtCO2 and FiO2 data from
the dual nasal cannula at any of the
three study period. All 11 COPD subjects were included in the comparison
with healthy controls under ambient
air breathing (Table 2).
Neonates (Paper IV)

The Optomap 200Tx scanning laser
ophthalmoscope (Optos plc., Dunfermline, Scotland, UK) for the oximetry imaging in neonates, uses 532 nm
and 633 nm laser wavelengths of light
to obtain two monochrome spectral
images of the fundus. Although the
reference wavelength at 532 nm nearer
an isosbestic point, it is not completely
isosbestic. The great distinction
between oxy- and deoxyhaemoglobin
light absorption at 532 nm and 633 nm
(oxygen sensitive wavelength) allows
for application of SLO for retinal
oximetry. The ODR is calculated
according to the following equation:
ODR ¼

OD 633 nm
:
OD 532 nm

ð18Þ

The calculated oxyhaemoglobin saturation is then inversely and near
linearly related to the ODR.
Oximetry imaging of neonates. The room
was dimmed with window blinds and
the only light source coming from the
SLO and a computer screen that was
conﬁgured at the dimmest setting. The
same researcher took all the images
with the babies aligned in front of the
SLO in a modiﬁed baby ﬂying position.

Both Ultra-Wideﬁeld (200°) and
ResMax (100°) retinal images were
obtained of a unilateral eye. For the
purpose of the study, 250 ResMax
images were acquired in total with the
median of four images (range 0–8) per
neonate. Ultra-Wideﬁeld images were
obtained for further research purpose
only.
Image processing. A modiﬁed version of
the dual-wavelength Oxymap Analyzer
software 2.3 (version 5206) algorithms
was used for the spectral imaging and
to process the monochromatic ResMax
images for calculation of ODR and
vessel diameter. The calibration of the
modiﬁed version of Oxymap Analyzer
software is based on calibration constants where a = 2.4733 and b =
1.4388. These calibration factors are
derived from the work of Kristjansdottir et al. (2014) which based on the
work of Schweitzer et al. (1999) for
mean oxyhaemoglobin saturation of
92.2% for retinal arterioles and of
57.9% for venules for healthy people
as has previously been discussed
(Chapter 3.2.3.2). The oxyhaemoglobin
saturation can then be calculated
according to the (a 9 ODR + b) 9
100. The calculated oxyhaemoglobin
saturation was automatically presented
as a pseudocolour map on a 100°
oximetry fundus image (Fig. 12).
Image analysis. In total, 28 fundus
images of 28 neonates were manually
selected for analysis by the modiﬁed
Oxymap Analyzer software for calculation of ODR and vessel diameter.
The image analysis was standardized
prior to the study. The image of the
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best contrast and focus quality of the
main superotemporal arteriole and
venule with the optic disc in the centre
was manually selected for oximetry
analysis (Table 3).
If the superotemporal vessel segment
from the optic disc rim to the ﬁrst
branching was shorter than 60 pixels,
the segment was excluded. The vessels
segment (≥60 pixels) posterior to the
branching until the second branching
was selected instead for oximetry
analysis.
Statistical analysis (Papers I-IV)

Statistical data analysis for Papers I-III
was carried out with Prism version 5
(GraphPad Software Inc, LaJolla, California, USA) for comparison of means
by using 2-tailed paired t-tests. Resulting data are presented as mean  SD.
p value of <0.05 was considered to be
statistically signiﬁcant.
For Paper III, the resultant data
were in addition to the 2-tailed paired
t-tests, presented as repeated-measures
one–way ANOVA for comparison of
means. Dunnett’s and Tukey0 s multiple

Results
Three studies on retinal oximetry
(Papers I-III) were carried out to test
whether the Oxymap T1 retinal oximeter is sensitive to changes in oxyhaemoglobin saturation. The ﬁrst
study was on retinal vessel hypoxia in
people aﬀected by CRVO (Paper I).
The second study was on changes of

Table 3. Selection criteria for retinal vessel segments for measurement of oxyhaemoglobin
saturation with the combined SLO and modiﬁed Oxymap analysis software.
Begin vessel selection

End vessel selection
Minimum vessel
diameter
Vessel length
Vessel segment
exclusion criteria

a) at least 15 pixels around the optic disc excluded
b) at least 15 pixels on a border of any bright area around the optic disc
excluded
c) start as close to the optic disc as possible
Never closer than 30 pixels to the rim of the image
6.0 pixels
60–350 pixels (as close to 360 pixels as possible)
a) Vessel branching with 15 pixels
b) Vessel crossing
c) Any extremes in background brightness

oxyhaemoglobin saturation in retinal
arterioles and venules in healthy people
during hyperoxic breathing (Paper II).
The third study was on retinal vessel
oxyhaemoglobin saturation in people
with systemic hypoxaemia with and
without their supplemental oxygen
therapy. In that study, a comparison
was made with a healthy cohort and
invasive radial artery blood gas and
ﬁnger pulse oximetry values during
ambient air breathing (Paper III). The
fourth study was adjunctive to the
former studies in order to learn
whether a retinal oximetry is applicable
to infants (Paper IV).
Retinal oximetry in CRVO patients
(Paper I)

For the 14 eyes aﬀected by CRVO, the
oxyhaemoglobin saturation of retinal
arterioles was 95  5% and 31  12%
in venules (mean  SD). In unaﬀected
fellow eyes of the same patients, the
oxyhaemoglobin saturation of retinal
arterioles was 94  6% and 52  11%
in venules. The venous oxyhaemoglobin
saturation in the CRVO-aﬀected eyes
was signiﬁcantly lower than in the fellow
unaﬀected eyes (31  12% versus
52  11%, p < 0.0001, paired t-test;
Fig. 13). There was no statistical diﬀerence between oxyhaemoglobin saturation of retinal arterioles in eyes aﬀected
by CRVO and the fellow unaﬀected eyes
(p = 0.49).
Greater variability of retinal venous
oxyhaemoglobin
saturation
was
observed in CRVO eyes as compared
with unaﬀected fellow eyes (Table 4).
The AV-diﬀerence in eyes with CRVO

Oxyhemoglobin saturation (%)

Fig. 12. Pseudocolour overlay, using Oxymap
algorithm, over monochrome spectral SLO
image of the fundus.

comparison post-tests were performed
to compare the means of group pairs.
A p value of < 0.05 was considered to
be statistically signiﬁcant and the data
presented as mean  SD (95% conﬁdence interval (CI)). Bland–Altman
plots were used to determine the level
of agreement between diﬀerent measurement devices, that is retinal oximetry, pulse oximetry and radial artery
blood samples. The degree of error,
deﬁned as the diﬀerence between the
measured values, was reviewed in terms
of bias and variability, where bias was
calculated as the average diﬀerence
between the measurements and the
variability as the mean bias 1.96
standard deviations. A power analysis
indicated that seven subjects were necessary for Paper III to identify a
diﬀerence of three percentage points
(%) in oxyhaemoglobin saturation
between retinal oximetry measurements of subjects inspiring supplemental oxygen versus ambient air with 90%
power.
For Paper IV, statistical data analysis
was carried out using SPSS version 22
(Release 22.0.0.0, IBM). A 2-tailed
paired t-test was used for comparison
of the mean oxyhaemoglobin saturation
in superotemporal arterioles and
venules. Resulting data are presented
as mean  SD. p value of <0.05
was determined to be statistically
signiﬁcant.

Arterioles
Venules

100

80

p<0.0001

60

40

20

0

CRVO Eye

Fellow Eye

Fig. 13. Oxyhaemoglobin saturation in retinal
arterioles (red dots) and venules (blue dots) in
CRVO eyes and unaﬀected fellow eyes. Each
dot stands for mean oxyhaemoglobin saturation (%) of individual eye in ﬁrst- and seconddegree retinal vessels. Bars designate mean 
SD (n = 14, p < 0.0001).
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Table 4. Oxyhaemoglobin saturation (%) in ﬁrst- and second-degree retinal arterioles and venules in 16 patients with central retinal vein occlusion.
The values show mean  standard deviation and number of measured retinal vessels (parentheses). SpO2 is ﬁnger pulse oximetry. The diameter of
retinal venules is shown in pixels. Patients’ number 15 and number 16 were not included in statistical analysis. Reprinted from Paper I (Graefes Arch
Clin Exp Ophthalmol, 253(10), 1653–1661, ©2015, with permission of Graefe’s Archive for Clinical and Experimental Ophthalmology).
CRVO eye
Patient no.

Arterioles

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
Patients 1–14 Mean  SD
Patients 1–16 Mean  SD

87
87
101
96
95
98
95
92
102
87
102
93
99
90
95
102
95
95




















Fellow unaﬀected eye
Venules

5 (2)
3 (6)
4 (6)
16 (4)
5 (5)
7 (3)
3 (7)
12 (5)
8 (3)
10 (6)
7 (7)
7 (4)
6 (5)
6 (5)
5 (7)
9 (4)
5
5

23
5
24
33
42
38
45
46
33
12
32
25
36
43
34
50
31
33




















26 (4)
32 (3)
12 (4)
22 (3)
13 (5)
17 (5)
12 (4)
24 (2)
24 (5)
15 (6)
22 (6)
14 (3)
6 (5)
6 (6)
3 (4)
8 (4)
12
12

Arterioles
87
85
101
101
93
94
98
90
108
89
92
89
93
93
















6 (2)
8 (5)
8 (6)
6 (4)
11 (5)
1 (3)
7 (7)
4 (6)
2 (3)
5 (6)
11(7)
3 (4)
7 (5)
4 (5)

Venules
49
24
62
54
61
55
60
55
62
43
48
49
45
66
















6 (4)
6 (3)
4 (4)
5 (3)
4 (4)
6 (5)
7 (4)
2 (2)
13 (5)
6 (6)
9 (6)
7 (3)
5 (4)
4 (6)

SpO2
94
93
98
95
97
97
95
97
97
95
94
96

CRVO eye

Fellow eye

Retinal venule diameter

Retinal venule diameter

16
14
20
18
16
13
18
19
17
18
19
14
20
16

17
14
16
15
16
13
20
17
17
14
17
16
16
15

17  2

16  2

96
94  6

52  11

The standard deviation reﬂects the oxyhaemoglobin saturation variation within individual eyes.

was 63  11% compared with 43 
7% in unaﬀected fellow eyes (p <
0.0001). The mean arteriolar vessel

Oxygen saturation (%)

80

case 1
case 2
case 3
case 4
case 5

60
40
20
0
0

50

100

400

500

diameter in pixels (each pixel is about
9.3 lm) in CRVO eyes was 10  1 and
12  1 in fellow eyes (p < 0.0001). The
diameter of retinal venules in eyes with
CRVO was 17  2 and 16  2 in
unaﬀected fellow eyes (p = 0.02).
There were no statistical diﬀerences
between ﬁnger pulse oximetry (96% 
2%, n = 13) and oxyhaemoglobin saturation of retinal arterioles either in the
CRVO eye (p = 0.28) or in the fellow
eye (p = 0.24).

Table 5. Retinal venous oxyhaemoglobin saturation values (%) in the ﬁve patients that
were followed with repeated oximetry imaging.

Patients follow-up

Retinal oximetry images on the
patient who developed iris neovascularization, glaucoma and poor visual
outcome are presented in Fig. 15.
Images on the patient who resolved
from the clinical signs and symptoms
are presented in Fig. 16.

Case

Follow-up
period

On arrival

1
2
3
4
5

20
80
16
76
33

23
42
33
12
36

months
days
days
days
days







26
13
23
15
6

Last
image
40
62
49
35
60







23
8
12
10
7

The values show mean  standard deviation.

Time in days

Fig. 14. Mean oxyhaemoglobin saturation of
retinal venules during the follow-up period of
ﬁve patients with CRVO. Each dot indicates
the oxyhaemoglobin saturation in ﬁrst- and
second-degree venules at a point in time. Case
1. The patient developed iris neovascularization, glaucoma (Fig. 15) and poor visual
outcome. Case 2. The patient received dorzolamide eye drops. Clinical signs of CRVO
resolved (Fig. 16). Case 3. The patient presented with ischaemic CRVO, macular oedema
and elevated intraocular pressure. Treatment
consisted of dorzolamide eye drops, intravitreal bevacizumab and panretinal photocoagulation. At week two, the mean retinal venous
oxyhaemoglobin saturation had improved.
Case 4. The patient was treated with dorzolamide eye drops for 4 weeks. During the 8week follow-up period, clinical signs and
symptoms resolved. Case 5. The patient presented with mild CRVO on arrival with no
macular oedema. The patient was treated with
dorzolamide eye drops and established full
recovery.
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All ﬁve patients who were followed with
repeated retinal oximetry images
received treatment; dorzolamide eye
drops, intravitreal anti-VEGF bevacizumab and/or laser photocoagulation.
In all ﬁve CRVO cases, the venular
oxyhaemoglobin saturation improved
over time (Fig. 14). In two patients,
the clinical situation improved and the
venous oxyhaemoglobin saturation
recovered. In two eyes, the clinical signs
and symptoms of CRVO completely
resolved but the venular oxyhaemoglobin saturation did not return
to normal. One eye developed iris neovascularization, glaucoma and poor
visual outcome where the venous oxyhaemoglobin saturation remained
slightly subnormal. Measured values at
the ﬁrst and last visit are listed in
Table 5.

Retinal oximetry in
hyperoxemia (Paper II)

healthy

under

After 10 min of hyperoxic facemask
breathing, the mean FiO2 was
96  2% and the EtO2 91  4%
(mean  SD, n = 30). The EtCO2 measured 36  2 mmHg (n = 29). The
physiological parameters are presented
in Table 6.
Both the brachial blood pressure and
the heart rate were unaﬀected by hyperoxic breathing as compared with baseline normoxic breathing (p = 0.86,
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a

b
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d
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g

h

i

j

f
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Fig. 15. The patient was followed with repeated oximetry images (Fig. 14, case 1) for
20 months. In the ﬁrst oximetry image (A), oxygen saturation of retinal venules ranged from
minus 4% to 49% as indicated by blue and green colours, respectively, on the image. Three
weeks later (C) mean oxygen saturation of retinal venules had decreased. Clinical evaluation
revealed cystoid macular oedema and worsened visual acuity. Three days later (D), after the
ﬁrst dosage of intravitreal bevacizumab, retinal venous oxygen saturation and macular oedema
improved. At week ﬁve (F) and ﬁfteen (G) retinal venous oxygen saturation had improved but
regional variability remained high. From week twenty-one (H) clinical symptoms worsened. At
20 months (K), after twelve intravitreal bevacizumab injections and three sessions of panretinal
photocoagulation, the CRVO eye had developed neovascular glaucoma. (A) First retinal
oximetry image of the CRVO eye, 2 weeks after onset of symptoms. Retinal venous
oxyhaemoglobin saturation is 23  26% (mean  SD) and retinal arteriolar oxyhaemoglobin
saturation 87  5%. Visual acuity (VA) 0.7. No macular oedema. Central macular thickness
160 lm. (B) Unaﬀected left fellow eye. Oxyhaemoglobin saturation in retinal venules is
49  6% and 87  6% in retinal arterioles. VA 0.7. (C) Three weeks after the ﬁrst retinal
oximetry image. Retinal venous oxyhaemoglobin saturation is 19  22%. VA has deteriorated
to 0.1. Macular oedema. Central macular thickness 626 lm. (D and E) At three and a half
weeks, three days after ﬁrst bevacizumab injection. Retinal venous oxyhaemoglobin saturation
is 28  21%. Macular oedema has resolved. Central macular thickness 190 lm. Fluorescein
angiography at 72 seconds after injection shows poorly perfused areas of the retina. (F) At
5 weeks. Clinical signs improving. Retinal venous oxyhaemoglobin saturation is 34  20%.
VA 0.3. No macular oedema. Central macular thickness 170 lm. (G) At ﬁfteen weeks, after
three bevacizumab injections. Retinal venous oxyhaemoglobin saturation is 51  5%. VA 0.2.
No macular oedema. Central macular thickness 132 lm. (H) At week twenty-one. Worsening
clinical signs. Retinal venous oxyhaemoglobin saturation is 43  21%. VA 0.1. Recurrence of
macular oedema. (I) At thirteen months, three months after ninth bevacizumab injection.
Retinal venous oxyhaemoglobin saturation is 47  18%. VA 0.3. Central macular thickness
494 lm. (J) At sixteen months, after ten bevacizumab injections and panretinal photocoagulation. Retinal venous oxyhaemoglobin saturation is 47  20%. VA 0.17. Central macular
thickness 316 lm. (K) At twenty months. Neovascular glaucoma. Retinal venous oxyhaemoglobin saturation is 40  23% and retinal arteriolar oxyhaemoglobin saturation
88  5%. VA 0.3. Central macular thickness 140 lm. Reprinted from Paper I (Graefes Arch
Clin Exp Ophthalmol, 253(10), 1653–1661,© 2015, with permission of Graefe’s Archive for
Clinical and Experimental Ophthalmology).

n = 30 and p = 0.17, n = 26, respectively).
The oxyhaemoglobin saturation of
retinal arterioles was 92.0  3.7%
at baseline ambient air breathing
and increased to 94.5  3.8% during
the hyperoxic breathing (n = 30, p <
0.0001). The oxyhaemoglobin saturation of retinal venules was 51.3 
5.6% at the baseline and increased
to 76.2  8.0% during the hyperoxic breathing (p < 0.0001). Concurrently, the AV-diﬀerence measured
40.7  5.7% at baseline versus 18.3 
9.0% during the hyperoxic breathing
(p < 0.0001). There were no statistical
diﬀerences between oxyhaemoglobin
saturation measurements and the AVdiﬀerence during ambient air breathing
at baseline and 10 min of recovery
breathing (p = 0.2 and 0.8; Fig. 17).
Under hyperoxic condition, the vessel diameter narrowed in both retinal
arterioles and venules. In arterioles, the
diameter decreased from 10.3  1.3
pixels at baseline to 9.7  1.4 pixels
(p < 0.0001) during hyperoxic breathing. In venules, the diameter of the
vessel wall decreased from 13.3  1.5
pixels at baseline to 11.4  1.2 pixels
(p < 0.0001) with hyperoxic breathing.
The retinal venules0 diameter was
slightly narrower at recovery as compared with baseline breathing (13.1 
1.4 versus 13.3  1.5, p = 0.007).
There was no diﬀerence in arteriolar
diameter between baseline and recovery breathing (p = 0.3).
During
hyperoxic
breathing
(Fig. 18), the mean oxyhaemoglobin
saturation in retinal arterioles was
markedly diﬀerent from ﬁnger pulse
oximeter measurements (n = 30, 94.5 
3.8% and 99.1  0.3, respectively,
p < 0.0001, paired t-test).
During ambient air breathing, the
mean oxyhaemoglobin saturation in
retinal arterioles showed also diﬀerence
from ﬁnger pulse oximeter measurements (n = 27, 92.0  3.7 versus
97.5  0.7, respectively, p < 0.0001).
The ﬁnger pulse oximetry increased
during hyperoxic breathing as compared with baseline ambient air breathing (n = 27, p < 0.0001).
Figure 19 shows retinal oximetry
analysis of the images that were captured every ﬁve seconds of two healthy
male subjects. The oximetry image
session started immediately after cessa-
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Fig. 18. The graph show individual oxyhaemoglobin saturation measurements by retinal and peripheral pulse oximetry in hyperoxic
breathing.

Fig. 16. The patient suﬀered vision loss six weeks before presenting to the University Hospital.
The person was followed with repeated oximetry images for a period of 11 weeks (Fig. 14, case 2).
Clinical evaluation conﬁrmed left eye CRVO (A) and haemorrhagic fundus without much oedema.
Dorzolamide eye drop treatment was implemented. At week 11 (D) clinical signs and symptoms
had resolved. (A) CRVO eye at presentation, six weeks after onset of symptoms. Retinal venous
oxyhaemoglobin saturation is 42  13% (mean  SD). Retinal arteriolar oxyhaemoglobin
saturation is 95  5%. VA 0.2 to 0.4. (B) Fellow eye. Retinal venous oxyhaemoglobin saturation
is 61  4% and retinal arteriolar oxyhaemoglobin saturation 93  11%. VA 1.0. (C) At four
weeks. Less retinal haemorrhage. Retinal venous oxyhaemoglobin saturation is 47  13%. VA
0.6. (D) At eleven weeks. Clinical signs and symptoms resolved. Retinal venous oxyhaemoglobin
saturation is 62  8% and retinal arteriolar oxyhaemoglobin saturation 100  3%. VA 0.9–1.0.
Reprinted from Paper I (Graefes Arch Clin Exp Ophthalmol, 253(10), 1653–1661,© 2015, with
permission of Graefe’s Archive for Clinical and Experimental Ophthalmology)

Table 6. Physiological parameters (mean  SD) in 30 healthy subjects at baseline, under
experimental condition of hyperoxic breathing for 10 min and after recovery period on ambient
air for 10 min.
Physiological
parameters

Baseline

Hyperoxia

Recovery

FiO2 / EtO2 (%)
EtCO2 (mmHg)
Heart rate (bpm)
SBP (mmHg)
DBP (mmHg)
MAP (mmHg)
SpO2 (%)
IOP (mmHg)
OPP (mmHg)

–
–
72 
132 
84 
100 
97.5 
15 
52 

96 
36 
70 
127 
86 
100 
99.1 
–
–

–
–
–
128  19
84  14
99  15
–
–
–

11
20
12
14
0.7
4
10

2 / 91  4
2*
11
22
14
15
0.3

DBP = diastolic blood pressure; EtCO2 = end-tidal carbon dioxide; EtO2 = concentration of
exhaled oxygen; FiO2 = concentration of inhaled oxygen; HR = heart rate; IOP = intraocular
pressure; MAP = mean arterial blood pressure; OPP = ocular perfusion pressure; SBP = systolic
blood pressure; SpO2 = ﬁnger pulse oximetry.
* EtCO2 is missing from one of the study participants.

a

b

c

Fig. 17. Retinal oxyhaemoglobins saturation in retinal arterioles and venules under the diﬀerent
breathing regimens. (A) Baseline ambient air breathing. (B) After 10 min of hyperoxic breathing.
(C) Recovery ambient air breathing for 10 min.
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Fig. 19. The slope illustrates the return of
oxyhaemoglobin saturation of retinal vessels
down to baseline values in two study subjects
after cessation of face mask oxygen breathing.

tion of hyperoxic breathing and lasted
into the ﬁrst 2 min of recovery breathing. The oxyhaemoglobin saturation of
both retinal arterioles and venules
returned to baseline values within these
2 min.
Retinal oximetry in COPD patients
(Paper III)

All enrolled COPD subjects ﬁnished
the study, and no adverse reactions
were observed. Physiological parameters are presented in Table 7.
COPD subjects compared to healthy control subjects

COPD patients (n = 11) breathing
ambient air had signiﬁcantly lower
mean oxyhaemoglobin saturation as
compared with healthy controls in
both retinal arterioles (87.2  4.9%
versus control = 93.4  4.3%, 95%
CI: 11.31 to 1.02, p = 0.02, paired
t-test) and venules (45.0  10.3% versus control = 55.2  5.5%, 95% CI:
17.95 to 2.37, p = 0.01; Fig. 20).
The AV-diﬀerence was not markedly
diﬀerent between the COPD group and
the healthy subject group (42.2  8.0%
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Table 7. Basic physiological parameters (mean  SD) at ﬁrst baseline (on prescribed oxygen prior
to the ﬁrst retinal oximetry image), then after 10 min of only ambient air breathing and at second
baseline after a recovery period of 20 min with oxygen breathing.
Oxygen therapy
First baseline
n = 10*
SBP (mmHg)
DBP (mmHg)
MAP (mmHg)
SpO2 (%)
Heart rate (bpm)
RR (min1)

133
82
99
94
82
18

FiO2 (%)
EtCO2 (%)








21
15
15
4
10
4

Ambient air
Breathing
n = 11
127
78
94
90
77
15








Oxygen therapy
Second baseline
n = 11

19
10
11
3
13
3

129
82
97
95
76
15








13
11
11
2
12
3

n = 9†

n = 10

n = 10

39  20
34  8

21  3
33  7

43  15
33  8

DBP = diastolic blood pressure; EtCO2 = end-tidal carbon dioxide; FiO2 = concentration of
inhaled oxygen; MAP = mean arterial blood pressure; RR = respiratory rate; SBP = systolic blood
pressure; SpO2 = ﬁnger pulse oximetry.
* One participant was not breathing the prescribed supplemental oxygen on arrival. Therefore, no
basic physiological parameters at ﬁrst baseline from that subject are presented on the table.
†
Reliable measures of FiO2 and EtCO2 from one of the participants were not possible to acquire
due to the subject being a mouth breather.

Oxyh e mo g lo b in satu r atio n (%)

versus control = 38.2  4.0%, 95%
CI: 1.98 to 9.98, p = 0.17).
Administration of the prescribed
supplemental oxygen increased the
oxyhaemoglobin saturation in retinal
arterioles (87.2%  4.9% to 89.5% 
6.0%, 95% CI: 4.13 to 0.31,
p = 0.02) but not in venules (45.0% 
10.3% to 46.7%  12.8%, 95% CI:
5.15 to 1.76, p = 0.3). When COPD
subjects were on their supplemental
oxygen, the diﬀerence in oxyhaemoglobin saturation showed a nonsigniﬁcance as compared with the
healthy group in retinal arterioles
(95% CI: 9.37 to 1.49, p = 0.14).
No diﬀerences were observed
between COPD subjects and healthy

100

COPD
Healthy

50

Arterioles

COPD subjects
protocol

experimental

Table 8. Comparison of oxyhaemoglobin saturation (%) between retinal vessels, ﬁnger pulse
oximetry and radial artery blood with and without oxygen therapy in 10 patients with severe
COPD. Arteriole and venule oxyhaemoglobin saturation diﬀerence and diameters are also shown.

n = 10

Oxygen therapy
First baseline

Ambient air
10 min

Oxygen therapy
recovery
Second baseline

91.0  4.5

87.5  5.1

90.0  5.9

Finger pulse
oximetry
Radial artery
Retinal venules

93.7  3.6

90.6  2.8

94.7  2.5

–
47.6  12.7

92.5  3.6
45.6  10.6

–
46.5  13.5

AV-diﬀerence

43.4  10.6

41.8  8.3

43.5  9.6

Arteriolar diameter

107.8  18.4

104.7  8.7

102.6  10.1

Venular diameter

142.7  19.2

147.3  14.8

143.5  17.5

Venules AV-difference

Fig. 20. COPD subjects (n = 11) breathing
ambient air had signiﬁcantly lower mean
oxyhaemoglobin saturation in both retinal
arterioles and venules as compared with
healthy controls. Oxyhaemoglobin values are
presented as mean  standard deviation. *Signiﬁcant diﬀerence between COPD patients and
healthy control subjects.

under

After termination of inspiring supplemental oxygen and 10 min of ambient

Retinal arterioles

*
*

0

controls, respectively, in vessel diameter of arterioles (106.6  10.6 lm versus 114.2  10.9 lm, 95% CI: 17.06
to 2.00, p = 0.11) or venules (147.7 
14.1 lm versus 153.4  15.1 lm, 95%
CI: 24.28 to 12.85, p = 0.51).

air breathing, the oxyhaemoglobin saturation in retinal arterioles and ﬁnger
oximetry reading decreased considerably (Table 8). Inhalation of supplemental oxygen for 20 min (second
baseline period) returned the oxyhaemoglobin saturation in retinal arterioles and ﬁnger nearly to the values at
ﬁrst baseline. Cessation or reapplication of supplemental oxygen breathing
neither signiﬁcantly aﬀected the retinal
venule oxyhaemoglobin saturation,
AV-diﬀerence, nor retinal vessel diameter. No signiﬁcant diﬀerences were
found between oximetric measurements at ﬁrst and second baseline.
The comparison of retinal arteriolar
oximetry with ﬁnger pulse oximetry
and radial artery co-oximetry in the
COPD subjects during the ambient air
breathing is shown in Fig. 21.
Individual radial artery blood gas
measurements are presented in Table 9.
For the COPD group the mean
PaO2 was 61.3  10.5 mmHg and
42.2%  5.9 mmHg for PCO2. The
mean value for bicarbonate was 26.4 
3.4 mEq/l, and the pH 7.4  0.0.
Bland–Altman plots compared retinal
arteriolar
oximetric
oxyhaemoglobin saturation values with
radial artery blood gas and ﬁnger pulse
oximetry under ambient air breathing.
Radial artery blood gas measurement
and ﬁnger pulse oximetry revealed a
bias and limit of agreement of

95% CI of diﬀerence
1.03 to 6.05†
5.09 to 0.07‡
*
0.14 to 6.05†
*
7.05 to 1.14‡
*

*

ns
ns
ns
ns
ns
ns
ns
ns

2.13 to 6.11†
4.96 to 3.28‡
2.68 to 5.79†
5.98 to 2.49‡
4.26 to 10.63†
5.42 to 9.47‡
13.10 to 3.85†
4.66 to 12.29‡

ns = nonsigniﬁcant.
Values are mean  SD. Repeated-measures one-way ANOVA and Tukey’s multiple comparison
post-test. (CI: 95% conﬁdence interval of the diﬀerence).
†
Oxygen therapy at ﬁrst baseline versus ambient air breathing for 10 min.
‡
Ambient air breathing versus oxygen therapy at second baseline.
* p ˂ 0.05.
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Fig. 21. Comparison of 10 individual COPD
subjects’ oxyhaemoglobin saturation in retinal
arterioles, radial artery blood sample and
ﬁnger after 10 min of ambient air breathing.
The mean oxyhaemoglobin saturation in retinal arterioles was 87.5  5.1% compared to
92.5  3.6% in the radial artery (95% CI:
8.65 to 1.35, p ˂ 0.05) and 90.6  2.8% in
the ﬁnger (95% CI: 6.75 to 0.54, p > 0.05).
Each number indicates a COPD subject with
reference to Table 9. Each data point represents mean oxyhaemoglobin saturation (%) in
a single COPD subject. Repeated-measures
one-way ANOVA and Dunnett’s multiple comparison post-test.

3.1  5.5; 95% CI: 14.05 to 7.84
and 5.0  5.4; 95% CI: 15.68 to
5.67, respectively (Fig. 22a,b).
Retinal oximetry in neonates with SLO
(Paper IV)

The mean ODR of 0.256  0.041 for
arterioles and 0.421  0.089 for
venules is considerably diﬀerent (n =
28, p < 0.001, paired t-test). The
median values were 0.255 (range
0.150–0.337) and 0.409 (range 0.268–
0.626), respectively. The average vessel
diameter measured 14.1  2.7 pixels
for arterioles and 19.7  3.7 pixels for
venules (n = 28, p < 0.001; Fig. 23).

The outcome of this thesis suggests that
oxyhaemoglobin saturation of the systemic circulation can be measured
through the retinal circulation. The
Oxymap T1 retinal oximeter is shown
to be sensitive to the changes in oxyhaemoglobin saturation with hypoxaemia and systemic hyperoxia. In the
following discussion, the main focus is
on the clinical studies in the adult
subjects (Papers I-III) followed by a
brief deliberation on the results of the
neonatal study (Paper IV). The neonatal study gives indications that the
retinal oximetry may also be applicable
to newborns when combined with
scanning laser ophthalmoscope.
The major ﬁndings of each study will
be discussed independently before concluding on the results.
Retinal oximetry in CRVO patients
(Paper I)

The retinal oximetry study on CRVO
patients was carried out to test whether
the retinal oximeter is sensitive to
retinal tissue hypoxia. Central retinal
vein occlusion creates obstruction to
the venous outﬂow with disturbances
against blood ﬂow and retinal tissue
hypoxia to a variable degree. Earlier
oximetry studies on CRVO were
restricted to 20-degree ﬁeld of view
images on the fundus. The Oxymap T1
oximeter that was used in this thesis
yield 50-degree ﬁeld of view and
thereby wider fundus images than previous studies for estimation of oxyhaemoglobin saturation of retinal
vessels in CRVO. Following up on

Table 9. Selected characteristics of the COPD patients: arterial blood gas analysis, retinal
arteriolar oxyhaemoglobin saturation and ﬁnger pulse oximetry.
Subject

Age

SaO2

Retina

SpO2

PaO2

PCO2

pH

bicarb

O2oxyhgl

1
2
3
4
5
6
7
8
9
10

68
64
71
67
77
76
68
66
82
68

95.0
94.0
85.0
95.0
95.0
93.0
96.0
88.0
94.0
90.0

92.2
89.8
91.3
86.7
89.5
87.4
84.7
74.5
91.6
87.0

91.0
94.0
89.0
94.0
89.0
90.0
95.0
88.0
89.0
87.0

64
68
42
78
60
69
66
55
63
53

43
43
52
38
40
49
42
43
42
30

7.43
7.39
7.44
7.37
7.45
7.4
7.39
7. 43
7.43
7.41

28
25
33
22
27
29
25
27
27
21

92
92
84
94
94
92
95
86
92
90

SaO2, arterial oxyhaemoglobin saturation; retina, arterial oxyhaemoglobin saturation; SpO2,
ﬁnger pulse oximetry; PaO2, mean partial pressure of oxygen; PaCO2, mean partial pressure of
carbon dioxide; Bicarb, bicarbonate; O2oxyhgl, oxyhaemoglobin.
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a.

b.

Fig. 22. Bland–Altman plots comparing arteriole oxyhaemoglobin saturation values of
retinal oximetry with (A) peripheral pulse
oximetry from ﬁnger and (B) radial artery
blood during ambient air breathing in 10
patients with systemic hypoxaemia secondary
to severe COPD. Dotted lines indicate mean
diﬀerence between measurements, and dash
lines indicate 95% limits of agreement. SO2,
retinal arteriole oxyhaemoglobin saturation;
SpO2, ﬁnger pulse oximetry; SaO2, radial
artery oxyhaemoglobin saturation.

patients with repeated oximetry imaging provides a novel insight on the
changes of oxyhaemoglobin saturation
with the course of the CRVO disease
over time.
Earlier studies on CRVO patients
with the older versions of the retinal
oximeter had revealed markedly lower
oxyhaemoglobin saturation of retinal
venules in CRVO-aﬀected eyes than in
fellow unaﬀected eyes (Hardarson &
Stef
ansson 2010; Traustason et al.
2014). Our results of lower mean oxyhaemoglobin saturation of 31  12%
in CRVO eyes as compared with
52  11% in the fellow eyes verify
these earlier ﬁndings. The results are
also in agreement with the semiquantitative ﬁndings reported by Yoneya
et al. (2002) of retinal tissue hypoxia
in CRVO-aﬀected human eyes.
The retinal oximeter captured local
hypoxic areas to a variable degree in
CRVO-aﬀected
eyes.
The
oxyhaemoglobin saturation in some of
the venules was 6% which is equivalent
to the average PO2 of 8 mmHg previously measured with invasive oxygen
probe at the retinal surface in patients
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shown by the retinal oximetry results.
The increased AV-diﬀerence in CRVO
is ultimately a biomarker of acute
retinal tissue hypoxia that might
become reversible with timely restoration of oxygen supply for the retinal
tissue oxygen demand.
Increased AV-diﬀerence in CRVO

Fig. 23. Retinal oximetry image of an infant (left) without and (right) with a pseudocolour
overlay.

with CRVO (Williamson et al. 2009).
Animal studies have shown that the
preretinal PO2 is overall a good indicator of the intraretinal PO2 because
the retinal circulation is the main
oxygen source for the vitreous
(Wangsa-Wirawan & Linsenmeier
2003). The diﬀerence between mean
retinal oximetry values and preretinal
ﬁndings can at least be partially
explained by diﬀerent methods used in
calculating their values; at one hand,
invasive PO2 values are determined by
closeness of the oxygen probe to blood
vessels across the retinal surface. On
the other hand, retinal venous oxyhaemoglobin saturation is the weighted
average of all venular segments that are
analysed in the pertaining eye.
Although calculations of PO2 from
the haemoglobin dissociation curve
holds for retinal vessels only, the midvitreous cavity PO2 of 19.8 mmHg that
had previously been measured in
CRVO eyes (Williamson et al. 2009)
matches our ﬁndings of mean oxyhaemoglobin saturation of 31% in
CRVO-aﬀected eyes. In healthy cats,
an uniformity has been found between
retinal venous PO2 and mid-vitreous
PO2 (Alder & Cringle 1985) that
becomes disrupted under pathological
condition like diabetic retinopathy
(Linsenmeier et al. 1998). This is probably the case in human CRVO-aﬀected
eyes because the direction of oxygen
gradient is reversed and the vitreous
may indeed provide oxygen support for
the hypoxic retina instead (Williamson
et al. 2009).
Our hypoxic measures in obstructed
venules are also in agreement with
invasive measures on preretinal PO2
of BRVO areas in pigs, miniature pigs
(Pournaras et al. 1990; Pournaras et al.
2004; Noergaard et al. 2008) and cats
(Stefansson et al. 1990). In addition,

our mean oxyhaemoglobin saturation
ﬁndings of 52% in the fellow unaffected eyes and 55.6% in healthy subjects (Geirsdottir et al. 2012) do
convert into 28 and 29 mmHg PO2,
respectively, that ﬁt nicely to the preretinal PO2 of pigmented Long Evans
rats (Lau & Linsenmeier 2012).
Eﬀects of the venous occlusion on the
oxygen extraction

The retinal tissue has higher oxygen
extraction under normal condition
(8 ml per 100 ml blood) with lower
retinal venous and tissue PO2 than
most other tissues in the body
(Wangsa-Wirawan & Linsenmeier
2003). The subnormal venous oxyhaemoglobin saturation in CRVO eyes
indicates the eﬀects of the venous
obstruction on the retinal circulatory
closed circuit, where the venous pressure is increased and the perfusion
pressure decreased. Consequently,
more oxygen is extracted per volume
as the sluggish blood ﬂow moves
through the microcirculatory network.
The PO2 diﬀerences create a higher
gradient for oxygen to diﬀuse from the
retinal capillaries into the hypoxic tissue, to be consumed in the oxidative
synthesis of ATP for cellular metabolism. Moreover, the obstruction of the
retinal circulation will reduce the clearance rate of H+ and most likely induce
H+ accumulation from the lactate
production in the anaerobic glycolysis
as well (Nielsen et al. 1998; Birol et al.
2005). Consequently, the elevated H+
concentration and acidiﬁcation of the
inner retina shifts the oxyhaemoglobin
dissociation curve further to the right.
As the oxygen0 s aﬃnity for haemoglobin decreases, more oxygen is unloaded
from retinal capillaries to the hypoxic
tissue that adding to the subnormal
venous oxyhaemoglobin saturation as

The enlarged AV-diﬀerence in CRVO
eyes as compared with opposite unaffected eyes is in line with previous
ﬁndings of Hardarson & Stef
ansson
(2010) and Traustason et al. (2014).
The mean AV-diﬀerence is bigger in
fellow unaﬀected eyes (43  7%) of
CRVO patients than reported on
healthy people (36.7  5.4%) with
healthy eyes (Geirsdottir et al. 2012).
The reason is unclear but may partially
be explained by lack of control for
confounding variables, whereas the
healthy group is younger (median age
47 years) and systemic risk factors in
the CRVO subjects are not controlled
for in this study. Some of the risk
factors may indeed lower the oxyhaemoglobin saturation of retinal
venules. A possible explanation could
also be if the blood ﬂow is slower in the
fellow unaﬀected eyes of people with
CRVO than of healthy subjects with
healthy eyes. We did not quantify the
retinal blood ﬂow so this speculation
remains to be elucidated.
Intra- and interindividual variability

The retinal venous oxyhaemoglobin
saturation is variable within each eye
and between individual eyes as shown
by the standard deviation. The inconsistency is markedly greater in eyes
with CRVO than in unaﬀected fellow
eyes. The variability in the oxyhaemoglobin saturation is shown by
the colour-coded map on the oximetry
images, changing from normoxic green
to bluish and purple, determined by the
hypoxic state of the inner retina. This
wide range of intra- and interindividual
oxyhaemoglobin saturation of retinal
venules is similar to those previously
published by Hardarson & Stef
ansson
(2010). The variability most certainly
signiﬁes the individual distinction of
the magnitude in retinal venous
obstruction that is determined by the
location (Hayreh 2005) and the various
reparatory
mechanisms
engaged
against the occlusion. Collateral pathways for establishment of venous drainage (Takahashi et al. 1998; Paques &
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Gaudric 2002; Hayreh et al. 2011) are
undertaken to variable degree and
progressive channelizing of the thrombus may start within days or weeks
from the initial onset of the occlusion
(Green et al. 1981), potentially contributing to the retinal oximetry and
clinical improvement over course of the
disease.
Vessel diameter

Retinal venules in the CRVO-aﬀected
eyes are characterized by vessel dilation
and venous tortuosity most likely due
to elevated intraluminal pressure (Kristinsson et al. 1997), resulting from
backup pressure because of the
obstruction to the central venous outﬂow. The mean diﬀerence of venular
diameter by only one pixel is probably
a matter of accuracy from resolution of
measurements. In some CRVO
patients, the mean vessel diameter is
wider in the unaﬀected fellow eye than
the CRVO eye. Some of the patients
have comorbidities that are known to
inﬂuence the retinal vessel calibre and
may contribute to increased venous
diameter and tortuosity of the fellow
unaﬀected eye.
Retinal arterioles

The oxyhaemoglobin saturation in retinal arterioles is unaﬀected by the
CRVO, as compared with the fellow
control eye. The ﬁnding is in agreement
with the previous ﬁnding by Hardarson
& Stefansson (2010) but Traustason
et al.
(2014)
found
the
oxyhaemoglobin saturation to be slightly
elevated in CRVO-aﬀected eyes. They
speculated the elevation may in part be
explained by technique error since the
numbers of very high values were more
frequently observed in CRVO eyes
than in contralateral eyes. In this thesis, the extremes of intra- and inter
individual variability are similar
between CRVO eyes and unaﬀected
control eyes.
In arterioles, the mean vessel diameter was narrower in CRVO eyes than
in unaﬀected eyes. The reason for the
unchanged arteriolar oxyhaemoglobin
saturation in CRVO eyes and narrowness of the vessel lumen is unclear.
Whether it is of technological origin or
perhaps a natural course of the disease
remains to be answered. This latest
version of the Oxymap T1 software
automatically correct for any artifactual changes in the oxyhaemoglobin
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saturation derived from widening or
narrowing of the vascular diameter. As
such, the calculation of oxyhaemoglobin saturation of the inner
retina should be unaﬀected by the
vascular width of both retinal arterioles
and venules. Ultimately, reduced retinal arteriolar calibre in CRVO eyes
points towards diminished oxygen
delivery of the inner retina secondary
to reduced blood ﬂow, winding-up with
higher oxygen extraction and increased
arteriovenous oxygen diﬀerence than in
the fellow unaﬀected eyes.
Follow-up on patients over time

The retinal oximeter detects temporal
and topographical variance of oxyhaemoglobin saturation of the retinal
circulation over time. By following up
on patients, it becomes evident that
venous oxyhaemoglobin saturation is
lowest at ﬁrst and improves with time
and treatment as had previously been
reported by Traustason et al. (2014). It
also appears that even though clinical
signs and symptoms resolve, the
venous oxyhaemoglobin saturation
remains lower than normal. As was
previously discussed, diﬀerent compensatory mechanisms against the vein
occlusion are expected to be underlying
the improved oxyhaemoglobin saturation. Increased oxyhaemoglobin saturation is a sign of better balance
between oxygen supply and demand
of the retinal tissue despite of the
impending hypoxic injury secondary
to CRVO.
Limitations of the retinal oximetry study
on CRVO

The study has several limitations some
of which have already been discussed.
Confounding variables were not controlled for and therefore systemic coexisting diseases may have inﬂuenced the
resultant diﬀerences between the
CRVO eye and fellow control eye.
The subject group is small and control
group for the unaﬀected eye is lacking.
Aﬃliated blood ﬂow measures were not
performed and hence its correlation
with variability of venous oxyhaemoglobin saturations within and
between eyes is based on assumptions.
However, one patient underwent ﬂuorescein angiography that revealed capillary nonperfusion that was consistent
with hypoxic areas on retinal oximetry
images. Although a certain measures
were taken to avoid technical

limitations, they could not be entirely
avoided and some of the images were
of poor quality. Increased age and
some systemic (and ocular) diseases
are known to alter the media transparency. Cataract is known to alter
lens morphology and thus creating
more artiﬁcial scattering of light which
aﬀects the oxyhaemoglobin saturation
(Patel et al. 2013) and lower measurements of venules (Hardarson et al.
2015). Despite the above-mentioned
limitations, spectrophotometric retinal
oximetry enables analysis of oxyhaemoglobin saturation in the inner
retinal vasculature and our estimation
of oxygen levels in CRVO seems realistically accurate. In the future, study
on larger patient group with CRVO is
needed in order to investigate the
impact of the disease on retinal vessel
oxyhaemoglobin saturation and to
observe the natural course of the disease and the eﬀectiveness of treatment
over time.
Retinal oximetry in
hyperoxemia (Paper II)

healthy

under

The retinal oximetry study on healthy
subjects was performed to test whether
the retinal oximeter is sensitive to
hyperoxic changes of the retinal circulation. Inhalation of high oxygen concentration elevates the systemic arterial
oxygen content and optimizes the oxyhaemoglobin saturation. The increased
oxygen delivery is supposedly reﬂected
in increased oxyhaemoglobin saturation of retinal vessels by retinal oximeter measurements.
The retinal oximeter calculates
stable oxyhaemoglobin saturation level
at baseline. System hyperoxia elevates
the oxyhaemoglobin saturation and
narrows the vascular lumen of both
retinal arterioles and venules. These
changes are more pronounced on the
venous site than the arteriolar site of
the retinal circulation. Systemic hyperoxia markedly lessen the AV-diﬀerence. Retinal oximeter measurements
demonstrate lower oxyhaemoglobin
saturation values than ﬁnger oximetry
during both ambient air and supplemental oxygen breathing.
Choroidal interaction on the inner retina
during hyperoxia

Increased oxyhaemoglobin saturation
of retinal arterioles and venules is in
agreement
with
recent
reports

Acta Ophthalmologica 2018

(Palkovits et al. 2014a; Werkmeister
et al. 2015) on the ability of retinal
oximetry to recognize those systemic
changes of oxyhaemoglobin saturation.
Continual retinal oximetry imaging
reveals prompt retinal circulatory
recovery when supplemental oxygen is
halted. Utilizing rebreathing circuit
made possible to induce isocapnic
hyperoxia and thus the vasoconstriction of both retinal arterioles and
venules is a marker of the eﬀective
autoregulatory response from the
hyperoxic provocation. The pronounced elevation of venous oxyhaemoglobin saturation supports the
former belief which is based on invasive PO2 animal studies (Linsenmeier &
Yancey 1989; Pournaras et al. 1989)
that the high systemic oxygen concentration causes oxygen to ﬂux from the
poorly regulated choroidal circulation
to the innermost layers of the retinal
tissue. It is likely that the inﬂux contributes to the metabolic need of the
inner retinal tissue and some oxygen
molecules end up in the retinal veins as
well. Because the retinal vessel diameter is reduced and the blood ﬂow is
known to diminish under hyperoxic
condition (Palkovits et al. 2014a;
Werkmeister et al. 2015), the concomitant decrease of oxygen extraction
from the retinal circulation is the proposed mechanism behind the reduced
AV-diﬀerence seen in our results.
Retinal oximetry readings during acute
hyperoxia

Both retinal oximetry and ﬁnger pulse
oximetry measured considerable elevated oxyhaemoglobin saturation from
baseline with supplemental oxygen
breathing. Retinal oximeter measurements display relatively lower average
oxyhaemoglobin saturation values
than peripheral pulse oximeter measurements, both at a baseline and
during system hyperoxia. It would be
expected to see the oxyhaemoglobin
binding sites of retinal arterioles nearly
fully saturated during system hyperoxia so the results are somewhat perplexing and the reason for the disparity
between the two methods is unclear.
The causation can be twofold, either
technical or physiological, and both.
The former reason is based on the fact
that the calibration factor of the instrument is derived from laboratory values
that were calibrated in vivo and are
somewhat lower than given values in

the systemic circulation (Guyton and
Hall 2000). Palkovits et al. (2014) got
similar results on induced systemic
hyperoxia, using the Imedos system
that utilizes the same calibration factor
as ours. The latter reason is probable,
due to countercurrent exchange
between the central retinal artery and
the central retinal vein as they run
adjacent each other within the optic
nerve.
Limitations of oximetry study on healthy
subjects

Measurements on arteriolar oxyhaemoglobin saturation with the retinal oximeter give lower values than
expected during systemic hyperoxia.
This is most likely due to the abovementioned biological countercurrent
exchange mechanism but some calibration issues of the instrument cannot be
ruled out.
The Oxymap T1 retinal oximeter
quantiﬁes retinal oxyhaemoglobin saturation based on calibration factors
presuming
that
average
oxyhaemoglobin saturation in healthy
individuals is 92.2% for arterioles and
57.9% for venules. These reference
values were initially attained with a
laboratory oximeter, which was calibrated in vitro and are somewhat lower
than quoted normal values in the
systemic circulation (Guyton and Hall
2000). Inhalation of 100% oxygen by
facemask (FiO2 of approximately 96%)
in healthy subjects in this thesis
increases the retinal arteriolar oxyhaemoglobin saturation to 94.5  3.8
and 76.2  8.0% in venules which is
closer to normal mixed venous oxyhaemoglobin saturation during ambient air breathing at sea level. Hence,
the calibration factor may be accountable for the lower retinal arteriolar
oxyhaemoglobin
saturation
than
expected. The notion of lower estimated values during systemic hyperoxia than expected is further supported
by the ﬁndings of Palkovits et al.
(2014) with their arteriolar oxyhaemoglobin saturation results of
96.4  3.1%. Of interest, their retinal
oximeter (Imedos) is based on the same
calibration factor as the Oxymap T1
instrument. They speculated the reason
for not reaching oxyhaemoglobin saurian of 100% would most likely be due
to the calibration or the countercurrent
exchange of oxygen within the optic
nerve.

Although it may be speculated, the
third reason for lower values than
expected during hyperoxic breathing,
stem from study subjects removing the
oxygen facemask whilst the oximetry
images were obtained, it is highly
unlikely; ﬁrst, the inspired and expired
oxygen concentration had reach equilibrium (EtO2 91  4%) before oximetry images were obtained. Second, the
average time for oximetry imaging was
fast, only about 30 seconds. Third,
study subjects did not inhale during
the imaging but exhaled slowly if
needed.
Ultimately,
the
lower
oxyhaemoglobin
saturation
values
obtained by the Oxymap T1 retinal
oximeter than expected, give reason for
its calibration to be reconsidered and
to contemplate the countercurrent
eﬀects of the retinal circulation.
Retinal oximetry in COPD patients
(Paper III)

The retinal oximetry study on patients
with severe COPD was conducted to
test whether the retinal oximeter is
sensitive to systemic hypoxaemia.
COPD is a systemic disease, characterized by hypoxia and inﬂammatory
response that is known to negatively
aﬀect tissues and organ systems of the
body. In patients with severe COPD,
the systemic hypoxaemia is expected to
be captured with retinal oximeter measurements. The daily supplemental
oxygen therapy improves oxygenation
and thus should be reﬂected in
increased oxyhaemoglobin saturation
of the retinal vessels.
The retinal circulation oﬀers direct
noninvasive assessment of the central
nervous circulation and thus the systemic circulation. Spectrophotometric
retinal oximetry is hypothetically at
least as good indicator of the systemic
oxyhaemoglobin saturation as invasive
radial artery blood sample measurements and peripheral ﬁnger plethysmography.
COPD subjects compared to healthy controls

Retinal oximetry captures systemic
hypoxaemia in both retinal arterioles
and venules in people with severe
COPD. During ambient air breathing,
the oxyhaemoglobin is substantially
lower in both retinal arterioles and
venules than of healthy controls. When
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COPD subjects inspire their prescribed
oxygen therapy, the arterial oxyhaemoglobin saturation shows trend
towards that of the healthy controls.
The tendency must, however, be interpreted with caution since the number
of the study group is small (n = 11).
The AV-diﬀerence in COPD subjects is
greater than in the control group and
no considerable changes are observed
when they are exposed to diﬀerent
breathing regimens during the experimental protocol. The mean vessel
diameter of both retinal arterioles and
venules is slightly narrower in COPD
patients but statistically nonsigniﬁcant.
The variance of vascular width between
vessels segments (standard deviation)
both within eyes and between eyes is
similar to that healthy of controls.
Comparison with other studies

The
improved
arteriolar
oxyhaemoglobin saturation and unaltered
AV-diﬀerence are in agreement with
recent publication of similar patient
group by Palkovits et al. (2013) using
the Imedos retinal device (n = 15). In
their study, the arteriolar oxyhaemoglobin saturation during supplemental
oxygen
breathing
was
92.2  4.6% and decreased by 2.1 per
cent points during ambient air breathing. The AV-diﬀerence was close to
25  5% under both breathing conditions. In contrast to our ﬁndings, they
reported the venous oxyhaemoglobin
saturation of 67.6  7.8% during the
supplemental oxygen breathing to be
higher than in their healthy subject
group. They also found a tendency
(p = 0.05) of decreased venous oxyhaemoglobin saturation with cessation
of oxygen breathing whereas we did
not acquire statistical signiﬁcance. It is
important, however, to keep in mind
that both studies represent small
groups of COPD subjects and therefore
future studies should include more
patients in order to enhance the capability to detect any latent changes
therein.
Results on oxyhaemoglobin saturation of retinal arterioles and venules in
our COPD subjects match to the ﬁndings on patients with congenital system
hypoxaemia secondary to Eisenmenger
syndrome (Traustason et al. 2011),
using the same instrument but an older
version. Those patients are shown to
have abnormally low oxyhaemoglobin
saturation in retinal arterioles or
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81  9% and in venules, or
44  12% when breathing ambient
air. These values are similar to our
ﬁndings but information on measurements during supplemental oxygen
breathing is not available.
COPD subjects under the experimental
protocol

All COPD patients in this thesis were
hemodynamically stable throughout
the study period. In consonance with
retinal oximeter measurements, all
COPD participants suﬀered from moderate-to-severe hypoxaemia during the
ambient air breathing as manifested by
the subnormal PO2 arterial blood gas
analysis. Two COPD patients were
CO2 retainers and all pH values were
within normal limits. The bicarbonate
level was mildly elevated in few of the
cases, conﬁrming the chronic hypoxia
is compensated for. The unchanged
AV-diﬀerence obtained by the retinal
oximeter is indicative of the retinal
tissue
metabolic
compensatory
response to the chronic hypoxia.
Eﬀects of chronic systemic hypoxaemia on
the inner retina

Systemic arterial hypoxaemia is a limiting factor in the cellular metabolism
of the inner retina as evident by the
reduced venous oxyhaemoglobin saturation. The reduction in mean arteriole
and venules oxyhaemoglobin saturation in patients with severe COPD
inspiring ambient air indicates that
they experience inadequate oxygen
delivery to the inner retina and thus,
hypoxaemic conditions of the tissue.
The retina has a high oxygen
demand, and local blood vessel
autoregulatory mechanisms maintain
the oxygen concentration of the inner
retinal tissue at relatively stable levels
with a hypoxic vasodilatory threshold
to decreased PaO2 similar in both the
retinal (Cheng et al. 2016) and cerebral
circulations (Kety & Schmidt 1948;
Gupta et al. 1997). According to the
Fick0 s principle, the circulatory
response to arterial hypoxaemia is
double; additional capillaries are
recruited to enlarge the interface for
oxygen exchange and shortening the
diﬀusion distance. Secondly, the vascular resistance is reduced by arteriolar
vasodilatation for enhanced oxygen
delivery and tissue perfusion (Pittman
2011). The increase in vascular calibre
is evident in both retinal arterioles and

venules under induced acute systemic
hypoxaemia in healthy people (Palkovits et al. 2014a). In our COPD study
subjects however, the vasodilatory
response is seemingly lost. In fact, the
vessel lumen of both retinal arterioles
and venules is slightly narrower as
compared with the control group, both
under the ambient air and supplemental oxygen breathing conditions.
Retinal adaption to chronic systemic
hypoxaemia

Absence of the inner retina vasodilatory response is most likely caused by
long-term retinal adaption to the system hypoxaemic condition. Animal
studies have shown the initial cerebral
blood ﬂow augmentation is attenuated
by increased capillary density and oxygen carrying capacity of the blood
(Boero et al. 1999; Dunn et al. 2004)
over time. Although studies on cerebral
blood ﬂow in COPD patients are lacking, most human studies on acclimatization to high-altitude point towards
unchanged blood ﬂow over time, hypothetically by oﬀset of the initially
hypoxic vasodilatory response. Progressive ventilatory adjustment counteracts the initial rise in blood ﬂow
along with increased release of local
factors and endothelium-derived vasoconstrictors and elevated sympathetic
nervous system activity. These factors
are likely to pertain to the unchanged
cerebral blood ﬂow that has been
found in COPD patients (Ainslie &
Ogoh 2010) and hypothetically to the
long-term retinal circulatory adjustment as well.
It is known that the systemic inﬂammatory response of COPD involves
aberration of the systemic vascular
function although the role of the
endothelial-dependent and endothelium-independent mechanism for the
impaired vasodilatation is of controversy (Eickhoﬀ et al. 2008; Maclay
et al. 2009). This vascular dysfunction
including arterial stiﬀness (Maclay
et al. 2009) is expected to be the cause
for retinal vasoconstriction in people
with severe COPD. However, retinal
blood ﬂow measurements and clariﬁcation on the mechanism behind the
retinal circulatory hypoxic adjustment
remain to be elucidated for future
studies.
Some studies have supported evidence of both functional and structural
changes of the retina in stable COPD
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patients. As already mentioned, the
system inﬂammatory response and
chronic hypoxaemia are believed to
provoke pathological changes on the
ocular vasculature underlying those
retinal changes. The average subfoveal
choroidal thickness and peripapillary
retinal nerve ﬁbre layer (RNFL) thickness are found to be thinner than in
healthy controls (Ozcimen et al. 2016;
Ugurlu et al. 2016). Such degenerative
tissue changes are indicative of the
detrimental eﬀects of the hypoxaemia
(Kergoat et al. 2006) on RNFL and
consequent ganglion cells death. Seemingly, the retinal circulation is unable
to compensate for the metabolic
changes that underlie these structural
damages (Kergoat et al. 2006; Ozcimen
et al. 2016). Latencies of visual evoked
potentials and amplitude anomalies
have also been reported (Ozge et al.
2005; Demir et al. 2012) along with
defect on the visual ﬁeld, which implies
the neuropathological aspect of mildto-moderate hypoxaemia on the retina
and the optic nerve itself (Demir et al.
2012).
Subnormal retinal venous oxyhaemoglobin
saturation

A hypoxic eﬀect on the retinal tissue
metabolism is demonstrated by the
reduced average retinal venous oxyhaemoglobin saturation which indicates increased oxygen extraction by
the retinal tissue. The intra- and inter
eye variability of those hypoxic eﬀects
are demonstrated by the standard deviation. Increased CO2 production coupled with elevated H+ production and
reduced pH in the retinal tissue shifts
the oxyhaemoglobin dissociation curve
to the right which facilitates dissociation of the oxygen molecule from the
haemoglobin binding site into the cell.
Subsequently, a higher oxygen fraction
is removed from retinal capillaries and
the oxyhaemoglobin saturation on the
venous site becomes abnormally low in
patients with severe COPD.
The unchanged AV-diﬀerence during cessation and reapplication of the
supplemental oxygen therapy suggests
an unaltered mitochondrial consumption for ATP production of the hypoxic
inner retinal tissue in patients with
severe COPD. Since the autoregulatory
response of the choroidal circulation to
changes in PaO2 is minimal, the oxygen
inﬂux from choriocapillaries declines
linearly across the outer retinal tissue

under systemic hypoxaemia (Pournaras
et al. 2008). Under normal conditions,
increased photoreceptors metabolic
activity already demands some additional oxygen ﬂux from the retinal
circulation (Linsenmeier & Braun
1992) to the retinal outer segments. In
people with severe COPD, the chronic
systemic hypoxaemia of the outer segments most likely constantly demands
the inner retinal circulation to contribute oxygen for the energy consuming photoreceptor activity. This will
exceed the capacity of the already
hypoxaemic retinal circulation for oxygen contribution as manifested by low
venous oxyhaemoglobin saturation
and increased AV-diﬀerence from normal, eventually leading to functional
and structural changes of the retina in
stable COPD patients that was mentioned above.
Eﬀects of prescribed oxygen on retina in
COPD

Supplemental oxygen therapy improves
global oxygen delivery and consequently the oxyhaemoglobin saturation
of retinal arterioles and venules as
shown in the COPD subjects group.
A high FiO2 augments the oxygen
inﬂux from choriocapillaries, not only
to the outer retina but to the inner
retina as well as is shown in the
hyperoxia study of this thesis (Olafsdottir et al. 2015). Although the eﬀect
of supplemental oxygen on retinal
venous oxyhaemoglobin saturation is
not statistically signiﬁcant, it shows
improvement. Inference of posteriori
power analysis implicates that the lack
of signiﬁcance may be owed to inadequate power to detect a diﬀerence of
5.5% in oxyhaemoglobin saturation
(power 90%, p = 0.05). Nonetheless,
retinal oximetry implicates local metabolic changes associated with systemic
hypoxaemia in people with COPD.
Those metabolic changes are probably
causative for the retinal neuropathological changes that have started to
evolve around the systemic eﬀects on
the retina in COPD.
Retinal oximetry compared with radial
artery blood and ﬁnger pulse oximetry

Despite of some intra-individual variations, retinal arteriole oxyhaemoglobin
saturation values were in general lower
than those measured from radial artery
blood samples and with ﬁnger pulse
oximetry. The Bland–Altman plots

illustrate the tendency of retinal oximetry to produce lower oxyhaemoglobin
saturation measures but show a fair
agreement with the other two modalities. Bland–Altman plot of retinal
oximetry and arterial blood sample
oxyhaemoglobin values indicate a
degree of bias with three retinal oximetry outliers contributing substantially
to the width of the limits of agreement.
Nevertheless, the calculated variability
implicates fair agreement between the
radial artery blood sample and retinal
oximetry measurements of oxyhaemoglobin saturation. It should be
kept in mind that estimated oxyhaemoglobin saturation in arterial
blood is quantiﬁed from normal values
of PaO2 and pH and standard oxyhaemoglobin dissociation curve based
on probable oxygen-haemoglobin
aﬃnity and 2,3-DPG concentration.
Therefore, the radial artery oxyhaemoglobin saturation should be
interpreted with care in the presence
of pathology (Haymond 2006).
A Bland–Altman plot of the ﬁnger
and the retinal oximetry oxyhaemoglobin saturation values also
show some diﬀerence between the two
modalities. The plot illustrates the tendency of retinal oximetry to measure
lower oxyhaemoglobin saturation values but, like with radial artery blood
sample, demonstrated fair agreement
between those two techniques.
The lower retinal arteriole values
acquired by retinal oximetry could
simply be due to calibration of the
device. If the diﬀerence is real however,
a likely reason for lower retinal arterial
oxyhaemoglobin saturation is that the
central retinal artery and vein lie adjacent to each other (about 1 cm) within
the optic nerve where the utmost oxygen countercurrent exchange may
occur between the artery and vein. This
could result in somewhat lower oxyhaemoglobin saturation in retinal arterioles compared with the larger
arteries. In addition, one possible reason is that the fairly small retinal
arterioles that are measured loose more
oxygen through their vessel walls by
diﬀusion than arteries measured in the
ﬁnger or the wrist. Retinal measurements are made on vessel segments that
stretch for some length into the retina
whereas measurements in the ﬁnger
and the wrist are conﬁned. Moreover,
the retinal oximetry calculation is
based on average measurements of
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multiple vessel segments of very
metabolically active tissue of the eye.
Peripheral radial artery and ﬁnger calculation, however, represent single
measure of oxygen delivery to a tissue
that is not that metabolically active.
Validity of retinal oximetry in systemic
hypoxaemia

In humans, noninvasive spectrophotometric retinal oximetry has shown sensitivity to alteration in oxyhaemoglobin
saturation in people with systemic
hypoxaemia secondary to Eisenmenger
syndrome (Traustason et al. 2011) and
severe COPD (Palkovits et al. 2013).
These retinal measures signiﬁcantly correlated with earlobe capillary blood
(Palkovits et al. 2013), femoral artery
(Traustason et al. 2011) and ﬁnger pulse
oximeter measurements (Traustason
et al. 2011; Palkovits et al. 2013). Signiﬁcant correlation has also been
revealed between retinal vessel oxyhaemoglobin saturation and ﬁnger
pulse oximetry during induced hypoxaemia in healthy people (Palkovits et al.
2014c). Moreover, the sensitivity of the
Oxymap retinal oximeter has been conﬁrmed in pigs exposed to acute hypoxaemia with a good correlation with the
intravitreal and femoral artery oxygen
content (Traustason et al. 2013). In
addition, Denninghoﬀ et al. (1998) used
noninvasive low power scanning laser
eye oximeter to estimate the sensitivity
of retinal venous oxyhaemoglobin saturation for early haemorrhage and
resuscitations in swine. They reported
a good correlation of retinal venous
oxyhaemoglobin saturation with mixed
venous saturation, cardiac output,
blood volume (Denninghoﬀ et al.
2003) and the rate of blood loss in
which retina demonstrated higher sensitivity for blood loss than conventional
vital signs, that is blood pressure and
heart rate (Denninghoﬀ et al. 1998).
These animal studies of exsanguinations
and resuscitation demonstrate the
potential of retinal oximetry monitoring
during acute haemorrhage whilst the
compensatory hemodynamic response
is still intact.
Limitations on retinal oximetry in COPD
patients

The study on hypoxaemia in patients
with COPD has some limitation and
some have already been discussed previously such as the small number of
subjects, which may have resulted in
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the wide conﬁdence interval. Invasive
radial artery blood gas sample was only
obtained after cessation of the prescribed oxygen breathing. Preferably, a
radial artery blood sample would also
have been drawn for oxyhaemoglobin
saturation measurement at baseline,
when COPD patients were still on their
prescribed oxygen therapy. It was,
however, deemed unjustiﬁable due to
its invasive nature including complication risks and local discomfort. As
already argued, the calibration factor
for the oximeter is based on laboratory
values for healthy subject which are
lower than the reference normal values
in the systemic circulation and call for
reassessment on calibration constants
of the device. The subjects of this study
are older than this reference group and
suﬀer from systemic hypoxaemia that
probable cause bias on calculated values based on those calibrational constants.
A number of experimental spectrophotometric measurements of retinal
arteriolar and venous oxyhaemoglobin
saturation in human subjects have been
carried out. Despite of that, no ‘normal’
gold standard values exist because of the
invasive nature of the procedure needed
to acquire the essential parameters to
establish such normal values in vivo.
This obstacle is also held accountable
for the lack of an absolute margin for
retinal vessel hypoxaemia. Nevertheless, retinal oximeter measurements give
relative values (not absolute) and can
give important information with respect
to relative and trend oxyhaemoglobin
saturation in retinal arterioles and
venules.
At the present, there is little known
about the eﬀects of chronic systemic
hypoxaemia on the central circulation in
patients with severe COPD. Most case–
control studies are conducted on subjects that have less severe health conditions. Additional studies are needed to
investigate the impact of acute and
chronic systemic hypoxaemia on the
central circulation in real-life situations
and retinal oximetry might be a valuable
tool in these investigations.
Retinal oximetry in neonates with SLO
(Paper IV)

The retinal oximetry study on neonates
was performed to test whether retinal
oximetry can be applied to infants by
combining SLO with retinal oximetry.

At the present, retinal oximetry is only
performed in adult persons. Extending
the technique to paediatrics could be a
vital step for managing neonates and
preterm babies at the neonates’ intensive care units in the future.
The software algorithm allows for
assessment of oxyhaemoglobin saturation in retinal vessels by evaluating the
relationship between oxyhaemoglobin
and deoxyhaemoglobin in retinal arterioles and venules. Since this is a new
technology in children, the initial step
is to test whether the method can be
used in neonates and to estimate the
optical density ratio for retinal oximetry analysis and future estimation of
normal oxyhaemoglobin saturation.
Normative data were obtained on
the ODR for arterioles and venules in
healthy full-term neonates. The combined SLO and retinal oximetry technique are sensitivity to oxyhaemoglobin
and deoxyhaemoglobin content of the
retinal circulation, as indicated by the
statistically
signiﬁcant
diﬀerence
between the ODR of arterioles and
venules. This is a novel technique on
children and the ﬁrst study to conduct
retinal oximetry analysis on neonates.
Only one study has been published on
the combined SLO and retinal oximetry
method. In that study, Kristjansdottir
and associates measured the ODR of
arterioles (0.210) and venules (0.351)
in healthy adults. They ﬁtted the
results with calibrated oxyhaemoglobin
saturation values obtained in vitro by
Schweitzer et al. (1999) and was previously described in this thesis. By using
the mean values of 92.2% for arterioles
and 57.9% they deﬁned the calibration
constants as: a = 2.4733 and b =
1.4388 for the combined SLO and
retinal oximetry method. Subsequently, they calculated the mean oxyhaemoglobin saturation of the study
subjects to be 92  13% for arterioles
and 57  12% for venules. The
repeatability of the measures as demonstrated by standard deviation of 3.5%
for arterioles and 4.4% for venules was
considered adequate bearing in mind
the early development of this technique.
The sensitivity of the instrument was
conﬁrmed under induced hyperoxic
condition (oxygen 100%) and local
hypoxia secondary to retinal vein occlusion in the eyes (Kristjansdottir et al.
2014).
In neonates, the ODR was quite
variable with the optical density
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ranging from 0.150 to 0.337 for the
arterioles and more pronounced in
venules or 0.268 to 0.626. Up to date,
there is no background work on appropriate calibration factors for infants
and adult calibration constants are
considered inapplicable to neonates
given the disparity between the ODR
of these age groups. More work on
calibration is needed before a step can
be taken to estimate the oxyhaemoglobin saturation of central nervous system circulation in full-term
neonates in the future.
Limitation on the oximetry study in
neonates with SLO

Given the fact that retinal oximetry is a
novel technique, the study on neonates
has several limits some of which have
already been discussed above. First,
additional studies are needed for
determination of precise calibrational
constants for calculation of oxyhaemoglobin saturation values to base
on. Secondly, technological advantages
are warrant to reduce the inconsistency
in measurements of the optical density.
That could possibly be achieved by
modiﬁcation of the software and
improving the laser imaging as the
existing system is optimized for colour
images. Currently, the bulk size of the
instrument is also a limiting factor for its
use whereby the infant is needed to be
held in a ﬂying baby position in order to
adjust the eye next to the device.

Conclusions
This thesis demonstrates the spectrophotometric retinal oximetry is sensitive to local and systemic changes in
oxyhaemoglobin saturation. The Oxymap T1 retinal oximeter identiﬁes retinal tissue hypoxia and variability of the
local hypoxia in people with central
retinal vein occlusion. The method is
able to detect systemic hyperoxia in
healthy subjects and conﬁnes the recovery process back to the pre-experimental baseline values. The instrument
captures system hypoxaemia in
patients with severe COPD and is
sensitive to changes of their inspired
oxygen concentration. Measured retinal oxyhaemoglobin saturation values
are, however, shown to be slightly
lower than ﬁnger pulse oximetry and
radial artery blood values. These discrepancies are expected to originate in
a countercurrent exchange between the

central retinal artery and vein within
the optic nerve, where they lie closely
together for a centimetre. The countercurrent exchange would lower oxyhaemoglobin saturation in retinal
arterioles compared with aorta and
other central arteries. Calibration
issues however, cannot be excluded as
a contributing factor to this diﬀerence.
The reason for the diﬀerences in oxyhaemoglobin saturation of retinal arterioles and peripheral vascular beds
needs to be clariﬁed. Reconsideration
of the instrument calibration and further studies on larger groups of healthy
subjects and patients suﬀering from
systemic hypoxic condition are necessary to address the matter of absolute
arterial oxyhaemoglobin saturation
and retinal arteriolar relative values.
The thesis indicates the ability of
retinal oximetry to detect hypoxic
metabolic changes of the inner retinal
tissue. Retinal oximetry is the only
system that allows for noninvasive
venous oxyhaemoglobin saturation
measures. Up to date, such measures
stipulate invasive catheterization for
central or mixed venous oxygen monitoring in patients who are critically ill.
The study on combined scanning
laser ophthalmoscope and retinal
oximetry demonstrates the feasibility
of that technique in newly born babies.
This is the ﬁrst study on retinal oximetry
in neonates and validates its sensitivity
to oxyhaemoglobin and deoxyhaemoglobin in full-term neonates.
The primary task with this novel technique was to obtain optical density ratio
on full-term healthy neonates for the
purpose of further oximetry analysis.
Next steps need to aim at technological
advantages to improve consistency in
optical density measurements. More
studies are required for furthering the
precision and determination of calibration factors for the veriﬁcation of the
calculations of oxyhaemoglobin saturation values. Extending the retinal
oximetry technique to the neonatal
population is feasible and relevant for
the reﬁnement of the method and future
application studies.
Future perspectives

This thesis suggests the oxyhaemoglobin saturation of the systemic
circulation can be measured through
the retinal circulation. Following calibration upgrade and technological

improvement, experimental veriﬁcation
retinal oximetry applied to critically ill
and anaesthesia care patients may be
considered in order to test the feasibility of the technique for noninvasive
monitoring in the future.
One of the signiﬁcant barriers to the
application of this technology in clinical settings is the sheer size and bulk
of the oximeter equipment. Currently,
study subjects are required to sit in
front of the fundus camera after
mydriasis for on time retinal imaging.
Handheld version without pupil dilation is a consequent plan for furthering this technique. The instrument has
already been miniaturized, and the
prototype is currently being tested on
healthy subjects. The next step is to
re-evaluate the calibration constants
before bringing the miniaturized version of the device to the bedside of
patients for retinal oximetry analysis
studies of their central nervous system
vessels and hence the systemic circulation.
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ABSTRACT
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Objective: To investigate the effect of caffeine infusion on superior mesenteric artery (SMA)
blood flow velocities (BFV) in preterm infants.
Methods: Prospective observational study on 38 preterm neonates 28–33þ6 weeks gestation,
who developed apnea on their first day of life, and caffeine citrate infusion was initiated at a
loading dose of 20 mg/kg, followed by a maintenance dose of 5–10 mg/kg/day. Duplex
ultrasound measurements of SMA BFV were recorded: peak systolic velocity (PSV), end diastolic
velocity (EDV) and resistive index (RI), at 15 min before, 1-, 2- and 6-h after caffeine loading dose,
and 2 h after two maintenance doses.
Results: There was a significant reduction in PSV 1-h (p ¼ .008), a significant decrease in EDV 1and 2-h (p ¼ .000 and p ¼ .005, respectively) and a significant increase in RI 1- and 2-h (p ¼ .003
and p ¼ .005, respectively) following caffeine loading dose, as compared to values before caffeine
infusion. No significant effect of caffeine maintenance doses on SMA BFV was observed (p > .05).
Conclusion: Blood flow in SMA is significantly reduced after caffeine citrate infusion at a loading
dose of 20 mg/kg. This effect continues for at least 2 h. Meanwhile, SMA BFV seems not affected
by maintenance doses.
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Introduction
Caffeine is one of the most commonly prescribed
drugs in the Neonatal Intensive Care Unit (NICU), and
it has been described as a “silver bullet” in neonatology [1]. Its effect has been well established in the
treatment and prevention of apnea of prematurity [2].
Caffeine reduces the frequency of apnea, intermittent
hypoxemia, and extubation failure in mechanically
ventilated preterm infants [3]. Evidence had also been
suggested for additional short-term benefits on
decreasing the incidence of bronchopulmonary dysplasia and patent ductus arteriosus (PDA) [4].
When the Food and Drug Administration approved
caffeine citrate for the treatment of apnea of prematurity, a warning was included on the label about the
possible association between the use of methyl xanthines and the development of necrotizing enterocolitis (NEC) [5]. Although the precise etiology of NEC is
unknown, it is generally accepted that the most
important etiologic factor in its development is intestinal ischemia or hypoperfusion leading to altered
mucosal integrity [6,7].
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Few studies had evaluated the effects of caffeine
loading dose infusion on intestinal blood flow in preterm infants, but to the best of our knowledge, no
one had assessed the effect of caffeine maintenance
doses on the intestinal blood flow and whether there
is a cumulative effect for caffeine on the splanchnic
blood flow velocities (BFV). In this study, we aimed
at investigating the effect of intravenous infusion of
caffeine citrate at a loading dose of 20 mg/kg
followed by a maintenance dose of 5–10 mg/kg on
the superior mesenteric artery (SMA) BFV in preterm
infants.

Subjects and methods
This was a prospective study, carried out at the NICU
of Obstetrics & Gynecology Hospital, Ain Shams
University over a period of 10 months from September
2012 to June 2013. The local ethical committee of
Pediatric Department approved the study and an
informed consent was obtained from one of the
parents.
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Subjects
This study was performed on 38 preterm neonates
with gestational ages between 28 and 33þ6 weeks,
who developed apnea on their first day of life.
Caffeine citrate therapy was initiated for each neonate
by an intravenous infusion of a bolus and maintenance doses of caffeine, and was continued until the
babies completed 34 weeks of postmenstrual age, and
did not suffer apnea attacks for at least 1 week.
Preterm neonates were excluded from the study if
they had history of perinatal asphyxia, congenital
anomalies, early onset sepsis (diagnosed based on
Rodwell hematologic sepsis score [8]), suspected or
proven NEC, or hemodynamically significant PDA (PDA
diameter >1.4 mm, left atrium to aorta ratio >1.4, and
diastolic reverse flow in the aorta [9]). Also, preterm
infants with abnormal umbilical artery Doppler and
preterm infants with birth weights below third centiles
were excluded.

Methods
Clinical data
A full history was taken for all neonates including
maternal, obstetric, and perinatal history. Gestational
age was calculated based on the date of last menstrual period and confirmed by neonatal examination
using the modified Ballard score [10]. Birth weights,
sex, Apgar score at 1 and 5 min were recorded.
Complete physical examination was done including
heart rate and blood pressure monitoring throughout
the study.
Laboratory investigations done on admission
included quantitative C-reactive protein (CRP) assay by
latex agglutination test, and complete blood count
using Max M. Counter (Coulter Corporation, Miami, FL).
A loading dose of 20 mg/kg caffeine citrate (equivalent to 10 mg/kg caffeine base) was given over 30 min
by intravenous infusion (Caffeinospire 60 mg/ml, manufactured by Memphis for Pharmaceuticals & Chemical
Industries, for Inspire Pharmaceutical Co., Cairo, Egypt)
followed by maintenance doses of 5–10 mg/kg caffeine
citrate (equivalent to 2.5–5 mg/kg of caffeine base)
every 24 h [11].

Assessment of BFV measurements in the SMA using
Duplex-pulsed Doppler ultrasound
A LOGIQ 400 PRO Series (General Electric, Boston, MA)
Duplex-pulsed Doppler ultrasound machine with a
5 MHz short focus probe and high pass filter at 50 Hz
was used for imaging the SMA at its origin from the

abdominal aorta. When the clinician decided to start
caffeine citrate, SMA peak systolic velocity (PSV) and
end diastolic velocity (EDV) were measured using
Doppler ultrasound. The resistive index (RI) was calculated as the difference between PSV and EDV divided
by the PSV: RI ¼ (PSV  EDV)/(PSV).
The first measurements were taken 15 min before
caffeine administration. These measurements were
repeated, at 1-, 2- and 6-h after caffeine loading dose
administration, and were repeated 2 h after the caffeine maintenance dose administration, for 2 successive days. Each baby served as his or her own control.
In all preterms, enteral feeding was started on the first
day at 10 cc/kg divided every 3 h with a daily increment of 10 cc/kg. Feds were given after the caffeine
citrate loading or maintenance doses, just after recording the Doppler SMA BFV measurements.
All infants were also observed for signs of NEC
for at least 72 h after completion of SMA BFV
measurements.

Statistical analysis
Sample size justification
The sample size was calculated using Epi Info version
7.0, setting the power at 0.8, and the two-sided confidence level at 95%. Data from a previous study [12]
showed that caffeine administration was associated
with an 18% reduction in the PSV of SMA. Calculation
according to these values produced a sample size of
38. Therefore, 38 neonates were recruited in the current study.
Statistical analysis was done using SPSS software
package, version 15.0, 2006, Eco Soft Corporation. Data
was expressed descriptively as mean ± SD for quantitative parametric data, and number (percentage) for
qualitative data. Comparison between measurements
before and after caffeine administration was done
using the paired t-test for parametric data and
Wilcoxon’s rank-sum test for skewed data. p value was
considered significant if < .05.

Results
Thirty-eight patients were included in the study
(Figure 1). The demographic and clinical characteristics
and laboratory data of studied neonates are listed in
Table 1.
None of the studied patients needed inotropes
administration during the period of the study and
none of them had a high umbilical catheter. Twentyone of the patients were on nasal continuous positive
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Table 1. Characteristics of the studied patients.

57 Preterm baby were
admitted

N ¼ 38

5 Parents refused
the study

4 Patients had
congenital
malformations

10 Patients were
hemodynamically
unstable (7 of them
had early onset
neonatal sepsis)
38 Preterm were
included in the study

2 Patients developed NEC
within 3 days of giving
caffeine

4 patients were
transferred to
another NICU

63

4 Patients developed
symptomatic PDA

28 Patients
completed the
study

Figure 1. Algorithm of patients included in the study.

airway pressure, five patients were mechanically ventilated, while 12 patients did not need any respiratory
support. Two of the studied patients (5.3%) developed
NEC within 3 d of the loading dose of caffeine.
There was no statistically significant increase in
values of mean blood pressure of studied patients at
1, 2 or 6 h after giving the loading dose of caffeine or
after giving the maintenance doses. Also, no significant variations in the heart rates were found along the
study. None of the studied patients received prophylactic indomethacin.
There was a statistically significant decrease in values of PSV of SMA 1-h (p ¼ .008) after caffeine loading
dose infusion as compared to values before the loading dose. There was also a statistically significant
decrease in values of EDV of SMA 1-h (p ¼ .000) and 2h (p ¼ .005) after caffeine loading dose as compared to
values before loading dose infusion. Meanwhile, there
was a statistically significant increase in calculated values of SMA RI after 1-h (p ¼ .003) and 2-h (p ¼ .005) of
infusion of the caffeine-loading dose as compared to
values before infusion. However, there were no statistically significant differences in the SMA BFV measurements 2 h after the maintenance doses of caffeine,
recorded on 2 successive days as compared to the corresponding initial SMA BFV values before starting the
caffeine citrate infusion therapy (Table 2).

GA (wks)
Wt. (kg)
Maintenance dose (mg/kg)
Duration of maintenance dose (days)
CBC TLC
Neutrophil
Platelet
HB
Apgar 1 min
Apgar 5 min
Sex#
Male
Female
MOD#
Vaginal
C.S
Wt for GA#
AGA
LGA
SGA (3rd–10th centile)
CRP# (mg/dl)
Positive (>6)
Negative (<six)
NEC within 3 d of loading dose#
Yes
No

Mean (SD)
30.29
1.37
2.48
9.71
16.17
5.74
218.10
16.60
7
8

(2.25)
(0.395)
(0.825)
(7.47)
(7.27)
(3.26)
(71.73)
(2.33)
(6–7)
(7–9)

Min

Max

27
0.6
2.5
2
4.8
1.9
42
11.2
2
6

34
2
5
30
42
13.4
381
21.5
8
9

16 (42.1%)
22 (57.9%)
4 (10.5%)
34 (89.5%)
31 (81.6%)
3 (7.9%)
4 (10.5%)
4 (10.5%)
34 (89.5%)
2 (5.3%)
36 (94.75%)

GA: gestational age; wks: weeks; Wt: weight; kg: kilogram; C.S: caesarean
section; AGA: appropriate for gestational age; LGA: large for gestational
age; SGA: small for gestational age; CBC: complete blood count; TLC: total
leucocyte count; HB: haemoglobin; CRP: C-reactive protein; NEC: necrotizing enterocolitis.
: Median (interquartile range); #: Number (percentage).

Discussion
In this study, we used the usual standard dose for caffeine citrate; 20 mg/kg (10 mg/kg caffeine base) loading dose followed by 5–10 mg/kg per day (2.5–5 mg/
kg caffeine base) as maintenance dose [13]. Our results
demonstrated that an intravenous loading dose of
20 mg/kg of caffeine citrate given over a 30-minute
period causes significant changes in SMA blood flow
measurements reflecting a significant reduction in
splanchnic perfusion. These changes in SMA BFV measurements persisted for 2 h after the caffeine loading
dose infusion and returned to preinfusion levels after
6 h. This observed decrease in SMA blood flow might
possibly lead to an ischemic injury to the gastrointestinal tract.
Caffeine is known to inhibit adenosine-induced
vasodilatation [14], and it had been reported that
endothelium dependent and independent vasoconstrictions occur in canine SMA following caffeine infusion [15]. Thus, the reduction of BFV following caffeine
administration may result in increased incidence of
NEC due to this vasoconstrictor effect.
Caffeine citrate administration in preterm infants at
a loading dose of 25–50 mg/kg was reported to be
associated with a reduction of mesenteric BFV [16–18].
However, when the high oral loading dose of
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Table 2. Comparison between measurements of superior mesenteric artery blood flow velocity before caffeine loading dose and
after caffeine administration.
PSV
N ¼ 38
Before loading dose
1 h after loading dose
2 h after loading dose
6 h after loading dose
D2 maintenance (n ¼ 37)
D3 maintenance (n ¼ 30)
After DC of caffeine (n ¼ 28)

Mean (SD)
42.46
38.85
41.71
42.56
42.71
43.68
54.13

(19.03)
(16.15)
(16.07)
(19.48)
(14.68)
(15.87)
(17.46)

EDV
p value
–
.008
.153
.444
.055
.068
.278

Mean (SD)
13.12
9.35
10.60
12.42
11.58
10.67
13.35

(6.96)
(3.12)
(3.91)
(5.94)
(4.79)
(3.32)
(4.85)

RI
p value
–
.000
.005
.316
.051
.015
.407

Mean (SD)
0.70
0.74
0.73
0.70
0.72
0.74
0.74

(0.08)
(0.08)
(0.08)
(0.07)
(0.08)
(0.07)
(0.09)

p value
–
.003
.005
.621
.399
.099
.056

D2: day two of caffeine administration; D3: day three of caffeine administration; DC: discontinuation of caffeine; PSV: peak systolic velocity; EDV: end
diastolic velocity; RI: resistive index; significant.

25 mg/kg was divided into two equal doses of
12.5 mg/kg that were administered 4 h apart, no significant changes in BFV were reported in either the
celiac or the superior mesenteric arteries [19]. These
observations suggested that the effect of caffeine on
intestinal BFV might be dose-dependent.
Caffeine pharmacokinetic data are limited in very
low birth weight (VLBW) infants [11]. Clearance in
infants born preterm is markedly lower and the volume of distribution is higher than at term-equivalent
age and beyond [20]. It has a longer serum half-life of
101 h in neonates [20], whereas its half-life ranges
from 3 to 6 h in adults [21]. This longer half-life did
not result in a cumulative effect on the intestinal
blood flow in our study as demonstrated by the nonsignificant effect of caffeine maintenance doses at
5–10 mg/kg/day on SMA BFV 2 h following its intravenous infusion.
Two of our patients developed NEC within 3 d of
starting caffeine therapy. Our study was not powered
to test the association of caffeine administration and
development of NEC but several studies did. A study
found that in preterm infants who received caffeine
citrate, no significant difference in serum caffeine concentrations existed between patients who developed
NEC and those who did not develop NEC [22]. A
recent meta-analysis suggests that early caffeine use
did not increase the risk of NEC, and at the same time
has beneficial effects on neonatal outcomes [23],
another randomized controlled trial (RCT) reported no
increment in the rates of NEC in preterm infants after
receiving a loading dose of caffeine citrate of 20 mg/
kg per day followed by maintenance doses of 10 mg/
kg per day [24].
In summary, this study demonstrated a significant
decrease in SMA BFV after IV infusion of caffeine loading dose of 20 mg/kg caffeine citrate. This effect lasted
for at least 2 h after receiving the loading dose and
improved after 6 h. Maintenance doses of caffeine
were not followed by significant changes in SMA BFV.

So it seems better to withhold feeding for at least 2 h
following administration of caffeine loading dose.
Studies on a larger scale are needed to determine
whether or not caffeine administration is associated
with the development of NEC. These studies should
concentrate on preterm neonates with smaller gestational ages (<28 weeks).
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Abstract
Background: Hypoglycaemia is the most common metabolic problem in neonates but there is no universally accepted
threshold for safe blood glucose concentrations due to uncertainty regarding effects on neurodevelopment. Objective: To systematically assess the association between neonatal hypoglycaemia on neurodevelopment outcomes in
childhood and adolescence. Methods: We searched MEDLINE, EMBASE, CINAHL, and PsycINFO from inception until
February 2018. We included studies that reported one or
more prespecified outcomes and compared children exposed to neonatal hypoglycaemia with children not exposed. Studies of neonates with congenital malformations,
inherited metabolic disorders and congenital hyperinsulinism were excluded. Two authors independently extracted
data using a customized form. We used ROBINS-I to assess
risk of bias, GRADE for quality of evidence, and REVMAN for
meta-analysis (inverse variance, fixed effects). Results: 1,665
studies were screened, 61 reviewed in full, and 11 included
(12 publications). In early childhood, exposure to neonatal
hypoglycaemia was not associated with neurodevelopmental impairment (n = 1,657 infants; OR = 1.16, 95% CI = 0.86–

© 2018 S. Karger AG, Basel
E-Mail karger@karger.com
www.karger.com/neo

1.57) but was associated with visual-motor impairment (n =
508; OR = 3.46, 95% CI = 1.13–10.57) and executive dysfunction (n = 463; OR = 2.50, 95% CI = 1.20–5.22). In mid-childhood, neonatal hypoglycaemia was associated with neurodevelopmental impairment (n = 54; OR = 3.62, 95% CI = 1.05–
12.42) and low literacy (n = 1,395; OR = 2.04, 95% CI =
1.20–3.47) and numeracy (n = 1,395; OR = 2.04, 95% CI =
1.21–3.44). No data were available for adolescents. Conclusions: Neonatal hypoglycaemia may have important longlasting adverse effects on neurodevelopment that may become apparent at later ages. Carefully designed randomized
trials are required to determine the optimal management of
neonates at risk of hypoglycaemia with long-term follow-up
at least to school age.
© 2018 S. Karger AG, Basel

Introduction

Neonatal hypoglycaemia is the most common metabolic problem in newborn infants and a readily preventable cause of brain injury in infancy. However, clinical
thresholds for diagnosis and treatment of neonatal hypoglycaemia are widely debated, with no universally accepted safe blood glucose concentration for newborns [1,
2]. This uncertainty is largely due to a lack of evidence
regarding the effect of low neonatal glucose concentraChristopher McKinlay
Liggins Institute, University of Auckland, Private Bag 92019
Victoria Street West
Auckland 1142 (New Zealand)
E-Mail c.mckinlay @ auckland.ac.nz

tions on neurodevelopmental outcomes. Further, recent
studies have suggested that higher glucose concentrations after hypoglycaemia may also contribute to brain
injury [3], thus adding complexity to this common clinical problem.
Key risk factors for neonatal hypoglycaemia include
being born preterm, large for gestational age or high birth
weight, small for gestational age or low birth weight, and
being an infant of a diabetic mother. Approximately 30%
of all neonates are considered at risk, of whom approximately 50% develop hypoglycaemia [4]. The most common definition of neonatal hypoglycaemia is a blood glucose concentration <47 mg/dL (2.6 mmol/L), but lower
and higher thresholds have been recommended. For example, the American Academy of Pediatrics advises that
intravenous treatment is not needed until glucose concentrations are <25 mg/dL (1.4 mmol/L) within the first
4 h after birth, or < 35 mg/dL (2.0 mmol/L) from 4 to
24 h [5]. However, the Pediatric Endocrine Society
recommends that in babies at risk of hypoglycaemia, glucose concentrations should be maintained > 50 mg/dL
(2.8 mmol/L), or > 60 mg/dL (3.3 mmol/L) if interventions beyond normal feeds are required [6]. This lack of
consensus reflects the paucity of evidence about longterm outcomes after neonatal hypoglycaemia.
In 2006, Boluyt et al. [7] carried out a systematic review
of the available studies on prognosis after neonatal hypoglycaemia. The review concluded that the extent of neurodevelopment impairment after neonatal hypoglycaemia in the first week of life was unclear, and thus the authors proposed an optimal study design to establish the
relationship between neonatal hypoglycaemia and subsequent neurodevelopment. In 2008, the Eunice Kennedy
Shriver National Institute of Child Health and Human
Development Workshop on Neonatal Hypoglycaemia
also identified major gaps in knowledge about neonatal
hypoglycaemia and its clinical implications and prioritized it as a key area for research. Since then, although
several review articles on the topic have appeared [8–10],
no new systematic review has emerged.
This aim of this systematic review was to assess the association between neonatal hypoglycaemia on neurodevelopment outcomes at early childhood (2–5 years), midchildhood (6–11 years), and adolescence (12–18 years).
Methods
This systematic review was conducted in accordance with
the PRISMA statement, and was registered in PROSPERO
(CRD42017073430, http://www.crd.york.ac.uk/PROSPERO/).

Neonatal Glycaemia and
Neurodevelopmental Outcomes

Search Strategy
We searched MEDLINE, EMBASE, CINAHL, and PsycINFO
databases using the search terms infant, newborn, hypoglycaemia, neurodevelopmental disorders, neurological sequelae, neuroimaging, brain imaging, computed tomography scan, ultrasonography, and magnetic resonance imaging, including spelling
variants (online suppl. material for full search strategy; see www.
karger.com/doi/10.1159/000492859 for all online suppl. material). The search was restricted to studies involving humans and
published in English. There was no limit on the year of publication. The search was last updated on February 12, 2018. We also
hand-searched bibliographies of included studies, review papers
and conference abstracts to identify additional items. One author
conducted the search and initial title and abstract screening. Records identified for full-text screening were reviewed by two authors. Screening and eligibility assessments were performed using COVIDENCE (http://www.covidence.org/). Conflicts were
resolved by consensus or after consultation with a third author.
Inclusion Criteria
We included all studies (trials, cohort, and case-control) that
reported one or more of the primary or secondary outcomes and
compared children or adolescents who were screened and found
to be hypoglycaemic to those who were screened but were not hypoglycaemic. Studies were limited to neonates born at ≥32 weeks’
gestation and who were screened for hypoglycaemia in the first
week after birth. We excluded case series, conference abstracts, and
studies that reported outcomes in neonates with congenital malformations, inherited metabolic disorders or congenital hyperinsulinism.
Primary outcomes were neurodevelopmental impairment, visual-motor impairment, and executive dysfunction, as defined by
authors. Secondary outcomes were cognitive impairment (as defined by authors), mild cognitive impairment (developmental or
intelligence quotient from 2 to 1 standard deviation below the
mean), moderate-severe cognitive impairment (developmental/
intelligence quotient more than 2 standard deviations below the
mean), epilepsy (afebrile seizures or as defined by authors), highest
educational level (adolescence), death, measures of general health
and health care utilization, emotional-behavioural difficulty, abnormal brain imaging findings, visual impairment, hearing impairment, motor impairment, low literacy and low numeracy
(mid-childhood and early adolescence), all as defined by authors.
Data Extraction and Analysis
Data for primary and secondary outcomes were extracted independently by two authors using a customized data form. Conflicts were resolved by consensus or following consultation with a
third author.
We planned meta-analysis using the inverse variance, fixed effects method in REVMAN (version 5.3), with the inclusion of adjusted analyses where possible. If there were data for more than one
age within an age band, then the most recent data were used. We
assessed statistical heterogeneity using the I2 statistic; values >30%
were regarded as evidence of substantial heterogeneity. Forest
plots are provided in the online supplementary material. We
planned sensitivity analysis of the primary outcomes including
only studies at low risk of bias and only those that used accurate
methods for measuring glucose concentrations.
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Color version available online

Identification

Records identified
through database
searching (n = 1,663)

Additional records
identified through
other sources (n = 2)

Eligibility

Screening

Records after duplicates
removed (n = 1,517)

Records screened
(n = 1,517)

Records excluded
(n = 1,456)

Full-text articles assessed
for eligibility (n = 61)

Full-text articles excluded,
with reasons (n = 49)

1. Review paper, no primary
data
2. Full text unavailable
3. Wrong study design
4. Wrong patient population
5. Wrong outcomes
6. Wrong comparators

Included

Studies included in
qualitative synthesis
(n =12)

Fig. 1. Flow diagram of study identification
and selection.

Quality of Evidence
We assessed the risk of bias for each study using a modified
version of the ROBINS-I tool for non-randomized studies of interventions, as previously described [11]. This included assessment of
the following domains for bias: recruitment and selection of participants, confounding, ascertainment of exposures, measurement
of outcomes, missing data, and reporting of results. Two authors
independently performed risk of bias assessments. Conflicts were
resolved by consensus or by consultation with a third author.
We evaluated the overall quality of evidence for each research
question using the GRADE approach [12]. Seven outcomes were
selected for GRADE assessment: neurodevelopmental impairment, cognitive impairment, visual-motor impairment, low language/literacy, low numeracy, epilepsy, and executive dysfunction.
Two authors independently assessed the quality of evidence. Conflicts were resolved by consensus or by consultation with a third
author.

Results

Search Results
Of 1,665 records identified through databases and
hand searching, 148 were duplicates and were removed.
Of the remaining 1,517 studies, 1,456 were excluded fol68
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Studies included in quantitative
synthesis (meta-analysis)
(n =10)

lowing title and abstract screening, and a further 49 were
excluded following full-text review (Fig. 1). One cohort
study reported outcomes separately at 2 and 4.5 years of
age [3, 13]. Thus, a total of 11 studies (12 publications),
comprising 4,041 infants were included, of which 9 (10
publications) provided data suitable for meta-analysis in
early and mid-childhood. No studies reported outcomes
in adolescence.
Characteristics of the Selected Studies
All of the included studies were cohort studies; 3 were
prospective [13–15], 6 were retrospective [16–21], and
for 2 it was unclear whether all data were collected prospectively [22, 23] (Table 1). All studies were conducted
in developed countries, including Europe, the USA, Canada, and New Zealand. Four studies were conducted in
the 1970s [14, 15, 20, 22], 2 in the 1990s [17, 21], 1 in the
2000s [16] and 4 in the 2010s [13, 18, 19, 23]. In 10 studies the study population comprised infants at risk of hypoglycaemia; 1 study included all the infants born at the
hospital. Only 4 studies (5 publications) each had uncertain or low risk of bias in one or more domains, and each
adjusted results for potential confounding [3, 13, 18, 19,
Shah/Harding/Brown/McKinlay
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Prospective
cohort

Haworth
[14], 1976

<2.6 mmol/L
(47 mg/dL)

<2.2 mmol/L
(<40 mg/dL)

<1.7 mmol/L
(<30 mg/dL)

62 exposed, 23
unexposed

60 exposed, 15
unexposed

67 exposed, 765
unexposed

Preterm
(≤34 weeks) and
SGA

Term and large
for gestational age

Retrospective
cohort

Retrospective
cohort

Cohort

Duvanel
[17],
1999

Brand
[16],
2005

Kerstjens
[23], 2012

Moderate preterm
(32–35 weeks’
gestation)

<1.5 mmol/L
(<27 mg/dL)

13 exposed 15
unexposed

Infants of diabetic
mothers

Retrospective
cohort

≤1.11 mmol/L
(≤20 mg/dL)
in low birth
weight babies
(<2.5 kg) and
≤1.65 mmol/L
(≤30 mg/dL)
in normal
weight babies

Stenninger
[21], 1998

25 exposed, 12
unexposed

<1.11 mmol/L
(<20 mg/dL)

39 exposed, 41
At-risk or
unexposed
symptomatic
neonates screened
for hypoglycaemia
(mostly preterm or
SGA)

Prospective
cohort

Pildes
[15],
1974

Infants of diabetic
mothers

<1.7 mmol/L
(<30 mg/dL)

151 exposed, 56
unexposed

At-risk or
symptomatic
neonates screened
for hypoglycaemia

Retrospective
cohort

Koivisto
[20], 1972

<1.11 mmol/
L (<20 mg/dL)

Neonates admitted 41 exposed, 41
unexposed
to special care
unit

Cohort

Definition of
hypoglycaemia

Griffiths
[22], 1971

Sample size

Study population

First author Study type
and date

Table 1. Characteristics of included studies

Cognitive, language and motor
tests not specified
Behavioural assessment not
specified
Ophthalmologic examination

1–4 years
10–20%
intravenous
glucose;
hydrocortisone

Not specified

Blood glucose measured several
times during the first 24 h

1, 3, and 5 h after birth and more
frequently if hypoglycaemic

Blood glucose measured
approximately every 4–5 h for the
first 24 h

Glucose measurements for the first
24 h, frequency not specified

10% intravenous
dextrose

Additional
feeding or
intravenous
dextrose

Not specified

Not specified

Not specified

Not specified

Dextrostix for screening;
if <2 mmol/L confirmed
by laboratory venous
sample using glucose
oxidase or hexokinase
method

Bedside glucometer;
laboratory confirmation
if <3.0 mmol/L (54 mg/
dL) or <2.5 mmol/L
(45 mg/dL), depending
on site protocol

Capillary whole blood;
laboratory glucose
oxidase method

Not specified

Not specified

Capillary whole blood;
laboratory glucose
oxidase method

No

No

Yes

Yes

Yes

Yes

No

Yes
Cognitive: Denver
Developmental Scale,
Snijders-Oomen non-verbal
intelligence test
Behaviour: Dutch version of
the Child Behaviour Check List

4 years

Ages and Stages Questionnaire

No

No
Cognitive: Griffith’s
Developmental Scales,
McCarthy Scales of Aptitude
6, 12,
and 18
months,
and 3.5
and 5 years

3.5–4 years

No

Yes
Cognitive: Griffiths’
Developmental Scales
Motor: Movement Assessment
Battery for Children
Behaviour: questionnaires
(not specified)
Validated neurological
screening test for evaluation of
minimal brain dysfunction
Electroencephalogram

No

No

Yes

Yes

Adjustment
for potential
confounding

Included
in metaanalysis

7–8 years

Yale Developmental Schedule

4.5 years
(mean)

Not specified

Capillary whole blood;
laboratory Huggett and
Nixon method

0.5, 1, 2, 3, 6,12, 24, 48 and 72 h,
and more frequently if
hypoglycaemic

Intravenous
glucose,
long-acting
adrenalin or
both

Cognitive: Cattell Infant Scale,
Stanford-Binet or Wechsler
Intelligence Scale for Children
Social: Vineland Social
Maturity Scale
Electroencephalogram

Oral dextrose; 1–7 years
10–15%
intravenous
dextrose;
hydrocortisone
or ACTH

Not specified

Capillary whole blood;
laboratory glucose
oxidase method

Cognition: Stanford-Binet or
Griffiths
Behavior: Stott Systemic
Interview
Motor: Griffiths Locomotor
Scale
Vision: Stycar

Capillary whole blood;
laboratory-modified
Hultman or glucose
oxidase method

4.2 years
(mean)

Not specified

Not specified

Neurodevelopmental tests

Capillary whole blood;
modified Watson
method

Age at
follow-up

Treatments

Target range
for treatment

Test method

Daily blood glucose measurement
for 1–4 days

Blood glucose measured 3 times
daily for 2–4 days in at-risk and
symptomatic infants, and
continued for 24 h after
euglycaemic or discontinuation of
treatment

Single blood glucose measurement
within 24 h of admission; further
blood glucose measurement only if
hypoglycaemic or if symptomatic

Glucose screening protocol
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Term and latepreterm neonates
born at risk for
hypoglycaemia

McKinlay
2015 [3]

<2.49 mmol/L
(<45 mg/dL)

<2.6 mmol/L
(<47 mg/dL)

461 exposed/
282 unexposed

280 exposed,
197 unexposed

Preterm and low
birth weight

Term and
moderate to late
preterm infants
born at risk of
hypoglycaemia

Retrospective
cohort

Prospective
cohort

Goode
[18],
2016

McKinlay
[13],
2017

SGA, small for gestational age; ACTH, adrenocorticotropin.

89 exposed,
<1.94 mmol/L
1,306 unexposed (<35 mg/dL)

All neonates

<2.6 mmol/L
(<47 mg/dL)

216 exposed,
188 unexposed

Retrospective
cohort

Definition of
hypoglycaemia

Sample size

Kaiser
[19],
2015

Prospective
cohort

Study population

First author Study type
and date

Table 1 (continued)

1 h, then before feeds 3–4 h for
first 24 h, then 6–8 h for next 24 h
and until hypoglycaemia no longer
a clinical concern. More frequent
if hypoglycaemic or receiving
intravenous dextrose

Not specified

Universal newborn glucose
screening at 1–3 h after birth;
repeated after 1 h if hypoglycaemic

1 h, then before feeds 3–4 h for
first 24 h, then 6–8 h for next 24 h
and until hypoglycaemia no longer
a clinical concern. More frequent
if hypoglycaemic or receiving
intravenous dextrose

Glucose screening protocol

Additional
feeding, buccal
dextrose gel,
intravenous
dextrose

≥2.6 mmol/L
(47 mg/dL)

Capillary whole blood;
laboratory glucose
oxidase method; masked
continuous interstitial
glucose monitoring

Intravenous
dextrose or
additional
feeding
Not specified

Additional
feeding, buccal
dextrose gel,
intravenous
dextrose

Not specified

Not specified

≥2.6 mmol/L
(47 mg/dL)

Dextrostix or plasma
glucose, method not
specified

Capillary whole blood;
laboratory glucose
oxidase method; masked
continuous interstitial
glucose monitoring

Laboratory glucose
oxidase

Treatments

Target range
for treatment

Test method

Cognitive: Wechsler Preschool
and Primary Scale of Intelligence (version 3)
Executive: a battery of five
graded tasks, Behaviour Rating
Inventory of Executive Function
Motor: Movement Assessment
Battery for Children (version 2)
and Beery Buktenica Developmental Test of Visual Motor
Integration (version 6) (BBVMI-6)
Vision: visual screening using
six assessment categories, visual
processing subscale of BBVMI-6, random dot kinetograms
of varying coherence
Auditory processing: auditory
subscale of the Phelps Kindergarten Readiness Scale
Emotional and behaviour:
Strengths and Difficulties
Questionnaire, Child Behaviour Checklist

4.5 years

Fourth Grade Benchmark
Examination (literacy and
mathematics)

10 years

Cognitive: Stanford-Binet,
Peabody Picture Vocabulary
Test, Wechsler Intelligence
Scale for Children, Wechsler
Abbreviated Scale of Intelligence. Academic: WoodcockJohnson Tests of Achievement
Behaviour: Child Behaviour
Checklist, Youth Report
Behaviour Surveillance System

Cognitive: Bayley Scales of
Infant Development III.
Executive: a battery of four
tasks, and Behavior Rating
Inventory of Executive Function (Preschool version)
Vision: visual screening using
four assessment categories and
random-dot kinematograms of
varying coherence
Hearing: audiologic screening

2 years

5, 8, and
18 years

Neurodevelopmental tests

Age at
follow-up

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Adjustment
for potential
confounding

Included
in metaanalysis

Table 2. Risk of bias assessment

Author and date

Griffiths [22], 1971
Koivisto [20], 1972
Pildes [15], 1974
Haworth [14], 1976
Stenninger [21], 1998
Duvanel [17], 1999
Brand [16], 2005
Kerstjens [23], 2012
McKinlay [3], 2015
Kaiser [19], 2015
Goode [18], 2016
McKinlay [13], 2017

Domain
selection of
comparison
groups

confounding

ascertainment measurement
of exposures
of outcomes

missing data

uncertain
uncertain
low
uncertain
uncertain
uncertain
low
low
low
low
low
low

uncertain
uncertain
high
high
high
uncertain
uncertain
low
low
low
low
low

high
high
uncertain
low
low
uncertain
low
uncertain
low
low
uncertain
low

uncertain
low
high
uncertain
high
uncertain
high
uncertain
uncertain
uncertain
uncertain
uncertain

low
uncertain
low
low
low
uncertain
low
low
low
low
low
low

reporting of
results

low
uncertain
uncertain
low
low
uncertain
uncertain
low
uncertain
low
low
uncertain

Assessed using a modified version of the ROBINS-I tool for non-randomized studies of interventions [11].

Secondary Outcomes
In early childhood, those exposed to neonatal hypoglycaemia compared with those not so exposed had similar
rates of any cognitive impairment (3 studies, 746 infants,

15.4 vs. 15.9%; OR = 1.11, 95% CI = 0.73–1.69; p = 0.63;
I2 = 28%), mild cognitive impairment (3 studies, 746 infants, 12.8 vs. 13.7%; OR = 0.86, 95% CI = 0.55–1.35; p =
0.52; I2 = 61%) and moderate-severe cognitive impairment (3 studies, 746 infants, 2.6 vs. 2.1%; OR = 1.57, 95%
CI = 0.55–4.48; p = 0.40, I2 = 34%) [13, 20, 22]. Two of
these 3 studies were at high risk of bias in one or more
domains. The risk of epilepsy in early childhood did not
differ between those exposed and not exposed to neonatal
hypoglycaemia (4 studies, 772 infants, 4.2 vs. 2.1%; OR =
1.93, 95% CI = 0.76–4.85; p = 0.16, I2 = 0%) [13, 14, 20,
22]. Three of these 4 studies were at high risk of bias in
one or more domains. The risk of emotional-behavioural
difficulty did not differ between those exposed and not
exposed to neonatal hypoglycaemia (3 studies, 587 infants, 18.9 vs. 19.0%; OR = 1.00, 95% CI = 0.66–1.53; p =
0.98, I2 = 0%) [13, 14, 22]. One of these studies was at low
or uncertain risk of bias while 2 were at high risk of bias
in one or more domains. The risk of visual impairment in
early childhood did not differ between those exposed or
not exposed to neonatal hypoglycaemia (2 studies, 616
infants, 5.0 vs. 1.7%; OR = 2.14, 95% CI = 0.70–6.53; p =
0.18, I2 = 0%) [13, 20]. One of these studies was at high
risk of bias in one or more domains and contributed the
most data to the meta-analysis [20]. In 1 study, the rate of
hearing impairment in early childhood did not differ between those exposed or not exposed to neonatal hypoglycaemia (477 infants, 0 vs. 0.5%; OR = 0.23, 95% CI = 0.01–
5.76; p = 0.37) [13]. This study had a low to uncertain risk
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23]. No study was at low risk of bias across all domains.
Seven studies were small with fewer than 100 participants
and had very imprecise estimates of exposure effect.
Early Childhood (2–5 Years)
Primary Outcomes
The risk of neurodevelopmental impairment in early
childhood did not differ between those who were and
were not exposed to neonatal hypoglycaemia (6 studies,
1,657 infants; 25.8 vs. 16.6%; OR = 1.16, 95% CI = 0.86–
1.57; p = 0.34; I2 = 16%) [3, 13–16, 20, 23]. Four out of the
6 studies contributing data to this meta-analysis were at
high risk of bias in one or more domains (Table 2). In 2
studies, exposure to neonatal hypoglycaemia was associated with increased risk of visual-motor impairment (508
infants; 4.6 vs. 1.5%; OR = 3.46, 95% CI = 1.13–10.57; p =
0.03; I2 = 0%) [13, 14]. One of these studies was at high
risk of bias for confounding but contributed few data to
the meta-analysis [14]. In 1 study, there was an association between neonatal hypoglycaemia and executive dysfunction (463 infants; 10.6 vs. 4.7%; OR = 2.50, 95% CI =
1.20–5.22; p = 0.01). This study had a low to uncertain risk
of bias [13]. There were insufficient data to undertake the
planned sensitivity analyses.
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of bias. The risk of motor impairment in early childhood
did not differ between those who were and were not exposed to neonatal hypoglycaemia (4 studies, 777 infants,
17.5 vs. 17.8%; OR = 1.06, 95% CI = 0.70–1.60; p = 0.79,
I2 = 6%) [13, 14, 20, 22]. Three out of 4 of these studies
were at high risk of bias in one or more domains. One
study reported higher rates of low language/literacy in
those exposed to neonatal hypoglycaemia compared with
those not so exposed but results were imprecise and not
statistically significant (37 infants, 16 vs. 0%; OR = 5.23,
95% CI = 0.26–105.50; p = 0.28) [14]. This study had an
uncertain to high risk of bias. One study reported on rates
of cerebral palsy and found no difference between those
exposed and not exposed to neonatal hypoglycaemia (401
infants, 0.9 vs. 1.1%; OR = 0.81, 95% CI = 0.11–6.07; p =
0.84) [3]. This study was at a low to uncertain risk of bias.
None of the included studies reported on abnormal brain
imaging, highest education level, death or measures of
general health and health care utilization in early childhood.

study, those exposed to neonatal hypoglycaemia compared with those not so exposed had an increased risk of
low language/literacy (1,395 infants, 67.4 vs. 43.0%; OR =
2.04, 95% CI = 1.20–3.47; p = 0.008) [19] and low numeracy (1,395 infants, 53.9 vs. 34.0%; OR = 2.04, 95% CI =
1.21–3.44; p = 0.007) in mid-childhood [19]. This study
had a low to uncertain risk of bias.
None of the included studies reported on any cognitive
impairment, mild cognitive impairment, moderate-severe cognitive impairment, epilepsy, abnormal brain imaging, visual impairment, hearing impairment, highest
educational level, death, and measures of general health
and health care utilization in mid-childhood.

Quality of Evidence
For the primary outcomes in early childhood, the quality of evidence was either low or very low (Table 3). For
the selected secondary outcomes of any cognitive impairment, epilepsy, and low language/literacy, the quality of
evidence was also very low (Table 3).

Adolescence (12–18 Years)
None of the included studies reported on primary or
secondary outcomes in adolescence.

Mid-Childhood (6–11 Years)
Primary Outcomes
In 2 small studies, those exposed to neonatal hypoglycaemia compared with those not so exposed had a higher
risk of neurodevelopmental impairment (54 infants, 47.8
vs. 22.6%; OR = 3.62, 95% CI = 1.05–12.42; p = 0.04, I2 =
0%) [15, 21]. Both of these studies were at an uncertain to
high risk of bias in one or more domains. None of the included studies reported on visual-motor impairment or
executive dysfunction in mid-childhood. There were insufficient data to undertake the planned sensitivity analyses.

Neonatal hypoglycaemia is the most common metabolic condition in newborn infants [4] and has been associated with widespread changes in the developing brain
[24], yet the impact of neonatal hypoglycaemia on longterm neurodevelopment is widely debated [25]. We undertook this systematic review to determine the relationship between neonatal hypoglycaemia and neurodevelopment throughout childhood. We found low-quality
evidence that in early childhood (2–5 years) neonatal hypoglycaemia is associated with specific cognitive deficits,
including a two- to threefold increased risk of visual-motor impairment and executive dysfunction. In later childhood (6–11 years), we found low-quality evidence that
neonatal hypoglycaemia is associated with a twofold increased risk of literacy and numeracy problems, and very
low-quality evidence of an increased risk of general cognitive impairment. No data were available on outcomes
in adolescence.
Visual-motor integration is the coordination of visual
perception, the ability to extract and organize visual information from the environment, and motor skills, especially fine motor ones [26]. It allows the use of eyes and

Secondary Outcomes
In 1 study, the risk of emotional-behavioural difficulty
in mid-childhood was non-significantly increased in
those exposed to neonatal hypoglycaemia than those not
so exposed (28 infants, 30.8 vs. 6.7%; OR = 6.22, 95%
CI = 0.60–64.97; p = 0.13) but rates of motor impairment
were similar (28 infants, 15.4 vs. 13.3%; OR = 1.18, 95%
CI = 0.14–9.83; p = 0.88) [21]. This study had an uncertain
to high risk of bias in one or more domains. In another
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Quality of Evidence
For the primary outcome of neurodevelopmental impairment in mid-childhood the quality of the evidence
was very low (Table 3). For the selected secondary outcomes of low language/literacy and low numeracy, the
quality of the evidence was low (Table 3).

Discussion
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Table 3. GRADE summary of quality of evidence for effect of neonatal hypoglycaemia on neurodevelopmental

outcomes

Outcome

Exposure effect
OR (95% CI)

Participants
(studies)

Certainty/
quality of
evidence

Comments

Early childhood (2–5 years)
Neurodevelopmental
impairment

1.16 (0.86–1.57)

1,657 (6)

Very low

Initial level low. Downgraded as 4 studies were at high risk of bias in several
domains, and only 2 studies adjusted for
confounding

Visual-motor impairment

3.46 (1.13–10.57)

508 (2)

Low

Initial level low. Downgraded as results
were imprecise. Upgraded 1 level due to
large treatment effect

Executive dysfunction

2.50 (1.20–5.22)

463 (1)

Low

Initial level low. Downgraded as there
was only a single study. Upgraded 1 level
due to large treatment effect

Any cognitive impairment

1.11 (0.73–1.69)

746 (3)

Very low

Initial level low. Downgraded as two
studies were at high risk of bias, and
only one study adjusted for confounding

Epilepsy

1.93 (0.76–4.85)

772 (4)

Very low

Initial level low. Downgraded as 2 studies were at high risk of bias, results were
imprecise, and only 1 study adjusted for
confounding

Low language/literacy

5.23 (0.26–105.50)

37 (1)

Very low

Initial level low. Large treatment effect
but downgraded as there was only 1
study at high risk of bias with imprecise
results

Mid-childhood (6–11 years)
Neurodevelopmental
impairment

3.62 (1.05–12.42)

54 (2)

Very low

Initial level low. Large treatment effect
but downgraded as both studies were at
high risk of bias with imprecise results

Visual-motor impairment

–

–

–

No data

Executive dysfunction

–

–

–

No data

Any cognitive impairment

–

–

–

No data

Epilepsy

–

–

–

No data

Low language/literacy

2.04 (1.20–3.47)

1,395 (1)

Low

Initial level low. Downgraded as there
was only a single study. Upgraded 1 level
due to large treatment effect

Low numeracy

2.04 (1.21–3.44)

1,395 (1)

Low

Initial level low. Downgraded as there
was only a single study. Upgraded 1 level
due to large treatment effect

Evaluated using the GRADE approach [12].

hands in a coordinated and efficient way, enabling, for
example, one to perceive and copy shapes, letters, and
numbers. Thus, visual-motor integration is important for
learning and academic achievement including reading,
writing, and mathematics [27, 28].
The development of visual and motor systems is closely related [29], and coordination of visual-motor function

is thought to occur within the ventral and dorsal cortical
visual streams. The ventral stream supports form processing and object recognition, and includes the occipital
primary visual cortex and the inferior temporal lobe. The
dorsal stream is responsible for motion perception and
visually guided motor function and includes the occipital
primary visual cortex, middle temporal lobe, and poste-
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rior parietal lobe. In the neonatal period, these cortical
areas appear to be particularly susceptible to injury from
neuroglycopenia, possibly because of higher metabolic
activity [9, 30–32]. This provides a possible pathophysiological basis for the association between neonatal hypoglycaemia and impaired visual-motor integration in early
childhood.
Executive function is the collective capacity for problem-solving, planning, attention control, and goal-directed behaviour [33]. Children with impaired executive control have difficulty remembering and carrying out instructions, staying focused, and planning and monitoring
progress with a specific task, which can affect not only
daily activities but also learning. The prefrontal cortex is
responsible for the proper development of executive
function, and increased activation of this region is associated with better performance on executive function tasks,
as well as academic outcomes [34, 35]. The development
of the prefrontal cortex and executive capacity is continuous from childhood through adolescence and into early
adulthood [36, 37], and any abnormality in this region
can result in executive function difficulties. Although
neonatal hypoglycaemia has traditionally been associated
with posterior brain injury, recent studies have suggested
that its effects on the brain may be more widespread and
include the frontal cortex [24, 38], potentially interfering
with the normal development of executive capacity.
Demands on visual-motor and executive function increase with age, but we could not determine whether the
changes seen in early childhood after neonatal hypoglycaemia persist or worsen over time due to the lack of longer-term outcome data. However, the finding of a twofold
increased risk of literacy and numeracy problems in midchildhood suggests a trajectory of worsening function in
skills that are important for learning [39, 40]. The fact that
neonatal hypoglycaemia was associated with general cognitive impairment in mid-childhood but not in early
childhood supports this hypothesis. Importantly, this systematic review shows that tests of general development in
infancy are unlikely to adequately assess the effects of
neonatal hypoglycaemia on brain development. Thus, intervention studies will require longer-term end points, at
least into mid-childhood, including specific tests of visual-motor and executive function.
It is more than a decade since Boluyt et al. [7] conducted the first systematic review of neurodevelopmental
outcomes after neonatal hypoglycaemia. They concluded
that there were insufficient data to quantify the effect of
neonatal hypoglycaemia on neurodevelopment and provided recommendations about an optimal study design.
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Our systematic review identified 3 subsequent studies,
but only 1 that followed these recommendations [3, 13],
including prospective cohort design, nested randomized
trial of treatment, gold standard glucose measurements,
standardized neurodevelopmental assessment and sufficient sample size [7]. This is somewhat surprising given
the recognition of neonatal hypoglycaemia as a priority
research area and calls from the National Institute of
Child Health and Human Development for further highquality studies [1].
There are several differences between our systematic
review and that of Boluyt et al. [7]. We excluded case series because without contemporaneous controls it is not
possible to account for confounding, especially relating to
the reasons that babies were considered at risk of hypoglycaemia and socio-economic factors. We also excluded
studies that assessed outcomes at less than 2 years of age,
due to the limited predictive value of very early developmental assessment [41], and studies that primarily included infants with congenital hyperinsulinism. We assessed not only the methodological quality of individual
studies, but also the overall strength of the evidence for
key outcomes using the GRADE approach.
Even with optimal study design, several challenges remain in determining the effect of neonatal hypoglycaemia on later neurodevelopment. As with any cohort
study, the possibility of residual confounding cannot be
excluded. Although neuroglycopenia can cause irreversible brain injury, other mechanisms may underlie associations between episodes of hypoglycaemia and neurodevelopmental impairment. For example, genetic polymorphisms of ATP-dependent potassium channels could
affect both pancreatic β-cells and neuronal function [42].
In addition, the relationship between the severity, frequency, and duration of neonatal hypoglycaemic episodes and cerebral energy supply and utilization remains
unclear [43], and thus the best measure of exposure for
use in analyses is uncertain [25]. This is complicated by
different approaches to screening, diagnosis, and treatment of hypoglycaemia, making characterization of the
degree of exposure challenging. Further, masked continuous interstitial glucose monitoring has shown that the
burden of hypoglycaemia in the early newborn period
may be substantially greater than is detected by serial glucose measurements, even with frequent screening [3].
These undetected and thus untreated episodes may have
an important influence on long-term outcomes [13].
However, there are few data on the effect of different approaches to treatment on glucose concentrations after hypoglycaemia [44].
Shah/Harding/Brown/McKinlay

Limitations
A key limitation of this systematic review is that only
a limited number of studies were identified that met the
inclusion criteria, leading to imprecise estimates of effect,
and that data were not available for all prespecified outcomes at each epoch. There are several possible reasons
for this including the difficulty of recruiting large cohorts
around the time of birth, and the cost and complexity of
long-term neurodevelopmental follow-up throughout
childhood. Of note, only 3 of the included studies contributed data beyond 5 years of age [18, 21, 23]. Another
limitation is the lack of adjustment for potential confounding factors, with only half of the included studies
attempting to control for this potential source of bias. Finally, the description of hypoglycaemic management and
treatment targets was generally poor. This may be important, as there is emerging evidence both in animals and
humans that glucose reperfusion injury may exacerbate
oxidative stress associated with hypoglycaemia if the correction is too rapid or too high, even within the normal
glucose range [3, 45, 46].
Recommendations for Research
Studies are needed to determine the efficacy and costeffectiveness of different strategies for improving longterm outcomes in neonates born at risk of hypoglycaemia. Future studies should involve large prospective
cohorts with nested randomized trials of different approaches to treatment, or large randomized trials of different approaches to prevention or screening and diagnosis of hypoglycaemia in neonates considered at risk. All

studies require the use of gold standard glucose assay
methods [25, 47] and long-term follow-up at least to
school age, with attention to visual-motor and executive
function, and educational achievement. Consideration
should be given to the use of masked continuous glucose
monitoring to aid in the interpretation of study results,
although retrospective point-to-point recalibration
against all laboratory blood glucose values is important
for accurate interstitial measurements in babies [48].
Conclusion

This systematic review found that neonatal hypoglycaemia is associated with a two- to threefold increased
risk of specific cognitive deficits in early childhood (2–5
years), including visual-motor impairment and executive
dysfunction, and general cognitive impairment and literacy and numeracy problems in later childhood (6–11
years). Although the overall quality of evidence was low
to very low, this review nevertheless suggests that neonatal hypoglycaemia may have important long-lasting adverse effects on neurodevelopment. Carefully designed
intervention trials are needed to determine the optimal
management of neonates at risk of hypoglycaemia to improve long-term outcomes.
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OBJECTIVES: To determine neurodevelopmental outcomes at 3 years of age in children born

with a birth weight (BW) of ≤500 g.

abstract

METHODS: Infants who were born with a BW of ≤500 g from 2003 to 2012 in the Neonatal
Research Network of Japan and survived to discharge from the NICU were eligible in this
study. The study population consisted of 460 children (56.7% of 811 surviving infants)
who were evaluated at 36 to 42 months of age. Neurodevelopmental impairment (NDI)
was defined as having cerebral palsy, visual impairment, hearing impairment, or a
developmental quotient score of <70.
RESULTS: The overall proportion of NDI was 59.1% (95% confidence interval [CI]:

54.6%–63.5%). The trend revealed no significant change during the study period.
In a multivariate modified Poisson regression analysis, NDI was associated with severe
intraventricular hemorrhage (adjusted risk ratio [RR]: 1.42; 95% CI: 1.19–1.68; P < .01),
cystic periventricular leukomalacia (adjusted RR: 1.40; 95% CI: 1.13–1.73; P < .01), severe
necrotizing enterocolitis (adjusted RR: 1.31; 95% CI: 1.07–1.60; P < .01), surgical ligation
for patent ductus arteriosus (adjusted RR: 1.29; 95% CI: 1.09–1.54; P < .01), and male sex
(adjusted RR: 1.19; 95% CI: 1.01–2.40; P = .04).

CONCLUSIONS: This cohort showed that neurodevelopmental outcomes of infants with a BW of

≤500 g have not improved from 2003 to 2012. Multivariate analysis revealed that severe
intracranial hemorrhage and cystic periventricular leukomalacia were the strongest
risk factors for NDIs. Our data suggested that measures aimed at reducing neurologic
morbidities will be important for improving outcomes of infants with a BW of ≤500 g.
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Advances in perinatal and neonatal
intensive care have improved
the survival rate of periviable, or
extremely preterm, infants near the
limit of viability.1– 3 On the other
hand, researchers in recent studies
have reported decreasing,4
unchanged,5 or increasing rates6,7
in neurodevelopmental disabilities
among periviable infants who
survive compared with previous
decades. These variable data lead
to a concern that increased survival
may come at the cost of later
neurodevelopmental disabilities
among survivors.8 Thus, providing
accurate data on both mortality
and long-term neurodevelopmental
outcomes is important for families
and professionals in neonatal care
in making appropriate decisions for
these high-risk infants.9

Gestational age (GA) and birth weight
(BW), alone or combined, are the
critical factors that affect the survival
rate of extremely preterm and
small infants.9– 11
 Early ultrasound
assessment provides an accurate
estimation of GA in most cases, but
it is also known to cause an error
as high as ±15%.12 On the other
hand, BW is a direct measurement of
the body size of offspring. We have
recently shown favorable results of
survival rates for infants with a BW of
≤500 g in Japan, whereas in-hospital
morbidity rates have remained high
in the last decade.13 We extended
this study because the long-term
outcomes of the infants with a BW of
≤500 g were currently unavailable.
In the current study, we investigate
neurodevelopmental outcomes at 3
years of age for surviving children
born with a BW of ≤500 g using the
nationwide cohort database in Japan.

METHODS
Study Population and Data Collection
The Neonatal Research Network of
Japan (NRNJ) database prospectively
registered all of the clinical
information of infants with a BW
78

of ≤1500 g admitted to the 204
participating NICUs, accounting for
54.3% of 376 secondary and tertiarylevel NICUs in Japan. The participants
in this study were born between
January 1, 2003, and December 31,
2012. Decisions regarding the pursuit
of active treatment versus comfort
care were made by neonatologists
on the basis of fetal information, the
status of the infants at birth, and their
communications with the parents.
In general, attending neonatologists
attempt to save the lives of neonates
at a GA of ≥23 weeks, and this
principle has not changed during the
study period. The perinatal data were
collected as previously described.13
Children who were born with a BW
of ≤500 g and survived to discharge
from the NICU were included in
this study. We excluded the infants
who had died in the operating or
delivery room before admission to
the NICU, those transferred to other
hospitals, those born at a GA of <22
weeks, and those without available
records of mortality during the
NICU stay. Chorioamnionitis was
diagnosed clinically. Antenatal use
of corticosteroids was defined as the
administration of corticosteroids
to the mother at any time before
delivery. In most cases, GA was
calculated from the date of the
last menstrual period and verified
by the fetal crown-rump length
on ultrasonography in the first
trimester. However, their menstrual
histories or ultrasonographic
findings were not recorded in the
database. Small for gestational age
(SGA) and severely SGA were defined
as a BW but not intrauterine fetal
weight of less than the 10th and third
percentiles for the GA, respectively.14
Major congenital abnormalities
were defined as chromosomal
abnormalities, congenital heart
defects, intestinal atresia, renal
hypoplasia, skeletal dysplasia, and
inborn errors of metabolism. Nitric
oxide inhalation was applied for
pulmonary hypertension. Systemic
postnatal corticosteroid was used to

treat bronchopulmonary dysplasia
(BPD) or refractory hypotension.
Moderate to severe BPD was defined
as the need for supplemental oxygen
or positive pressure at 36 weeks’
postmenstrual age.15 Treatment with
indomethacin or surgical ligation
was conducted for closures of patent
ductus arteriosus (PDA) diagnosed
clinically and by echocardiography.
Severe intraventricular hemorrhage
(IVH) was defined as grade III or IV.16
Cystic periventricular leukomalacia
(cPVL) was diagnosed by cranial
ultrasound or head MRI. Sepsis
was defined as culture-proven
septicemia or bacteremia during
the NICU stay. Severe necrotizing
enterocolitis (NEC) was defined as
pneumoperitoneum or Bell stage
≥2.17 Retinopathy of prematurity
(ROP) was coded if treatment was
required with laser coagulation or
cryocoagulation. This study was
approved by the Internal Review
Board of Tokyo Women’s Medical
University. Written informed consent
was obtained from the parents or
guardians of all infants in the NRNJ.

Outcomes and Neurodevelopmental
Assessments

Our primary objective in
this study was to determine
neurodevelopmental impairment
(NDI) in surviving children with
a BW of ≤500 g at 3 years of age.
NDI was defined as the following
conditions: cerebral palsy (CP),
visual impairment, hearing
impairment, or cognitive impairment.
Comprehensive neurodevelopmental
and growth assessments were
performed on the surviving children
at 36 to 42 months of chronological
age at each participating institute.
According to the protocol of the
Japanese Society for Follow-up Study
of High-Risk Infants,18 the postnatal
development and growth of the
surviving children were assessed
at 18 months of corrected age and
at 3, 6, and 9 years of chronological
age. During these periods, parents
were advised to follow periodic
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check-ups for their children. CP
was defined as a nonprogressive
central nervous system disorder
characterized by abnormal muscle
tone in at least 1 extremity and
abnormal control of movement and
posture,19 and it was diagnosed by
board-certified pediatricians who
specialize in child neurology. Visual
impairment included unilateral
or bilateral blindness or severe
myopia requiring corrective lenses
diagnosed by ophthalmologists.
Hearing impairment was diagnosed
by otolaryngologists when serial test
results indicated the loss of auditory
functions. Cognitive impairment was
defined as a developmental quotient
(DQ) score of <70 with the Kyoto
Scale of Psychological Development,
a standard development-scoring
system written in Japanese.20 The
test was available at all participating
institutes and was performed
by certified psychologists who
were trained to assess childhood
development under blinding to
perinatal histories at each institute.21,22
Interscorer reliability was not
examined. According to the protocol,
developmental function was
categorized as delayed (DQ <70),
subnormal (DQ 70–84), and normal
(DQ ≥85). No disability was defined
as a DQ score of ≥85 with no CP or
visual or hearing impairment. Height,
weight, head circumference (HC), and
BMI SD scores were calculated by
using Japanese reference values for
sex and age.23,24


Statistical Analyses

Data were analyzed by using JMP
11.0 (SAS Institute, Inc, Cary, NC)
and Stata 14.2 (Stata Corp, College
Station, TX). Results with a 2-sided
P value of <.05 were considered
significant. Continuous and
categorical variables were compared
by using Wilcoxon rank sum tests and
χ2 tests, respectively. The CochranArmitage test was used to assess
temporal trends. Risks of NDI were
calculated with modified Poisson

FIGURE 1

Patient enrollment. Our study population consisted of all children with a BW of ≤500 g and GA of ≥22
weeks who survived from the affiliated NICUs. VLBW, very low birth weight.

regression analysis.25 We included
in the regression model all factors of
neonatal characteristics, in-hospital
interventions, and neonatal
morbidities from univariate analysis
with a P value of <.2. Adjusted risk
ratios (with 95% confidence intervals
[CIs]) were calculated.

RESULTS
Clinical Characteristics
A total of 1613 live-born infants with
a BW of ≤500 g were registered in
the NRNJ database.13 Of these, the
following infants were excluded:
44 infants who were not admitted
to the NICU, 71 infants who were
transferred to other hospitals, 3
infants born at a GA of <22 weeks,
and 22 infants without records of
mortality status. Of 1473 live-born
infants with a BW of ≤500 g at a GA
of ≥22 weeks who were treated in
the NICUs, 662 infants were excluded
because of death during the NICU
stay. Consequently, 811 children

discharged from 113 NICUs were
considered eligible to participate
in a follow-up evaluation at age 3
years. These children were born at
a median GA of 24 6/7 (range: 22
0/7–33 2/7) weeks and BW of 462
(267–500) g. The study population
finally consisted of 460 children
(56.7%) in 78 NICUs who had
recorded data of NDI at 3 years of
age (median 37 months; Fig 1). The
NRNJ database includes information
concerning visual and hearing
impairments (presence or absence)
for 442 (96.1%) and 393 (85.4%)
children, respectively. Drop-off
children included 323 who were lost
during the follow-up period and 28
whose follow-up data were missing
at age 3 years.

To determine if the study population
represented the whole eligible
population, baseline characteristics
from the study population (n =
460) were compared with the
nonevaluated children (n = 351;
Table 1). There were significant but
small differences in the proportions
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TABLE 1 Demographics for Surviving Infants With a BW of ≤500 g

Maternal
Age ≥35 y
Singleton
Clinical chorioamnionitis
Antenatal corticosteroids
Cesarean delivery
Neonatal
GA, wk
BW, g
SGA
Severely SGA
Boy
Apgar score ≥4 at 5 min
Major congenital abnormalities
In-hospital interventions
Surfactant
High-frequency ventilation
Inhaled nitric oxide
Indomethacin
Postnatal corticosteroids
Antibiotics
Neonatal morbidities
Any of the following morbidities
Moderate to severe BPD
PDA ligation
Severe IVH
cPVL
Sepsis
Severe NEC
Treatment of ROP

Study Population,
N = 460

Not Evaluated, N = 351

P

140 of 432 (32.4)
413 of 460 (89.8)
83 of 450 (18.4)
232 of 458 (50.7)
359 of 459 (78.2)

122 of 340 (35.9)
310 of 344 (90.1)
48 of 331 (14.5)
178 of 345 (51.6)
268 of 345 (77.7)

.31
.88
.15
.79
.86

24 6/7, 22 0/7–32 2/7
462, 276–500
342 of 460 (74.3)
298 of 460 (64.8)
187 of 460 (40.7)
385 of 447 (86.1)
11 of 460 (2.4)

24 6/7, 22 0/7–33 2/7
462, 267–500
259 of 351 (73.8)
223 of 351 (63.5)
158 of 351 (45.0)
282 of 334 (84.4)
2 of 350 (0.6)

.79
.96
.86
.71
.21
.51
.04

371 of 457 (81.2)
313 of 453 (69.1)
40 of 443 (9.0)
319 of 458 (69.7)
247 of 392 (63.0)
384 of 452 (85.0)

266 of 341 (78.0)
211 of 340 (62.1)
31 of 332 (9.3)
243 of 344 (70.6)
182 of 300 (60.7)
306 of 341 (89.7)

.27
.04
.88
.76
.53
.047

365 of 454 (80.4)
255 of 450 (56.7)
65 of 458 (14.2)
30 of 456 (6.6)
18 of 457 (3.9)
92 of 457 (20.1)
35 of 460 (7.6)
225 of 452 (49.8)

283 of 342 (82.7)
197 of 335 (58.8)
39 of 343 (11.4)
31 of 341 (9.1)
13 of 344 (3.8)
71 of 344 (20.6)
30 of 351 (8.5)
157 of 339 (46.3)

.40
.55
.24
.19
.91
.86
.63
.33

Data presented as the number, number with available information (percentage), or as the median and range. P values are
obtained by using the Wilcoxon rank-sum test (continuous variables) and χ2 test (dichotomous variables).

of major congenital abnormalities,
high-frequency ventilation, and
antibiotics use.

Outcomes

We analyzed neurodevelopmental
and growth outcomes of the study
population (n = 460) and compared
these profiles between the subgroups
with BWs of ≤400 g (n = 65) and 401
to 500 g (n = 395; Table 2). The GA
did not differ between the BW ≤400 g
(median: 25 0/7 weeks; range:
22 0/7–30 2/7 weeks) and 401 to
500 g (24 6/7 weeks, 22 0/7–32
2/7 weeks) groups (P = .09). The
overall proportion of NDI was 59.1%
(95% CI: 54.6%–63.5%), whereas
this rate was not different between
the 2 subgroups. We classified 113
NICUs into the following 4 categories
according to the number of livedischarged infants (n = 811): <5
80

(n = 110 in 52 NICUs), 5 to 10 (267 in
36), 11 to 20 (219 in 16), and ≥21
(215 in 9). The proportions of NDI
in the study population (n = 460)
were not different among these 4
categories (69.6%, 52.4%, 62.6%,
and 57.3%, respectively; P = .14). The
DQ scores were missing in 20 (4.3%)
of 460 eligible subjects. Children with
a BW of 401 to 500 g had a lower
proportion of cognitive impairment
than those with a BW of ≤400 g,
whereas other neurodevelopmental
outcomes did not differ between
them. Overall, 80 children (17.4%)
of the 460 subjects had no disability.
Among 375 children who had
information on disabilities, 101
(26.9%), 57 (15.2%), 28 (7.5%), and
1 (0.3%) had a single, double, triple,
and full disabilities, respectively
(Supplemental Table 6). The profiles
of 3 children with a BW of ≤300 g

are shown in Supplemental Table
7. NDI and no disability remained
unchanged in their prevalence (P =
.70 and .78 for trend, respectively; 
Fig 2). The proportions of children
with <−2 SDs of weight, height,
HC, and BMI were 69.9%, 69.6%,
40.6%, and 42.9%, respectively
(Table 2). There was no difference
in anthropometric measurements
between the BW subgroups.

Factors Associated With NDI

In Table 3, we present the perinatal
and neonatal characteristics of
children with NDI (n = 272) and
non-NDI (n = 188). The median
GA (24 4/7 weeks) of children
with NDI was lower than that of
children with non-NDI (25 2/7
weeks; P = .04). The children with
NDI included significantly higher
proportions of boys and all neonatal
morbidities. Other characteristics
such as BW, SGA, severe SGA,
congenital abnormalities, and
in-hospital interventions did not
differ between them. Multivariate
regression analysis revealed that
NDI was significantly associated with
severe IVH, cPVL, severe NEC, PDA
ligation, and male sex (Table 4). We
found the essentially same relations
between the clinical variable and risk
for developing multiple disabilities
(Supplemental Table 8). Among 442
children without severe IVH or cPVL,
256 (57.9%) infants developed NDI.
Anthropometric data revealed that
47.4% (82 of 173) of children with
NDI had an HC of <−2 SDs, which
was higher than that (29.5%, 31 of
105) of children with non-NDI (P <
.01). Proportions of weight <−2 SDs
(children with NDI: 72.3% [159 of
220] vs non-NDI: 66.2% [96 of 145];
P = .22), height <−2 SDs (72.8% [163
of 224] vs 64.9% [96 of 148]; P = .10),
and BMI <−2 SDs (43.7% [83 of 190]
vs 41.7% [50 of 120]; P = .73) did not
differ between the 2 groups. Among
113 children with an HC of <−2 SDs,
12 (10.6%) and 10 (8.8%) had severe
IVH and cPVL, respectively.
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TABLE 2 Outcomes of Survivors With a BW of ≤500 g at 3 Years of Age
Outcomes
NDI
CP
Visual impairment
Hearing impairment
Cognitive impairment
No disability
Anthropometric measurements
Body wt <−2 SDs
Body length <−2 SDs
HC <−2 SDs
BMI <−2 SDs

Total, N = 460
na
272 of 460
100 of 451
94 of 442
17 of 393
212 of 440
80 of 460
255 of 365
259 of 372
113 of 278
133 of 310

≤400 g, N = 65

% (95% CI)

na

59.1 (54.6–63.5)
22.2 (18.6–26.2)
21.3 (17.7–25.3)
4.3 (2.7–6.8)
48.2 (43.5–52.8)
17.4 (14.2–21.1)

44 of 65
18 of 62
16 of 62
3 of 52
37 of 61
8 of 65

69.9 (65.0–74.3)
69.6 (64.8–74.1)
40.6 (35.0–46.5)
42.9 (37.5–48.5)

42 of 56
44 of 57
18 of 38
26 of 48

401–500 g, N = 395

P

%

na

%

67.7
29.0
25.8
5.8
60.7
12.3

228 of 395
82 of 389
78 of 380
14 of 341
175 of 379
72 of 395

57.7
21.1
20.5
4.1
46.2
18.2

.13
.16
.35
.58
.04
.24

75.0
77.2
47.4
54.2

213 of 309
215 of 315
95 of 240
107 of 262

68.9
68.3
39.6
40.8

.36
.18
.36
.09

NDI is defined as any of the following: CP, visual impairment, hearing impairment, or cognitive impairment. Cognitive impairment is defined as a DQ score of <70. No disability is defined as
a DQ score of ≥85 with no CP or visual or hearing impairment. P values are obtained by using the χ2 test.
a Number or number with available information.

FIGURE 2

Neurodevelopmental outcomes at 3 years of age in children with a BW of ≤500 g. Trends in the
proportions of NDI (solid line) and no disability (dotted line) in children with BWs of ≤500 g during
the 10 years of the study period (2003–2012) are represented by regression lines. The number of
infants per year is shown below the graphic chart.

DISCUSSION
In our nationwide cohort, the overall
proportion of NDI at age 3 years
for surviving children with a BW
of ≤500 g born from 2003 to 2012
was estimated to be 59.1% (95%
CI: 54.6%–63.5%). The proportions
of children with NDI as well as no
disability remained unchanged over
the 10 years of the study period.
Multivariate analysis revealed that
NDI was significantly associated with
severe IVH, cPVL, severe NEC, PDA
ligation, and male sex.

We reviewed the studies on the longterm outcomes of surviving infants
born with a BW of ≤500 g using the
PubMed database (Table 5).26– 30
 The
prevalence of neurodevelopmental
outcomes varied considerably in
these reports. One of the reasons
for the variable results is that each
study used its own respective
scale for neurologic assessments.
For example, Vohr et al28 defined
normal neurologic examination as
no abnormalities in the physical
assessments, and Keir et al30 defined
no or minimal disability as a DQ

of >1 SD. Cognitive impairment
was assessed with the StanfordBinet Intelligence Scale,26 Bayley
Scales of Infant Development-II,28
Kaufmann Assessment Battery for
Children,29 or an unknown scale.30
This heterogeneity has limited
the direct comparison of data on
neurodevelopmental outcomes
across studies. The variability
may also be related to population
coverage (single institute versus
nationwide cohort), health insurance
system (universal versus private),
and socioeconomic conditions.
A universal health care system, which
is available in Japan and Canada
but not in the United States, may
provide equal access to medical
care for all the eligible newborns
irrespective of socioeconomic status.
Different ethnicity and homogeneous
(Japan and Germany) or diverse
ethnic backgrounds (United States
and Canada) might be also critical
for their neurodevelopmental
outcomes.9,28,
 31,32
 However,
neurodevelopmental outcomes
among infants with a BW of
≤500 g seem not to improve over
the 3 decades.

Brain injury is a risk for
neurodevelopmental sequelae.31,33

We confirmed that severe IVH
and cPVL had great impact on
neurodevelopmental outcomes
among selected variables. As we
previously reported,13 unchanged
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TABLE 3 Characteristics for NDI and Non-NDI Survivors With a BW of ≤500 g at 3 Years of Age
Characteristics
Maternal
Age ≥35 y
Singleton
Clinical chorioamnionitis
Antenatal corticosteroids
Cesarean section
Neonatal
GA, wk
BW, g
SGA
Severely SGA
Boy
Apgar score ≥4 at 5 min
Major congenital abnormalities
In-hospital interventions
Surfactant
High-frequency ventilation
Inhaled nitric oxide
Indomethacin
Postnatal corticosteroids
Antibiotics
Neonatal morbidities
Any of the following morbidities
Moderate to severe BPD
PDA ligation
Severe IVH
cPVL
Sepsis
Severe NEC
Treatment of ROP

NDI, N = 272

Non-NDI, N = 188

P

78 of 258 (30.2)
242 of 272 (89.0)
53 of 266 (19.9)
138 of 271 (50.9)
207 of 272 (76.1)

62 of 174 (35.6)
171 of 188 (91.0)
30 of 184 (16.3)
94 of 187 (50.3)
152 of 187 (81.3)

.24
.49
.33
.89
.19

24 4/7, 22 0/7–32 2/7
456, 276–500
199 of 272 (73.2)
170 of 272 (62.5)
124 of 272 (45.6)
218 of 261 (83.5)
6 of 272 (2.2)

25 2/7, 22 0/7–29 3/7
467, 286–500
143 of 188 (76.1)
128 of 188 (68.1)
63 of 188 (33.5)
167 of 186 (89.8)
5 of 188 (2.7)

.04
.14
.48
.22
<.01
.06
.75

222 of 272 (81.6)
189 of 269 (70.3)
25 of 265 (9.4)
191 of 272 (70.2)
155 of 236 (65.7)
234 of 270 (86.7)

149 of 185 (80.5)
124 of 184 (67.4)
15 of 178 (8.4)
128 of 186 (68.8)
92 of 156 (59.0)
150 of 182 (82.4)

.77
.52
.72
.75
.18
.22

233 of 270 (86.3)
165 of 268 (61.6)
48 of 272 (17.6)
28 of 271 (10.3)
16 of 271 (5.9)
64 of 272 (23.5)
28 of 272 (10.3)
150 of 270 (55.6)

132 of 184 (71.7)
90 of 182 (49.5)
17 of 186 (9.1)
2 of 185 (1.1)
2 of 186 (1.1)
28 of 185 (15.1)
7 of 188 (3.7)
75 of 182 (41.2)

<.01
.01
.01
<.01
<.01
.03
<.01
<.01

Data presented as the number, number with available information (percentage), or as the median and range. P values are
obtained by using the Wilcoxon rank-sum test (continuous variables) and χ2 test (dichotomous variables).

TABLE 4 Factors Related to NDI in Infants With a BW of ≤500 g at 3 Years of Age
Severe IVH
cPVL
Severe NEC
PDA ligation
Boy
Moderate to severe BPD
Apgar score ≤3 at 5 min
Treatment of ROP
Postnatal corticosteroids
Sepsis
GA (per wk)
BW (per 100 g)

Crude RR (95% CI)

P

Adjusted RR (95% CI)

P

1.64 (1.44–1.86)
1.53 (1.28–1.84)
1.39 (1.16–1.68)
1.30 (1.09–1.53)
1.22 (1.05–1.42)
1.23 (1.04–1.44)
1.22 (1.02–1.48)
1.26 (1.08–1.47)
1.12 (0.94–1.34)
1.22 (1.04–1.44)
0.97 (0.93–1.01)
0.86 (0.74–1.00)

<.01
<.01
<.01
<.01
<.01
.01
.03
<.01
.19
.02
.09
.06

1.42 (1.19–1.68)
1.40 (1.13–1.73)
1.31 (1.07–1.60)
1.29 (1.09–1.54)
1.19 (1.01–1.40)
1.20 (0.99–1.45)
1.10 (0.88–1.37)
1.09 (0.93–1.29)
1.08 (0.91–1.29)
1.05 (0.88–1.26)
1.01 (0.97–1.06)
0.92 (0.78–1.07)

<.01
<.01
<.01
<.01
.04
.06
.40
.29
.38
.58
.63
.27

Risk ratios and P values are obtained from univariate and multivariate modified Poisson regression analyses. Multivariate
analyses include 372 subjects for whom clinical variables are completely available, and adjusted risk ratios are obtained
after adjusting for all covariates listed here. RR, risk ratio.

morbidities of brain injury among
infants with a BW of ≤500 g
might underlie the unimproved
neurodevelopmental outcomes
during the 10 years of our study
period. cPVL, a severe form of
cerebral white matter injury,
has been observed in a small

82

portion of very preterm infants.
By contrast, noncystic or diffuse
periventricular leukomalacia is a
predominant form of brain lesion
and is not readily detected by
neuroimaging.33 Therefore, early
detection and prevention of white
matter injuries will be the next

targets to control in perinatal
medicine.

HCs of <−2 SDs at age 3 years
were significantly associated with
NDI in this study, as previously
reported.34 HC can be considered a
proxy for brain volume,35 and head
growth is affected by nutritional
and nonnutritional factors.34 Diffuse
periventricular leukomalacia is
associated with volumetric deficits
of the cerebral cortex and thalamus
and delayed cortical maturation.33
These findings support the
ongoing need for more extensive
investigations into whether the
children’s postnatal nutrition
and/or environmental distress,
besides perinatal brain injury, are
associated with their small HC.

We have recently reported that the
survival rate of infants with a BW
of ≤500 g has greatly improved
from 2003 to 2012 in Japan.13
Their survival was associated with
several factors, including higher
GA and BW, and the increasing rate
of antenatal steroids and cesarean
delivery contributed to improving
their survival rate.13 Notably, these
advantageous factors were not
shown to reduce the risk of NDI for
survivors with BWs of ≤500 g. The
combined outcomes of mortality
or morbidity can be determined
for all births or live births and are
associated with GA and BW.9–11

However, neurologic outcomes can
only be determined for survivors to
the age of the follow-up assessment.
Thus, analysis of NDI might mask
the effects of GA or BW.32 The
dissociated results are inevitable
because severely affected infants
are at high risk for death before
discharge. Moreover, attrition in this
study might reduce the power to
detect effects of GA or BW. Because
we selected surviving infants as
eligible subjects, we were able to add
variables of in-hospital interventions
and neonatal complications in
the current study. Consequently,
severe IVH and cPVL were identified
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17.4
2003–2012

2005–2010

1998–2001

1993–1994

1989–2009

This study

29

28

27

26

nd, not described.
a Number of live-born infants who are admitted to NICUs.
b Neurodevelopmental outcomes data are expressed as the percentage of evaluated infants. Note that the definitions of each outcome are different in each study.
c Number of surviving and evaluated infants.
d Follow-up rates are expressed as percentages and calculated by dividing the number of surviving and evaluated infants by the total number of survivals to discharge from NICUs.
e Data are expressed as percentages of surviving and evaluated infants.
f Data are expressed as percentages of all surviving infants.
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56.7
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3
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21.3
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11.1
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9

64.3
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3

88.9

33.3

22.2

33.3
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94.7

5

52.6

36.8
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41.2
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7.1
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28.6

21.4
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22.7
2
72.1
44

90.2f
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113
≤500 g
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401–500 g
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72.2

94.4f

69.2

46.2

15.3
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No Disability
Cognitive
Impairment
Hearing
Impairment
Visual
Impairment
CP
nc

Follow-up
Rated

SGAe

Age at
Evaluation, y

NDI

Neurodevelopmental Outcomesb
Population na
Year of Birth
Location (Type of Study)
Ref. No.

TABLE 5 Neurodevelopmental Outcomes of Infants With a BW of ≤500 g

among the survivors with BWs of
≤500 g as the highest risk factors
for NDI but not GA, BW, or obstetric
intervention. Given the improving
survival rates13 and the unchanged
neurodevelopmental outcomes,
the number of both survivors with
NDI and those without apparent
disabilities were likely to increase
in Japan. Nonetheless, these data
provide useful information to guide
the treatment of extremely small
infants and social consensus, which is
a goal of future research.

This study has several limitations.
First, the follow-up rate was 56.7%.
Because of the low follow-up rate,
we failed to count the number of
infants who died after discharge.
In fact, the rates in drop-off were
commonly high (30%–36%) in
previous NRNJ studies.21,22
 One of
the reasons might be that not all
infants were followed-up at the
same hospitals from which they
were discharged. Therefore, their
follow-up data were not recovered to
a level comparable to those in former
reports from other countries. Three
perinatal parameters (congenital
abnormalities, high-frequency
ventilation, and antibiotics use)
revealed significant differences
between the study population and
the nonevaluated survivors (Table 1).
Two of these differences suggest
the study population is sicker than
the population without follow-up;
therefore, the rate of NDI may be
overestimated for the former. Second,
there is no information on receiving
the mode of active treatment.
Therefore, neurodevelopmental
outcomes in this study might be
better than those for all births or
live births. The third limitation is
the lack of comparison with termborn infants, which may introduce
expectation bias. However, the NDI
rate at age 3 years in this study was
higher than those of children with
a BW of >500 g (501–750 g, 36.3%;
751–1000 g, 20.1%) in a previous
NRNJ study.21 Lastly, other
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prognostic factors for
neurodevelopmental disability
such as parental education level,
erythropoietin treatment, aggressive
nutritional support, and specific
strategies of ventilation and steroids
administration32 were not analyzed.
Identifying the key environmental
factors among these variables will
further unveil the potential targets
of intervention for extremely small
infants.

CONCLUSIONS
Neurodevelopmental outcomes in
early childhood among surviving
infants with a BW of ≤500 g did
not improve in a recent decade.
In this large-population study, we
verified that perinatal brain injury
was an unfavorable risk factor for
NDI. Changes in medical management
that are able to ameliorate brain
injury would be expected to reduce
adverse neurodevelopmental
burdens for extremely small
infants.
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Abstract
Objective To determine the socioeconomic gradient of
birthweights in England with reference to the prescriptive
INTERGROWTH-21st Birthweight Standard.
Design National cross-sectional study using data from
Hospital Episode Statistics.
Setting National Health Service in England.
Participants All singleton babies, live born between 34
weeks’ gestation and 42 weeks’ gestation, between 1
April 2011 and 31 March 2012.
Main outcome measures Birthweight distribution
of babies with a birthweight of <10th centile or >90th
centile, that is, small for gestational age (SGA) or
large for gestational age (LGA) using Index of Multiple
Deprivation quintiles as a proxy for socioeconomic status.
Results Of 508 230 babies born alive between 1 April
2011 and 31 March 2012, 38 838 (7.6%) were SGA
and 81 026 (15.9%) were LGA. Median birthweight was
3405 g, median z-score was 0.25 (SD 1.06). Birthweight
z-score demonstrated a social gradient, from 0.26 (SD
1.1) in the most deprived areas to 0.53 (1.0) in the least
deprived. Women in the most deprived areas were twice
as likely to have SGA babies using the INTERGROWTH21st chart (OR 1.94; 95% CI 1.87 to 2.01) compared
with those in the least deprived areas. If all women had
the same rate of SGA equivalent to those living in the
least deprived areas, approximately 12 410 (30%) fewer
babies would be born SGA in England each year.
Conclusions This study gives a measure of the social
gradient in singleton SGA and LGA babies across
England using an international standard of newborn size
at birth.

Introduction
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Size at birth indicates the quality of the intrauterine
environment and identifies babies born at greater
risk of adverse immediate and future outcomes.
Being born small for gestational age (SGA) increases
the risk of perinatal mortality,1 2 infections in childhood3 and has been linked to lifelong disparities in
cardiovascular and metabolic health,4 shorter adult
stature5 and decreased economic productivity.6
Being born large for gestational age (LGA) places
both mother and baby at higher risk of complications during birth, such as shoulder dystocia and
caesarean section,7 and in some populations has
been associated with childhood overweight and
obesity.8 9

What is already known on this topic?
►► Low birthweight for gestational age, which

is associated with adverse short-term and
long-term health outcomes, is more common
in women from a lower socioeconomic
background.

What this study adds?
►► Large regional differences in birthweight

exist across England with evidence of a social
gradient.
►► Women living in the most deprived areas of the
country are most likely to have low birthweight
babies across all gestational ages and more
small for gestational age babies.
►► The mean birthweight of babies born in England
is greater than the optimal international
standard.
In 2014, the INTERGROWTH-21st Consortium
published the first prescriptive, international standards for fetal growth10 and newborn size at birth
(weight, length and head circumference) for gestational age and sex,11 based on WHO recommendations for the construction of such standards.12 The
standards describe optimal intrauterine growth and
size at birth for babies born to healthy, well-nourished women receiving adequate antenatal care
and living in environments across the world with
minimal constraints on growth. Under such conditions, babies grow similarly in utero and achieve a
similar size at birth irrespective of their mothers’
ancestry, skin colour or geographical location.13
The findings justify the use in routine clinical practice of a single set of international standards for
all populations around the world. As these standards perfectly complement the existing WHO
Child Growth Standards,14 there is now a unified
approach to measuring growth and development
from early pregnancy to childhood.15
Graded health inequalities are present throughout
life. Ensuring a healthy start to life was a key policy
objective in the 2010 report Fair Society, Healthy
Lives (the Marmot Review).16 The report emphasised interventions aimed only at the most deprived
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Table 1

Distribution of birthweights
Birthweight (grams)

Exposure

Total babies

Median

SD

Z-score

SD of z-score

Centile

Gestational age at birth (completed weeks)
 34

3563

2240

472

−0.12

1.11

45

 35

5676

2495

465

−0.11

1.10

46

 36

11 240

2720

483

−0.049

1.14

48

 37

26 081

2950

470

0.041

1.11

52

 38

65 426

3175

463

0.20

1.09

58

 39

118 857

3340

443

0.23

1.03

59

 40

149 799

3490

444

0.29

1.03

61

 41

105 900

3640

454

0.36

1.04

64

 42

21 688

3710

473

0.32

1.08

62

 1

72 750

3480

498

0.40

1.01

65

 2

79 070

3455

509

0.35

1.03

64

 3

92 343

3430

513

0.30

1.05

62

 4

116 087

3400

520

0.22

1.06

59

 5

147 980

3340

527

0.11

1.08

54

508 230

3405

518

0.25

1.06

60

Deprivation quintile

Total

in society will miss many others who could also benefit from
better health outcomes. It is known that birthweight displays
a social gradient,17–20 although many studies have failed to
consider preterm babies (born less than 37 weeks’ gestation)
separately from those that are born small because of impaired
fetal growth.
We aimed to determine the distribution of birthweights in
England and the proportion of babies born SGA and LGA using
the INTERGROWTH-21st BirthWeight Standard for gestational
age and sex, relative to the mother’s residential area as a marker
of her socioeconomic status.

Methods

The study was a retrospective analysis of routinely collected
national data on babies born in England between 1 April 2011
and 31 March 2012. Records were extracted from the Hospital
Episode Statistics (HES) database to identify all births that took
place in English National Health Service trusts (acute hospital
organisations) during the study period. The HES database
contains pseudonymised patient demographics, clinical information and administrative data for every inpatient episode of care.
Episodes related to labour and birth capture additional information, including the baby’s sex, gestational age in completed
weeks and birthweight, in supplementary data fields known as
the HES ‘maternity tail’. Birth records were identified as any
episode containing information about the mode of birth in either
the procedure field (OPCS-4 codes R17–R25) or the maternity
tail.
The study was limited to singleton, live-born babies with
complete data on sex, weight and gestational age at birth and
maternal postcode district. The analysis was limited to late
preterm and term babies born between 34 weeks’ gestation
and 42 weeks’ gestation as these represent the overwhelming
majority of births.
The birthweight centile and z-score for gestational age and
sex were calculated for each baby according to the INTERGROWTH-21st standard.11 To determine the proportion
of SGA and LGA, all newborns were categorised as: (1) SGA
(birthweight <10th centile); (2) appropriate for gestational
age (birthweight between 10th and 90th centile inclusive) or
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(3) LGA (birthweight >90th centile). Although the INTERGROWTH-21st standard presents centiles and z-scores in days
throughout pregnancy, gestational age at birth is only recorded
in the HES database by completed week of gestation: therefore,
3 days (ie, half a week) were added to each recorded gestational
age to minimise potential misclassification bias of SGA and LGA
babies.
The exposures studied were the baby’s sex, gestational age
at birth and an estimate of maternal social deprivation derived
from the Index of Multiple Deprivation (IMD), a measure that
combines economic, social and housing indicators based on postcodes.21 Deprivation scores were based on data from 32 480
Lower Super Output Areas in England in 2010. The IMD score
is presented in quintiles (quintile 1 being the least deprived, and
quintile 5 being the most deprived).
The distribution of birthweights and the proportion of SGA
and LGA babies were compared across gestational ages, sexes and
IMD quintiles. Univariable and multivariable logistic regression
models were used to estimate crude and adjusted effects of gestational age, sex and IMD quintile on the SGA and LGA rates.
All statistical tests were two-sided, and the level of significance
was set at p<0.05. All analyses were performed in Stata V.13.
The presentation of the results was realised using a novel
approach to spatial data visualisation. This was applied to
allow a different geographic interpretation than is possible in
conventional maps. A density-equalising cartogram transformation based on Gastner and Newman’s algorithm was used.22 23
Each postcode area was resized according to the total number of
babies born there. Areas with a low number of births are proportionally reduced in size. This makes these maps different from a
land area map where the least populated areas (and those with
usually much lower absolute numbers of births) are proportionally over-represented. Onto these maps the relative LGA and
SGA rates were overlaid. This cartogram visualisation technique
made it possible to highlight the varying birth rates across the
geographic areas where most births occurred.

Results

From the 673 595 births during the study period, 508 230
singleton babies met the inclusion criteria with 260 103 (51.2%)
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Figure 1 Proportion of babies born small for gestational age by socioeconomic quintile and sex (A) and by gestational age at birth (B).

males. The overall median birthweight was 3405 g, corresponding to the 60th centile and z-score of 0.25 of the INTERGROWTH-21st standard. Birthweight displayed a gradient
across the IMD groups with the median weight of babies in the
highest quintile 140 g heavier than those born in the lowest
quintile (table 1). There were 38 838 (7.6%) babies born SGA
and 81 026 (15.9%) babies born LGA.
There was a social gradient in the proportion of babies born
SGA, with a similar trend observed between boys and girls
(figure 1A). Among babies born to mothers in the least deprived
areas, 5.2% were SGA, compared with 9.8% in the most
deprived, p<0.001. Median z-score differed from +0.4 in the
least deprived group to +0.11 in the most deprived.
The social gradient was also observed for the proportion
of babies born SGA by week of birth, with the highest rates
observed for babies born at 34 weeks' gestation (figure 1B).
While the highest proportion of SGA babies were both preterm
and born to mothers living in the most deprived areas: 16.1% of
babies born at 34 weeks’ gestation were SGA in socioeconomic
quintile 5 (most deprived) compared with 11.0% in quintile 1 at
the same gestational age; this difference did not reach statistical
significance, p=0.39.

After adjustment for sex and gestational age, mothers in the
most deprived areas were twice as likely to give birth to an SGA
baby (OR 1.94; 95% CI 1.87 to 2.01) compared with those in

Table 2
score
SGA

LGA

Relationship between SGA and LGA and IMD deprivation
Deprivation score

Adjusted OR*

95% CI

1

Reference

–

2

1.16

1.11 to 1.21

3

1.34

1.28 to 1.40

4

1.60

1.54 to 1.66

5

1.94

1.87 to 2.01

1

Reference

–

2

0.95

0.93 to 0.98

3

0.88

0.86 to 0.91

4

0.80

0.78 to 0.82

5

0.69

0.68 to 0.71

*Adjusted for gestational age at birth and sex.
IMD, Index of Multiple Deprivation; LGA, large for gestational age; SGA, small for
gestational age.
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Figure 2 Proportion of large for gestational age babies by socioeconomic quintile and sex (A) and gestational age at birth (B).
the least deprived areas (table 2), with a dose–response trend
observed across the social groups.
In contrast, more LGA babies were born to mothers in the
least deprived areas (18.6% vs 13.5% in the most deprived
areas, p value <0.001). A small differential effect was observed
between the sexes for LGA, with boys more frequently LGA than
girls in quintiles 1–4; however, no sex difference was observed in
quintile 5 (figure 2A). There was an increase in the proportion
of LGA babies across gestational age groups, with 8% of babies
born at 34 weeks' gestation LGA, rising to 18% of those born at
42 weeks' gestation LGA. While this trend was observed across
all socioeconomic groups, differences between the groups were
only apparent after 37 weeks’ gestation (figure 2B).
After adjustment for sex and gestational age, mothers in the
most deprived areas were less likely to give birth to an LGA baby
(OR 0.68; 95% CI 0.67 to 0.70) than those in the least deprived
areas (table 2), with evidence of the reverse gradient to what was
observed for SGA babies.
SGA and LGA rates differed by individual postcode area across
England (figure 3A,B). Density equalising cartograms of live
births combined with SGA and LGA rates demonstrate regional
differences in their quantitative dimension. The predominantly
urban areas with the highest number of births are emphasised
with this cartographic technique. It shows the relatively higher
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LGA prevalence in large parts of the North and South West and
higher SGA trends in the Midlands and other central urban
areas, including in deprived parts of the North of England and
East London.

Discussion
We present the first description of birthweight for babies
born in England compared with an international standard.
The observation that deprived women have smaller babies
is consistent with previous reports. We have quantified the
socioeconomic gradient in size at birth that exists in England,
highlighting that deprived women have twice the rate of SGA
babies compared with the least deprived. We estimate that if
pregnancy outcomes for women across the entire population
of England were equal to that of women living in the most
well-off areas, 12 410 (30%) fewer babies would have been
born SGA in 2011–2012.
We also present evidence that birthweights in England are,
on the whole, higher than those defined by the optimal birth
weight standard. This has been observed in other western countries that have compared population birthweight distributions
to the INTERGROWTH-21st standard.24 25 When examined by
gestational week, the proportion of babies born LGA increases
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Figure 3 Cartograms showing the postcode areas in England resized by the total number of SGA births (A) and LGA births (B) with reference
maps. LGA, large for gestational age; SGA, small for gestational age.
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particularly after 37 weeks’ gestation, correlating with the period
of maximal fetal fat deposition.26 The significance of a higher
proportion of LGA babies in the population compared with the
standard is not known. Given the current high rates of childhood
overweight and obesity, this observation merits further analysis.
In contrast, preterm babies were more likely to be SGA, with
a graded social relationship between both SGA and being born
preterm. While it is plausible that a proportion of this could be
explained by higher rates of risk factors such as smoking and
adolescent pregnancy in more deprived groups, in practice, most
cases of preterm birth and SGA do not have obvious risk factors
and identifying direct causal factors can be challenging, particularly among minority groups.27 Combinations of stress, poverty,
subclinical infections, environmental pollution, poor nutrition,
inadequate housing and barriers to seeking care may also be
important contributory factors in reducing rates of SGA and will
require a multisectoral approach.

Strengths and weaknesses of study

This study has several strengths: (1) it is population-based and
nationally representative; (2) birthweight was compared with
a gestational age and sex-specific standard, which avoids the
confounding effect from prematurity when birthweight alone
is used; and (3) birthweight in England is compared against an
optimal standard for the first time. However, we also acknowledge several limitations. First, we relied on the accuracy of the
recorded gestational age in the database (which was recorded to
the nearest week only) and were unable to confirm the basis of
this information (ie, early or late ultrasound or maternal recall of
last menstrual period). To reduce the potential for a misclassification bias when calculating SGA and LGA, we elected to add 3
days to the gestational age in full weeks. This meant our estimation of the prevalence of LGA was more conservative than our
previous publication28; however, the effect of place of birth of
SGA and LGA remained unchanged. The categorisation of social
standing by IMD group is based on postcode, and while a validated indicator,29 it cannot account for individual level factors
with socioeconomic status a multidimensional construct.30 More
information is needed to understand the implications of these
findings to guide public health interventions and clinical practice. It is also possible that clinician interventions may have
influenced the proportion of SGA babies delivered at term,
with current Royal College of Obstetricians and Gynaecologists
(RCOG) guidelines recommending planned delivery after 37
weeks' gestation.31
We defined SGA and LGA using the historical thresholds of the
10th and 90th centiles. This may be overly inclusive, given that
the INTERGROWTH-21st standard was based on an optimal
population. These traditional definitions relied on observations
of increased perinatal mortality rate among babies within these
groups, based on the observed weights and mortalities of babies
born in Colorado in the 1960s.32 True pathological growth may
be better identified by the 3rd or 97th centile, corresponding to
a z-score of +1.88 or −1.88, as recommended in child anthropometry.14 In the fetus and newborn, growth may be better
approximated by a change in growth centile over time33 or body
composition at birth34 rather than a cross-sectional assessment
of size at birth. Further work is urgently needed to demonstrate
increased risks of adverse outcomes in childhood at different
thresholds in order to inform clinical practice guidelines. A
further limitation is that we present data for 1 year only. Populations are dynamic, and the point of comparing against a standard
is to detect temporal changes. Future comparisons between years
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will now be possible as we work towards reducing inequality in
society. We also focused only on singleton births, as these are
the babies for whom the INTERGROWTH-21st standards were
developed.
Several important pregnancy outcomes have been associated
with socioeconomic status, measured by IMD, education and
employment status, including perinatal mortality,35 36 cerebral
palsy37 and preterm birth.38 Interventions to flatten the social
gradient and improve pregnancy outcomes will be complex,
and include adopting a life course approach to health, nutrition, education, social justice and the rights of women and girls.
While pregnancy care plays an important role, true change will
require a societal shift.

Implications for policy makers and clinicians

We highlight the ongoing importance of social inequalities on
pregnancy and birth outcomes in England, with clear evidence of
a graded effect across social groups for babies born throughout
the late third trimester. Childhood obesity has become a national
epidemic, with the UK estimated to have the highest rates in
Europe, with evidence of higher prevalence in more deprived
groups.39 It is recognised that SGA babies born to deprived
parents are more likely to become overweight by age 7 years,40
possibly due to poor early feeding choices and environmental
factors.41 Poor growth in utero is also linked to a number of
epigenetic changes that may predispose to obesity and metabolic
syndromes later in life. Correctly identifying SGA babies at birth
is important to ensure parents are given the support they need
to breast feed effectively and exclusively for 6 months and thereafter initiate appropriate supplementary feeding. Ultimately,
however, we should try and prevent these disparities at birth
occurring, and work towards ensuring that all children have the
best possible start in life. We believe it is time to hold governments accountable for narrowing the gap in pregnancy outcomes
within and between societies. Reporting and comparing birthweight disparities using the INTERGROWTH-21st standard
is a simple yet powerful indicator to advocate for accelerated
change.
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POPULATION STUDY ARTICLE

Capturing the statewide incidence of neonatal abstinence
syndrome in real time: the West Virginia experience
Amna Umer1, Sean Loudin2, Stefan Maxwell3, Christa Lilly4, Meagan E. Stabler5, Lesley Cottrell1, Candice Hamilton1, Janine Breyel6,
Christina Mullins7 and Collin John1
BACKGROUND: Neonatal abstinence syndrome (NAS) is one of the consequences at birth affecting the newborn after
discontinuation of prenatal drug exposure to mainly opioids. The objective of this study was to determine the extent of the
problem in the state of West Virginia (WV) using a real-time statewide surveillance system.
METHODS: Project WATCH is a surveillance tool that since 1998 collects data on all infants born in the state of WV. NAS surveillance
item was added to the tool in October 2016. This study examined all births (N = 23,667) in WV from October to December 2017. The
data from six WV birthing facilities were audited for 1 month to evaluate how well this tool was capturing NAS data using κstatistics.
RESULTS: The 2017 annual incidence rate of NAS was 51.3 per 1000 live births per year for all births and 50.6 per 1000 live births
per year for WV residents only. The κ-coefﬁcient between the hospital medical records and Project WATCH data was 0.74 (95%
conﬁdence interval: 0.66–0.82) for NAS.
CONCLUSION: The study provides justiﬁcation to develop effective systems of care for the mother–infant dyad affected by
substance use, especially targeting pregnant women in rural communities.
Pediatric Research _#####################_ ; https://doi.org/10.1038/s41390-018-0172-z

INTRODUCTION
Neonatal abstinence syndrome (NAS) is a multi-system withdrawal
syndrome of the newborn that presents shortly after birth when in
utero exposure to illegal or prescription drugs (classically opioids)
is suddenly discontinued at delivery.1,2 Some of the clinical signs
that may appear within the ﬁrst few days after birth and may
include excessive sweating, tremors, high-pitched cry, poor
feeding, watery stools, and excessive weight loss.3,4 Negative
long-term outcomes are also evident as these children have an
increased risk of social and behavior abnormalities in early years,5
as well as poorer school performances than their peers.6
In the United States (US), the incidence rate of NAS in number
of cases per 1000 live births per year has increased from 1.2 in
2000 to 3.4 in 20097 to 5.8 in 2012.8 In 2012, the estimated cost of
admissions for infants diagnosed with NAS was nearly US$316
million nationally.9 The aggregate hospital charges for NAS totaled
US$1.5 billion.8 Moreover, nearly 80% of the infants diagnosed
with NAS are born to families whose health insurance coverage is
through state-funded Medicaid programs,7,9 thus escalating the
burden on the already strained healthcare system.10
The incidence of NAS is disproportionately higher in rural counties
compared to urban counties and increasing much more rapidly in rural
areas compared to urban areas.11 There are geographical disparities in
NAS rates based on Appalachian mountain regional status as well; in the
states of Kentucky and Tennessee, the rates of NAS were more in the
Appalachian regions compared to the non-Appalachian regions.12,13

With the rise in the opioid epidemic nationally, the state of West
Virginia (WV) has experienced a much higher rate of substance use
due to the constellation of several socio-demographic factors that
negatively impact health behaviors. WV is the only state that is
entirely within the Appalachian mountain region and nearly half of
the people in the state live in rural areas.14,15 WV also has the highest
age-adjusted drug overdose death rate in the nation.16 A study in
2009 showed that 19% of mothers used drugs or drank alcohol
during pregnancy in WV.17 Stabler et al.18 examined the 2007–2013
WV Health Care Authority and Uniform Billing Data for WV and found
that between 2007 to 2013 the incidence of NAS increased from 7.74
per 1000 live birth per year to 31.56 per 1000 live birth per year.18
Most studies use administrative data based on billing and
coding from medical documentation to obtain NAS estimates,
which leads to a few years of lag in presenting current NAS
estimates.18–21 With the steep increase of substance use in the
state of WV, this lag may lead to misrepresentation of the current
crisis. The objective of the manuscript was to present the most
current rate of NAS for WV as well as evaluate how well Project
WATCH surveillance tool was capturing NAS data in real time for
the state. Given the rise in opioid epidemic and the parallel surge
in infants with NAS nationally as well as in the state of WV, the
results of this study have the potential to contribute to addressing
this critical public health problem in one of the hardest hit states
in the country by informing policy makers as to the true extent of
the problem in real time.
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METHODS
The study used data from Project WATCH (Working in Appalachia
to identify at-risk infants, Critical congenital heart disease, and
Hearing loss). This project as a statewide mandate since 1998
(House Bill 238822) focuses on collecting surveillance data on
every infant born in WV birthing hospitals/facilities. More
information about this project can be found elsewhere.23 In
October 2016, Project WATCH collaborated with The West Virginia
Perinatal Partnership and the WV Department of Health and
Human Resources to expand its surveillance tool to include realtime information on substance use during pregnancy and
presence of NAS at the time of infant discharge from the hospital.
Given that Project WATCH has been used by all WV birthing
hospitals for more than 20 years, the addition of a new
surveillance item to this tool that captures real-time data
appeared to be an ideal way to identify infants with NAS and
accurately estimate the extent of the problem in WV.
The nurses at each WV birth facility completed the questionnaire form for Project WATCH before hospital discharge.
Intrauterine substance exposure (IUSE) was assessed using several
possible sources (self-report, documented in medical record, or/
and positive drug screening test). In September 2014, WV
neonatologists, pediatricians, hospital coders, and members of
the West Virginia Perinatal Partnership met to develop a
standardized deﬁnition for NAS as well as guidance for
documenting exposure and withdrawal in newborns. The deﬁnition that was agreed upon was as follows: NAS is diagnosed when
a baby has intrauterine exposure to a neuro-active substance, and
exhibited clinical signs of withdrawal, regardless of whether or not
pharmacological treatment is required. Training sessions on the
standardized deﬁnition for NAS were conducted statewide at all
birth facilities in 2015–2016. Following the statewide training
efforts, the IUSE and NAS surveillance items were added to the
Project WATCH surveillance tool on 1 October 2016. Infants who
had IUSE were assessed for signs of NAS consistent with the
agreed upon statewide deﬁnition
This study examined all births in WV over a 15-month time
period (1 October 2016 to 31 December 2017). Nearly 16% of
infants were born to mothers who live in the surrounding states of
Kentucky, Maryland, Ohio, Pennsylvania, and Virginia, but gave
birth in WV. The data were analyzed for all births as well as births
for WV residents only. Within WV, the 55 counties were clustered
into six regions. These regions are based on the sub-state regions
deﬁned by the 2012–2014 National Survey on Drug Use and
Health (NSDUH) conducted by the Substance Abuse and Mental

Health Services Administration (SAMHSA). These regions were
created to understand the geographic variability of substance use
within WV, which in turn provided vital information for policy
efforts.24 Most substance use data are analyzed using these
regions, rather than using county-level data since not all counties
have the same level of resources and people cross county lines to
access services. Regions were compared on both the prevalence
of IUSE and the incidence of NAS.25,26
One-month data collection audit
Since Project WATCH started collecting data on substance use and
NAS in October 2016, the research team wanted to assess the
quality of data being recorded in Project WATCH database.
Subsequently, a chart audit was performed on all births from six
large birthing hospitals in WV for the month of January 2017.
Detailed and standardized review instructions were provided to all
hospital personnel who were to be responsible for data
abstraction. Data abstraction was not blinded but data were deidentiﬁed before analysis. All births were reviewed to examine
what was reported in the medical chart, which ICD-10 code was
entered and what was reported by Project WATCH. The ICD-10-CM
codes included P04.1–P04.4, P04.8, P04.9, and P96.1.27 The
κ-coefﬁcient was calculated to examine the level of agreement
between the hospital medical records and the data from Project
WATCH.
RESULTS
The results showed that in the select project period there were
23,667 births in the state of WV. The rate of IUSE and NAS for all
births and for WV residents only (84%) is shown in Fig. 1. For the
WV residents only, the incidence of NAS was 52.6 per 1000 live
births per year (Fig. 1). The breakdown of the data by year 2016
(3 months) and 2017 (12 months) as well as the total for the
15-month period is shown in Table 1.
The results of IUSE and NAS rates according to the six predeﬁned SAMHSA regions are displayed in Table 2 and Fig. 2.
Region 1 had one of the highest prevalence of IUSE and the
highest incidence of NAS in the state. Similar patterns were not
found in other regions. For example, in region 4 the prevalence of
the IUSE was the lowest, but the incidence of the NAS was the
second highest in the state (Table 2).
The information on IUSE was gathered from multiple sources
and could include more than one source per person. Of those with
IUSE (n = 3350), nearly two-thirds (65.76%; conﬁdence interval (CI):

1 Oct 2016 – 31 Dec 2017
(15 months)

All births
N = 23,667

IUSE
N = 3350
14.15%
(CI: 13.71–14.60)

NAS among
substance exposed
37.49%
(CI: 35.85–39.13)

WV residents only
N = 19,974

NAS
N = 1257
5.31%
(CI: 5.03–5.60)

IUSE
N = 2891
14.47%
(CI: 13.99–14.96)

NAS
N = 1051
5.26%
(CI: 4.95–5.57)

NAS among
substance exposed
36.32%
(CI: 34.57–38.07)

Fig. 1 Prevalence of intra-uterine substance exposure (IUSE) and incidence of neonatal abstinence syndrome (NAS) in West Virginia from 1
October 2016 to 31 December 2017 for all births (N = 23,667) and for West Virginia residents only (N = 19,974)
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Table 1.

Prevalence of intra-substance use exposure (IUSE) and incidence of neonatal abstinence syndrome (NAS) in West Virginia by year 2016 and

2017
Total

2016 Oct to Dec (3 months)
(N=4,870)
n

Percent (95% CI)

2017 Jan to Dec (12 months)
(N=18,787)

Total Oct 2016 to Dec 2017
(15 months) (23,667)

Percent (95% CI)

n

n

Percent (95% CI)

IUSE

720

14.78 (13.79 – 15.78)

2630

13.99 (13.50 – 14.49)

3350

14.15 (13.71 – 14.60)

NAS

295

6.06 (5.39 – 6.73)

962

5.12 (4.80 – 5.43)

1257

5.31 (5.03 – 5.60)

West Virginia only
(N=4131)

(N=15,843)

(N=19,974)

IUSE

626

15.15 (14.06–16.25)

2265

14.30 (13.75–14.84)

2891

14.47 (13.99–14.96)

NAS

249

6.03 (5.30–6.75)

820

5.06 (4.72–5.40)

1051

5.26 (4.95–5.57)

Table 2.

Prevalence of intra-substance use exposure (IUSE) and incidence of neonatal abstinence syndrome (NAS) in West Virginia (October 2016 to
31 Dec 2017) by SAMHSA sub-state regional classiﬁcation system, N = 19,974

Regions

Population frequency (%)

IUSE % (95% CI)

Rank

NAS % (95% CI)

Rank

NAS % among IUSE (95% CI)

Rank

1

1379 (6.92%)

18.49 (16.44–20.54)

1

8.41 (6.95–9.88)

1

45.49 (39.38–51.60)

1

2

1854 (9.30%)

15.32 (13.68–16.96)

2

4.21 (3.29–5.12)

5

27.46 (22.27–32.66)

5

3

1801 (9.04%)

14.99 (13.34–16.64)

3

2.67 (1.92–3.41)

6

17.78 (13.22–22.34)

6

4

4871 (24.44%)

13.49 (12.53–14.45)

6

5.79 (5.13–6.45)

2

42.77 (38.99–46.55)

2

5

6171 (30.96%)

13.79 (12.93–14.65)

5

5.46 (4.89–6.03)

3

39.60 (36.31–42.89)

3

6
Total

3853 (19.33%)
19,929

14.69 (13.57–15.81)
14.47 (13.98–14.95)

4

4.88 (4.20–5.56)
5.26 (4.95–5.57)

4

33.22 (29.34–37.10)
36.35 (34.60–38.11)

4

Missing

45

45

64.15–67.37) had a positive drug screen during their labor and
delivery hospital admission and nearly half of the women selfreported (52.72%; CI: 51.03–54.14) or had a positive substance use
information in their past medical records (50.90%; CI: 49.20–52.59).
One-month data collection audit
There were 789 births in the six hospitals where the chart audits
were performed. This represented 52% of 1521 births in Project
WATCH database for all birth in January 2017 in WV. Out of 133
IUSE cases identiﬁed in the hospital medical records, 107 (81%)
were identiﬁed as IUSE cases by the Project WATCH surveillance
data tool (κ-coefﬁcient = 0.85 (CI: 0.83–0.91)). For the NAS data,
out of 79 cases identiﬁed in the hospital medical records, 56 (71%)
were identiﬁed as NAS cases by the Project WATCH surveillance
tool (κ-coefﬁcient = 0.74 (CI: 0.66–0.82). (Table 3). The ICD-10-CM
code for NAS was recorded by less than half (47.25%) of the
infants diagnosed with NAS in the combined data for the six
hospitals.
DISCUSSION
The study used a real-time surveillance system to assess the extent
of NAS in a state that has been signiﬁcantly impacted by the
current opioid crisis. The rate of NAS was 53 cases per 1000 live
births per year, which was much higher than rate of NAS reported
in earlier studies in 2013, that is, nearly 30 per 1000 live births per
year.18,19 This rise was expected, as national trends show a
signiﬁcant increase in NAS diagnoses as well. However, based on
the discordance between coding data and Project WATCH data,
there is a level of concern that the earlier rates may have been
grossly underestimated. WV is a rural Appalachian state and the
results from this study showed that NAS rate was seven times
higher in WV than what was found in rural regions of the country
in 2013 (i.e., nearly 7 per 1000 live births per year).11 Moreover, this
study demonstrated that the rate of NAS in WV is one of the
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highest in the country and nearly 10-fold the national estimate of
5.8 per 1000 births live births per year in 2012.8
The rate of IUSE in WV was 14%, which is consistent with a
study conducted in 2009.17 Stitely et al.17 examined umbilical cord
tissues of women who gave birth in 1 month in eight birth
hospitals in WV and found 14% of mothers were positive for drug
use. Based on the rising opioid epidemic in the state, we
hypothesized that in 2017 the prevalence would be much higher
than what was observed in 2009. One of the likely reasons for the
underestimated prevalence in our study is the fact that data on
IUSE was gathered through self-report, previous documentation,
or drug testing at certain hospitals compared to the earlier study
that used universal umbilical cord tissue samples.17 WV does not
have a mandated maternal drug-screening program.
Geographical disparities in the rates of IUSE and NAS were also
observed. The northern panhandle (region 1) has one of the
highest rates of IUSE as well as NAS incidence. The northern
central region 4 has the lowest prevalence of IUSE, but the
second highest NAS rates. We postulate that the inconsistency in
this particular region likely arises from a combination in obtaining
accurate drug history data from mother as well as the possibility
that physicians in region 4 may be more conservative in
diagnosing NAS. Interestingly, our regional results are not
consistent with the results from Stabler et al.,18 as they found
the southern region 4 and region 5 had the highest rates of NAS
in 2013.18 Some of the reasons for this discrepancy may be, (1)
the use of administrative data source (ICD-9-CM codes) compared
to the current study that uses the diagnosis made at the hospital
and recorded by the nurses before hospital discharge, and (2) the
likely steep increase of incidence between 2013 and 2017.
Furthermore, in 2017 the high-intensity drug trafﬁcking areas
(HIDTAs) in WV include regions 1, 5, and 6, which may explain the
high prevalence of IUSE and NAS in region 1, but nonetheless fails
to explain the lower incidence in regions 5 and 6 in the current
study.28
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HANCOCK

BROOKE

REGION 1
IUSE–18.47%
NAS–8.34%

Pennsylvania

OHIO

Ohio

REGION 4
IUSE–13.49%
NAS–5.79%

MARSHALL
REGION 3
IUSE–14.99%
NAS–2.67%

MONONGALIA

WETZEL

RITCHIE

TAYLOR
DODDRIDGE
HARRISON
BARBOUR

WIRT

MASON

UPSHUR

TUCKER

PENDLETON

WAYNE

WEBSTER

CLAY

JEFFERSON

HARDY

RANDOLPH

BRAXTON

KANAWHA

HAMPSHIRE

GRANT

PUTNAM
CABELL

BERKELEY
MINERAL

LEWIS

GILMER
CALHOUN
JACKSON
ROANE

REGION 5
IUSE–13.79%
NAS–5.46%

MORGAN

PRESTON

PLEASANTS
WOOD

Maryland

MARION

TYLER

REGION 2
IUSE–15.32%
NAS–4.21%

NICHOLAS
POCAHONTAS

LINCOLN
FAYETTE

BOONE

GREENBRIER

LOGAN

Virginia

RALEIGH

MINGO

WYOMING
Kentucky
MCDOWELL

SUMMERS MONROE

REGION 6
IUSE–14.69%
NAS–4.88%

MERCER
Birthing hospitals/facilities in West Virginia

Fig. 2 Project WATCH surveillance data on prevalence of intra-uterine substance exposure (IUSE) and neonatal abstinence syndrome (NAS) in
West Virginia by SAMHSA sub-state regional classiﬁcation system, N = 20,002
Table 3. One-month (January 2017) audit data for six hospitals in the
state of WV comparing the project WATCH data with the hospital
medical records and the ICD-10-CM codes (N = 789)
Data source

Frequency Percent (95% CI)

Intrauterine substance exposure
Hospital data

134

17.07 (14.36–19.60)

Birth Score data

111

14.14 (11.64–16.49)

ICD-10-CM code in chart—code P04. 57
x
Neonatal abstinence syndrome
Hospital data
Birth Score data
ICD-10-CM code in chart—code
P96.1

7.23 (5.42–9.03)

79

10.1 (7.92–12.11)

67

8.55 (6.55–10.44)

43

5.46 (3.87–7.03)

The results of the audit found that Project WATCH was
capturing the prevalence of IUSE and incidence of NAS reasonably
well. However, the agreement between the hospital chart review
and the Project WATCH data for IUSE was higher than the
agreement between the Project WATCH data and NAS. One likely
explanation for this observation is that one of the six hospitals,
which incidentally had one of the highest contributions of birth

data to the audit, ultimately contributed a higher rate of NAS,
which may be reﬂective of biases from the chart reviewers. Project
WATCH had already used this audit data for quality improvement
of its data collection process by training nurses on data entry and
report. The audit data also revealed that only half of the infants
diagnosed with NAS were identiﬁed utilizing the ICD-10-CM codes.
Other studies have also shown that administrative data diagnostic
codes under-represent the actual number of NAS cases diagnosed
in the hospital.20
Based on our results, Project WATCH appears to capture IUSE
and NAS diagnoses via a novel, accurate, and cost-effective
electronic surveillance tool. Although these data does not include
births delivered outside the hospital (~0.01%), Project WATCH
collects data on every infant born in WV birthing hospitals/
facilities. This new data source shows improved ability to capture
NAS cases compared to the traditional method of utilizing
electronic claims data via ICD codes. Additionally, Project WATCH
data are captured in real time allowing for timely surveillance of a
leading public health issue in the state of WV. WV is one of a few
states that collects surveillance data on NAS; four additional states
(Florida, Georgia, Kentucky, and Tennessee) have legally mandated NAS as a reportable condition and have a passive
surveillance system in place.29 States without a speciﬁc surveillance system for NAS report the condition via traditional methods
such as diagnostic codes and hospital billing records (e.g., the
State Hospital Discharge Database or State All Payer Claims data).
Traditional methods used to survey the burden of NAS may have
Pediatric Research _#####################_
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several months of lag from data collection to analysis.18–21 A realtime estimation of NAS has the potential to guide targeted
resources and interventions in a timely manner.
Some of the limitations include the fact that Project WATCH
does not gather information on the type(s) of speciﬁc substances
that the infant is exposed to in utero. It is likely that many of the
infants in this study were exposed to multiple substances
simultaneously. Although the effect of polysubstance use on the
occurrence of NAS is controversial,30 results from a large
population-based cohort study showed signiﬁcant increases in
the risk of NAS associated with opioid use along with co-exposure
to antidepressants, benzodiazepines, and gabapentin compared
with opioids alone.31 However, given the main purpose of the
study was to document the incidence of NAS, this was not felt to
be a signiﬁcant limitation. Moreover, despite a standardized
statewide deﬁnition of NAS, there is a degree of subjectivity and
individual variability in approaches when making NAS diagnosis
and these differences in identiﬁcation approaches are difﬁcult to
assess.32 Data collection for Project WATCH started in October
2016 and therefore cannot be retrospectively compared to
traditional hospital billing data. Future research comparing Project
WATCH and hospital billing data utilizing ICD codes is warranted.
Moreover, non-punitive policies that enable early identiﬁcation of
NAS, improve access to comprehensive prenatal care and opioid
replacement therapy, and increase funding for child welfare
systems are also warranted. Additional resources are needed,
especially to those sub-state regions with the highest rates of
substance use and NAS. In addition, other states may beneﬁt from
a similar NAS surveillance system used by Project WATCH in WV.
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Dysplasia
D1X XRashmin C. SavaniD2X X
Center for Pulmonary & Vascular Biology, Division of Neonatal-Perinatal Medicine, The Department of Pediatrics, The University of Texas
Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75390-9063, USA

A R T I C L E I N F O

AB STR ACT
Over 50 years after its first description, Bronchopulmonary Dysplasia (BPD) remains a devastating pulmonary complication in preterm infants with respiratory failure and develops
in 30 50% of infants less than 1000-gram birth weight. It is thought to involve ventilatorand oxygen-induced damage to an immature lung that results in an inflammatory response
and ends in aberrant lung development with dysregulated angiogenesis and alveolarization. Significant morbidity and mortality are associated with this most common chronic
lung disease of childhood. Thus, any therapies that decrease the incidence or severity of
this condition would have significant impact on morbidity, mortality, human costs, and
healthcare expenditure. It is clear that an inflammatory response and the elaboration of
growth factors and cytokines are associated with the development of BPD. Numerous
approaches to control the inflammatory process leading to the development of BPD have
been attempted. This review will examine the anti-inflammatory approaches that are
established or hold promise for the prevention or treatment of BPD.
Ó 2018 Elsevier Inc. All rights reserved.

Introduction
Bronchopulmonary Dysplasia is a complex condition that has
a multifactorial pathogenesis. Key contributors include oxygen toxicity, ventilator-induced lung injury, inflammation
and an arrest of lung vascular development.1,2 Inflammation,
an accumulation of neutrophils and macrophages into the
injured preterm lung, results in the elaboration of pro-inflammatory and pro-fibrotic growth factors, an imbalance of the
proteolytic activity in the lung and increased vascular permeability.3 Neutrophil and macrophage accumulation commences early in the first week of life and counts remain elevated
in infants that develop BPD.4 Coordinated development of the
distal epithelial and vascular compartments is a necessity for
the final ability to conduct adequate gas exchange. Lung

E-mail address: rashmin.savani@utsouthwestern.edu
https://doi.org/10.1053/j.semperi.2018.09.009
0146-0005/Ó 2018 Elsevier Inc. All rights reserved.

microvascular development is critical to normal secondary
septation leading to alveolar formation. Multiple animal models and examination of autopsy samples of infants with BPD
have confirmed an arrest of vascular development and a simplification of the distal lung architecture as a result of preterm
birth and associated lung injury.5 Indeed, alveolar septation
can be preserved in animal models by decreasing the effects
of contributors to BPD pathogenesis, including inflammation,
oxygen and mechanical ventilation.6 The pathogenesis of
BPD involves the effects of these multiple pathologic mechanisms on lung development.
A number of models of BPD have been developed. Two large
animal models, the sheep and baboon preterm birth and ventilation models, recapitulate the essential features of the
human condition, including preterm birth, oxygen exposure,
mechanical ventilation, inflammation and arrested lung
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development.7 However, these models do not support genetic
studies to identify the molecular determinants of BPD. Therefore, rodent models of newborn lung injury, that involve
either hyperoxia or hypoxia exposure for up to 14 days and
result in pathology that mimics BPD, were established.8 10
Further, a model in which bleomycin, administered intraperitoneally to neonatal rodents, also recapitulates the features of BPD.11 While these rodent models do not involve preterm birth or ventilation, several groups have confirmed
changes in inflammation, cytokines, oxidative stress, and
vascular defects in association with alveolar simplification
that validate the use of these models in the study of BPD.8 11
The fact that alveolar development is entirely a postnatal
event occurring in the first 2 3 weeks of life in rodents, provides an appropriate window to examine the effects of injury
on the alveolar phase of the developing lung. More recently,
the use of high oxygen exposures during the first 14 days of
life has been questioned since human preterm infants are
exposed to these conditions only during the saccular phase of
lung development.12,13 Thus, more appropriate oxygen exposure in the first four to five days of life in rodents have been
developed and also demonstrate inflammatory changes and
alveolar defects.14,15
The recruitment of inflammatory cells to the injured lung
requires activation of bone marrow-derived cells, circulating
leukocytes and the endothelium. Initiation of injury results in
initial rolling, then firm adhesion of inflammatory cells to the
activated endothelium. This is followed by transmigration of
leukocytes through the endothelium and their accumulation
in areas of injury. Initially recruited neutrophils undergo apoptosis and alveolar macrophages engulf these cells. This process results in the production of active transforming growth
factor beta (TGFß) which promotes fibrosis. A number of key
molecules have been identified in the process of inflammatory
cell recruitment and include selectins, integrins, cytokines and
growth factors, the innate immune system including Toll-Like
Receptors (TLRs), Surfactant Protein A (SPA) and SPD, as well
as components of the extracellular matrix.16,17 Macrophage
subsets demonstrating differential functions have been identified. Classically activated macrophages (CAMs), also called M1
macrophages, result from TLR stimulation, bacterial infection
and interferon-gamma stimulation. Alternatively activated
macrophages (AAMs), also called M2 macrophages, result from
Th2 cytokine (e.g. interleukin or IL4 and IL13) stimulation.18
Specific markers for M1 and M2 macrophages have emerged.
For instance, M1 macrophages can be identified by the expression of inducible nitric oxide synthase (iNOS) and CD11c,
whereas M2 macrophages can be identified by the expression
of Arginase 1 or YM1 (also known as chitinase-like 3 or
Chil3).19,20 While M1 macrophages have potent microbicidal
properties and promote Th1 responses, M2 macrophages play
a role in the resolution of inflammation, with high endocytic
clearance capacity and reduced pro-inflammatory cytokine
secretion. Given the large predominance of inflammation in
the pathogenesis of BPD, considerable efforts have been made
to develop anti-inflammatory strategies, ranging from glucocorticoids to newer more novel therapeutic targeting of components of the innate immune system. The pathogenesis of
BPD and the multiple anti-inflammatory strategies discussed
in this review are summarized in Fig. 1.
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Non-invasive respiratory support
The contribution of intubation and mechanical ventilation to
inflammation and the incidence and severity of BPD has been
established in animal models and in human preterm
infants.21,22 Mouse and lamb models show that mechanical ventilation alone without hyperoxia or lipopolysaccharide (LPS)
exposure is sufficient for the development of lung inflammation, as well as altered alveolarization and lung function.23,24
Indeed, respiratory management with continuous positive airway pressure (CPAP) in baboons and mice, or high frequency,
non-invasive ventilation in lambs is associated with less inflammation and better alveolarization.25 27 In large clinical trials, the
incidence of BPD in infants randomized to either non-invasive
respiratory support or selective intubation and surfactant therapy were found to be equivalent, findings that have pushed
changes in neonatal practice significantly in favor of non-invasive approaches to respiratory management.28 30

Corticosteroids
First described in sheep in 196931 and in a human trial in 1972,
antenatal glucocorticoid therapy to enhance fetal lung maturity
was associated with decreased incidence of Respiratory Distress
Syndrome (RDS) and death.32 Indeed, this therapy Is also associated with decreased intraventricular hemorrhage (IVH), necrotizing enterocolitis (NEC) and early sepsis.33 Given the early
descriptions of inflammation in infants with BPD, postnatal glucocorticoid therapy to decrease or abrogate the inflammatory
response, improve lung function and increase the likelihood of
extubation failure has been examined since the early 1970’s.
While benefits of early (in the first week of life) corticosteroid
therapy in preterm infants at risk of developing BPD include
decreased incidence of BPD at 28 days and at 36 weeks postmenstrual age (PMA), decreased rates of failure of extubation and
decreased incidence of patent ductus arteriosus (PDA) and retinopathy of prematurity (ROP), significant adverse events have
been noted including hyperglycemia, hypertension, hypertrophic
cardiomyopathy, growth failure, intestinal perforation and bleeding, as well as increased incidence of cerebral palsy.34,35 The use
of postnatal steroids in infants that remain intubated past 7 14
days of life has also been reviewed recently.36 Similar benefits
with respect to decreased rates of death or BPD at 28 days and 36
weeks PMA and adverse outcomes including hyperglycemia and
hypertension were found, but longer term cerebral palsy or neurodevelopmental complications were not significantly different
from those of controls.35 However, given the considerable
adverse effects described, the current recommendations are for
judicious use of postnatal corticosteroid therapy. Further,
although difficult to demonstrate in preterm infants, dexamethasone treatment of newborn rodents is associated with an arrest
of alveolarization that persists into adulthood.37 39

Caffeine
The methylxanthines caffeine, aminophylline and theophylline
bind to adenosine receptors and act as non-selective adenosine
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Fig. 1 – Pathogenesis of BPD and anti-inflammatory interventions. Lung development occurs in five distinct but overlapping
phases. Several antenatal factors can adversely influence lung development and include intrauterine growth restriction
(IUGR), prolonged preterm rupture of membranes (PPROM) and chorioamnionitis. These factors all appear to activate the
innate immune system and increase the expression of cytokines that result in inflammation. Among a multitude of effects,
antenatal corticosteroid therapy accelerates lung development, in particular, the surfactant system. Preterm birth is often
associated with initiation of ventilation and exposure to oxygen and an increased incidence of infections, all of which also
result in the activation of the innate immune system and the elaboration of cytokines that drive inflammation. Lung development now has to occur ex-utero, is influenced by this inflammatory milieu, and results in an inhibition of alveolar and vascular development recognized as BPD. A number of strategies and approaches have been investigated to abrogate or dampen
the inflammatory response. These are indicated in bold boxes in the figure and are discussed in the review. For additional
abbreviations, please see the text.

antagonists.40 Caffeine also inhibits phosphodiesterases leading
to the accumulation of cAMP and cGMP.41 These two mechanisms likely explain the different neurologic and respiratory
effects of caffeine respectively.40 Despite reports of potential
harmful effects of caffeine including tachycardia, growth failure,
neurologic energy failure and long-term behavioral problems,42
this drug was widely used to stimulate the respiratory center of
preterm infants in the treatment of apnea of prematurity. The
Caffeine for Apnea of Prematurity or CAP Trial established, in a
randomized controlled manner, that caffeine therapy in preterm
infants 500 1250 g birth weight was associated with a decrease
in the incidence of BPD and PDA, and although a lower weight
gain was noted in treated infants at two weeks of age, this was
not sustained and there were no differences in mortality, head
ultrasound findings of injury or NEC.43 Indeed, long-term follow
up of caffeine-treated infants in this trial has demonstrated a
reduced incidence of motor impairment and no effect on academic or behavioral outcomes at 11 years of age.44

While an increased respiratory drive most likely contributed to the favorable outcomes in caffeine-treated infants,
other mechanisms for the effects of caffeine have been proposed. Thus, caffeine can increase diaphragmatic contractility,45 has a diuretic effect,46 can protect neuronal injury,47,48
and can even transcriptionally induce SP-B.49,50 Interestingly,
however, caffeine has anti-inflammatory effects in newborn
animals. Thus, hyperoxia exposure of six-day old rat pups
induced cytokine and inflammatory cell recruitment, both of
which were inhibited by administration of caffeine.51 Additionally, premature rabbits exposed to hyperoxia and treated
with caffeine had less inflammation and improved alveolarization compared to hyperoxia-exposed controls.52 Indeed,
postnatal inflammation driven by LPS-induced amnionitis
was also abrogated by caffeine treatment, although alveolar
simplification was not.53 Thus, caffeine has significant antiinflammatory effects though the mechanisms of these effects
are unclear to date.
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Nitric oxide (NO)
NO, generated by nitric oxide synthases (neuronal or nNOS,
endothelial or eNOS and iNOS) upon the conversion of L-arginine to L-citrulline, plays a key role in developmental and
physiological processes in the lung.54,55 Studies in the mature
airway indicate that the epithelium is the primary source of
NO56 and that NO mediates neurotransmission, smooth muscle relaxation, bacteriostasis, ciliary motility, mucin secretion, and plasma exudation.54,55,57 Elegant in vitro studies
from the Shaul/Mineo laboratories implicate NO in antiinflammatory processes such as inhibition of monocyte adhesion to activated endothelium and platelet aggregation.58,59
Indeed, inhaled NO (iNO) attenuates pulmonary inflammation in a neonatal rat hyperoxia model.60
NO plays an important role in pulmonary vascularization,
alveolarization, and airway branching.61 66 NO also has a
well-recognized role in mediating pulmonary vasomotor tone
around the time of birth.67 In studies of lungs from fetal
baboons, pulmonary NOS expression is upregulated during
normal fetal development. However, in the baboon model of
BPD, expression of nNOS and eNOS was significantly
decreased, and iNO given at 5ppm improved pulmonary
artery pressures, pulmonary mechanics, lung elastin deposition and was associated with modest increases in secondary
septation.68 Based on these and other animal and early stage
human studies,22,64,69,70 multiple trials of iNO therapy have
been performed in human preterm infants to prevent
BPD.71 74 These have yielded mixed results and the use of
iNO is not currently recommended for the prevention of BPD.

Vitamin D
Vitamin D or cholecalciferol is a fat-soluble vitamin that is synthesized from 7-dehydrocholesterol in the skin after ultraviolet
B exposure or absorbed from the diet. Vitamin D is converted
to 25-hydroxy-vitamin D in the liver and to the biologically
active 1,25-hydroxy-vitamin D or calcitriol in the kidney. The
effects of 1,25-OH-vitamin D are mediated by a nuclear receptor, the vitamin D receptor (VDR) that binds to Vitamin Dresponsive elements to regulate the transcription of a wide
number of genes. Vitamin D deficiency is highly prevalent, particularly in pregnancy and has been associated with a number
of adverse outcomes such as poor maternal weight gain, preeclampsia, increased rates of operative delivery and shorter
gestation.75 In addition, the impact of vitamin D deficiency on
lung development and health is evident in VDR knockout mice
that have an imbalance of matrix metalloproteinases and
develop emphysema and inflammation.76,77
More recently, direct demonstration of the importance of
Vitamin D in pregnancy and BPD has been obtained from
experiments in which antenatal Vitamin D supplementation
was associated with improved placental vascularization and
fetal growth.78 Postnatal Vitamin D supplementation was
associated with an improvement in alveolarization in rats
that were exposed to intra-amniotic LPS,79 and Vitamin D
induced downregulation of TLR4 and therefore decreased
downstream cytokines such as IL1ß in neonatal rats exposed
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to hyperoxia.80 The effects of Vitamin D on the activation of
eNOS likely contribute to the beneficial observations with
Vitamin D both on the placenta and postnatal vascular and
alveolar growth.81 Interestingly, a recent report demonstrated
beneficial effects of nebulized Vitamin D to enhance lung
maturation.82

Peroxisome proliferator-activated receptor gamma
(PPAR-g) agonists
PPAR-g is a key anti-inflammatory nuclear hormone receptor
that regulates a wide array of downstream effects.83 When
ligands bind PPAR-g, the receptor dimerizes with retinoid X
receptors (RXRs) and this heterodimer translocates to the
nucleus, binding to PPAR response elements of target genes
that stimulate the transcription of genes regulating key pathways, including lipid metabolism, glucose homeostasis and
cell differentiation. A number of ligands for PPAR-g have been
described and include nitrated fatty acids and anti-diabetic
glitazones.84,85 Importantly, PPAR-g ligands inhibit transcription factors such as nuclear factor kappa-light-chainenhancer of activated B cells (NFkB) and signal transducer
and activator of transcription 1 (STAT1), and decrease the
induction of pro-inflammatory molecules such as iNOS.86,87
Thus, a key feature of PPAR-g signaling is the inactivation of
macrophages. Proof of concept that PPAR-g agonists are useful therapeutic agents in models of neonatal lung injury
include prevention of aberrant TGFß and Wnt signaling,
dampening of inflammation and improvement of secondary
septation changes in models of hyperoxia-mediated neonatal
lung injury.88,89 Indeed, antenatally administered and postnatally nebulized PPAR-g agonists have also shown promise in
preventing the changes seen in hyperoxia-induced neonatal
lung injury.90 92

Curcumin
Curcumin or diferuloylmethane, a yellow pigment found in
turmeric that is obtained from the turmeric plant Curcuma
longa, is a dietary spice used in Indian curry and in Ayurvedic
medicine.93 Curcumin has been evaluated in a wide range of
pulmonary diseases including chronic obstructive pulmonary
disease (COPD), acute lung injury and fibrosis.94 96 A wide
range of molecular actions have been ascribed to curcumin
but, in the case of lung inflammatory diseases, they largely fall
into three categories. First, it blocks activation of NFkB, a key
transcription factor that activates inflammatory pathways,97 it
acts as an antioxidant targeting superoxide among others,98
and inhibits key growth factors such as TGFß that contribute to
fibrosis.99 Another proposed mechanism, that curcumin acts
as a PPAR-g agonist, remains controversial.100,101
Curcumin has been evaluated in neonatal hyperoxia models of BPD.102 104 Neonatal hyperoxia in rodents is associated
with increased expression of pro-inflammatory cytokines and
growth factors, an inflammatory response, increased myofibroblasts and decreased alveolarization. Curcumin effectively
reverses these observations and promotes improved lung
architecture.102 104 The major issue with the development of
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curcumin as a drug is its poor solubility, poor bioavailability
and rapid metabolism.105 A number of alternate approaches
have been explored, including co-administration of piperine
to enhance bioavailability, and the development of nanoparticle delivery devices.106,107

Club cell protein 16 (CC16; Clara cell or CC10)
CC10, also known as uteroglobin, is a 10kDa homodimeric
secretory protein produced by Clara cells in the airways and
in the urogenital tract, This protein possesses a number of in
vitro anti-inflammatory properties including blocking of NFormyl-methionyl-leucyl—phenylalanine (fLMP)-stimulated
neutrophil and monocyte chemotaxis,108 inhibition of phospholipase A2 (PLA2),109 inhibition of platelet aggregation,110
and suppression of IL2-stimulated production of tumor necrosis factor alpha (TNFa), IL1ß and interferon (IFN)g in lymphocytes.111 CC10 knockout mice exposed to hyperoxia,112,113 or
ozone,114 demonstrate an increased inflammatory response
consisting of an exaggerated pro-inflammatory cytokine profile including IL1ß and an accumulation of inflammatory cells.
Given the low concentrations of CC10 that are found in tracheal aspirate samples obtained from premature infants born
at 28 32 weeks, its anti-inflammatory properties, and its ability to inhibit PLA2, an enzyme that inactivates surfactant, it
was natural to propose recombinant human CC10 (rhCC10) as
a potential therapeutic agent to limit the incidence and severity of BPD.115 Safety of rhCC10 was demonstrated in several
animal models of lung injury, including neonatal pigs116, rabbits117 and lambs.118,119 Intratracheal administration of
rhCC10 in a Phase I trial demonstrated that, while endogenous CC10 concentrations did not rise in tracheal aspirate
samples of control infants until 72 h of life, rhCC10 increased
the concentration in tracheal aspirates as early as 12 h of life
and showed systemic absorption and urinary excretion at
6 12 h of life. Treatment with rhCC10 was associated with a
lower neutrophil count, lower protein concentration and
lower IL6 concentrations.115 These encouraging results in 22
infants have prompted a larger study involving over 80
patients, but the results have yet to be published.

Insulin-like growth factor 1 (IGF-1) / IGF-binding
protein 3 (IGFBP3)
IGF-1 is an important contributor to fetal growth and development and low serum concentrations of IGF-1 have been
reported in premature infants in association with ROP,120
IVH,121 NEC122 and BPD.123 In fact, IGF-1 has a number of properties that define it as a reparative growth factor. For example,
IGF-1 promotes the endothelial survival signaling of vascular
endothelial growth factor (VEGF),124 and regulates glucose
metabolism in the brain.125 Interestingly, IGF-1 suppresses
neonatal immune responses to phorbol ester stimulation in
cord blood monocytes in association with decreased DNA
binding of NFkB, suggesting profound anti-inflammatory
properties.126 Collectively, these findings suggest that IGF-1
replacement in preterm neonates could hold benefit in a
number of diseases, but most likely in ROP and BPD.
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Indeed, following pharmacokinetic studies of continuous
rhIGF-1 and its binding partner rhIGFBP3,127,128,129 a drug called
SHP607 (Shire Pharmaceuticals), a Phase I/IIa trial was conducted to decrease the incidence and/or severity of ROP. The
results of this trial have been announced as a press release.
While this trial did not meet this goal, substantial decreases in
the severity of BPD and severe IVH were noted. Further confirmation of these findings is currently being pursued.

Nucleotide-binding oligomerization domain
(NOD)-like receptor (NLR) family pyrin domain
containing 3 (NLRP3) inflammasome blockade
IL1ß, a key initiator of inflammation, has a complex two-step
activation system, and has been implicated in inflammatory
disorders in humans. In the first step, endogenous dangerassociated molecular patterns (DAMPs) stimulate pattern recognition receptors (PRR) such as Toll-Like Receptors (TLRs) to
activate NFkB, resulting in transcriptional increases the
expression of pro-IL1ß.130 Further elucidation of this pathway
revealed the existence of a family of exclusively intracellular
proteins called NLRs that also bind to DAMPs.131 One such
NLR, NLRP3, forms a protein complex with the adaptor molecule Apoptosis-associated Speck-like protein containing a CARD
(ASC) and pro-caspase1 to form the NLRP3 inflammasome.132,133
Thus, the second signal is the activation of the purinergic
receptor P2 £ 7 by extracellular ATP that results in the formation of the NLRP3 inflammasome,134,135 a response that has
been demonstrated after hyperoxia exposure in adult mice135
and in our studies of neonatal mice exposed to hyperoxia.136
Activation of this complex cleaves pro-caspase1 to caspase1
(p20), which in turn proteolytically cleaves pro-IL1ß to produce mature IL1ß. This cytokine is released and interacts with
its receptor, IL1R, to signal inflammatory pathways. Importantly, Interleukin 1 receptor antagonist (IL1ra) is an endogenous blocker of IL1R, and its recombinant form, rIL1ra is used
in monogenic disorders with elevated IL1ß as well as several
rheumatologic disorders.137,138
Elevated concentrations of IL1ß in amniotic fluid139 and
postnatally4 have been associated with the development of
BPD. Indeed, in preterm infants at risk of BPD, there is a balance of mature IL1ß to IL1ra in the first few days of life, but
the ratio of IL1ß to IL1ra is increased by days 5-7 in infants
that subsequently developed BPD.140 Further, in fetal and neonatal mice, conditional transgenic overexpression of IL1ß in
Clara cells, even in the absence of hyperoxia, results in
inflammation, airway remodeling and distal alveolar simplification, changes reminiscent of BPD.141,142
A number of reports have now demonstrated at least partial
efficacy of rIL1ra treatment in neonatal rodent models of BPD.
Thus, rIL1ra treatment of neonatal rats exposed to 60% O2
resulted in decreased inflammation, improved alveolarization, and partially restored vessel density.143 Nold et al., using
a model of in utero LPS exposure followed by postnatal O2
exposure, showed that rIL1ra treatment up to 28 days of life
rescued inflammation and alveolarization at least at lower
concentrations, and less so at high concentrations of O2.144
Our own studies show that the NLRP3 inflammasome is critically involved in the neonatal hyperoxia model of BPD, and
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that the NLRP3 inflammasome is activated in the preterm
baboon model of BPD. Importantly, tracheal aspirate IL1ß concentrations in the first three days of life are independently
associated with death or BPD at 36 weeks PMA in preterm
infants with respiratory failure.136 Further development of
this strategy holds promise for the ability to block the effects
of the NLRP3 inflammasome (Fig. 2).

Hyaluronan binding peptides
Hyaluronan (hyaluronic acid, HA), a glycosaminoglycan component of the extracellular matrix, is a polymer made up of
repeating disaccharide units of glucuronic acid and N-acetyl
glucosamine, and is an early and important mediator of
inflammation.145,146 HA regulation of inflammation is both doseand molecular size-dependent. HA, at doses of 1 mg/ml or greater
and in high molecular weight (HMW) form, inhibits inflammatory cell chemotaxis,147,148 phagocytosis,149 elastase release,150
and respiratory burst activity.149 On the other hand, at lower
concentrations and at lower molecular weights, fragmented
HA (LMW HA) promotes monocyte maturation into macrophages
as measured by production of IGF-1151 and IL1ß.152,153

Injury

An increased recovery of HA in bronchoalveolar lavage (BAL)
has been found in various disease states such as sarcoidosis,154
occupational disorders155 and acute RDS (ARDS),156 and after
acute lung injury induced by intratracheal bleomycin instillation in rodents.157 159 Further, the increased recovery of HA
temporally correlates with an influx of inflammatory cells.160
We have previously demonstrated that alveolar macrophages
from bleomycin-injured animals are more motile than those
from control animals and that an HA-binding peptide (HABP)
is able to completely inhibit this increased motility.161 Further,
systemic administration of this HABP to animals prior to injury
resulted in decreased macrophage accumulation and fibrosis.161 These data suggest that HA is upstream of and critical
for the inflammatory response to lung injury.
Preterm infants destined to develop BPD have increased
superoxide and peroxynitrite levels early in their postnatal
course.162,163 Both superoxide and peroxynitrite cause chemical fragmentation of HA to generate HA fragments (LMW HA)
that act as endogenous danger signals that interact with HA
and TLRs to activate the innate immune system.164 168 Interestingly, we and others have demonstrated that HA fragments
are able to activate the NLRP3 inflammasome,152,153 thereby
providing direct rationale to study the effects of HA-binding
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Fig. 2 – Activation of the NLRP3 inflammasome and the utility of its blockade in the prevention of BPD. Interleukin 1 beta (IL1ß) is
a master regulator of inflammation. Endogenous danger associated molecular patterns (DAMPs) activate the innate immune
system to elaborate IL1ß. One such DAMP is low molecular weight hyaluronan (LMW HA), which is formed by the fragmentation of HMW HA by oxidative stress. Acting through the HA receptors RHAMM and CD44, LMW HA activates the transcription
factor NFkB to transcriptionally upregulate pro-IL1ß. At the same time, the NLRP3 inflammasome is also activated which results
in the formation of active caspase 1 which cleaves pro-IL1ß to IL1ß to initiate inflammation. The development of HA-binding
peptides holds promise in interfering with the LMW HA-RHAMM-CD44 complex to prevent activation of the NLRP3 inflammasome system, which would be predicted to prevent the formation of IL1ß. Recombinant IL1 receptor antagonist will block the
effects of IL1ß to also prevent its downstream actions. For additional abbreviations, please see the text.

TAGEDENS

E M I N

A R S

I N

P

E R I N A T O L O G Y

peptides in models of BPD, and eventually in preterm infants at
risk of developing BPD. These concepts are depicted in Fig. 2.
HA interacts with specific cell-associated receptors including
CD44 and Receptor for HA-Mediated Motility (RHAMM, CD168).
Both of these ubiquitously expressed proteins have been implicated in acute lung injury. 145 CD44 expression is increased
after bleomycin injury,169,170 and acute lung injury in CD44
knockout (KO) mice results in the accumulation of inflammatory cells and excess HA accumulation, suggesting that CD44 is
necessary for the resolution of inflammation.171 RHAMM is
expressed at the cell surface, in the cytoplasm and in the
nucleus, and regulates cell locomotion and proliferation.172 174
RHAMM expression is increased in macrophages,146 fibroblasts,175 epithelial cells,167 and smooth muscle cells174
responding to injury. After intratracheal bleomycin-induced
acute lung injury, RHAMM expression is increased in macrophages responding to injury, and the increased motility of
these cells is entirely dependent on RHAMM.161,176 Interestingly, antibody blockade of RHAMM in vivo decreases the accumulation of macrophages into the bleomycin-injured lung,
suggesting that RHAMM-HA interactions are crucial for the
recruitment of these cells to the site of injury.161,176 In order to
examine the role of RHAMM in acute lung injury using genetic
models, we recently studied the response to intratracheal bleomycin in RHAMM KO mice and in mice that had transgenic
overexpression of RHAMM specifically in macrophages.177 As
expected, RHAMM KO mice had less respiratory distress,
decreased inflammatory cell accumulation and less fibrosis
than littermate controls. On the other hand, bleomycin injury
of mice with transgenic overexpression of RHAMM in macrophages resulted in worse respiratory distress, increased
inflammation and severe fibrosis compared to littermate wild
type animals injured with bleomycin.177 Therefore, RHAMM is
a potential novel therapeutic target to control inflammation
after lung injury. We propose that LMW HA uses RHAMM and
CD44 as a complex to allow signaling to activate the NLRP3
inflammasome (Fig. 2).

Summary
Despite over 50 years of efforts that have resulted in significant improvements in the care of premature infants, including antenatal glucocorticoid treatment, exogenous surfactant
administration, gentler ventilation techniques, judicious use
of fluids, prevention of infections and improved nutrition, the
incidence of BPD has remained essentially unchanged. Given
its importance in the pathogenesis of BPD, there continues to
be an intense focus on the mechanisms of inflammation in
this disorder. Significant progress has been made with the
use of animal models with promising therapies emerging.
Translational of these promising avenues into clinical use
that will decrease the incidence and/or severity of BPD will be
challenging and will require careful investigation and substantial support from public, private and commercial sources.
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Key Words:

Bronchopulmonary dysplasia (BPD) is a complex disorder with multiple factors implicated
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in its etiopathogenesis. Despite the scientific advances in the field of neonatology, the inci-

Antenatal Steroids

dence of BPD has remained somewhat constant due to increased survival of extremely pre-

Postnatal Corticosteroids

mature infants. Surfactant deficiency in the immature lung, exposure to invasive

NIPPV

mechanical ventilation leading to volutrauma, barotrauma and lung inflammation are
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some of the critical contributing factors to the pathogenesis of BPD. Hence, strategies to

Lung

prevent BPD in the postnatal period revolve around mitigation of this injury and inflamma-

Chronic Lung Disease

tion. This article reviews the progress made in the last 5 years in the development of new

Bronchopulmonary Dysplasia

preparations of surfactant, use of corticosteroids and non-invasive ventilation in the prevention of BPD. Emerging techniques of surfactant delivery through minimally invasive
and non-invasive routes are also discussed.
Ó 2018 Elsevier Inc. All rights reserved.

Introduction
Bronchopulmonary dysplasia (BPD) is a common cause of
mortality and morbidity in extreme preterm infants.1 The
adverse effects of BPD extend well into childhood and adulthood with associated significant health care costs.2 Even
though there is currently a better understanding of the pathogenesis of BPD, its incidence has remained somewhat constant because of the increased survival of extreme preterm
infants.3,4 These infants are born at the late canalicular saccular stage of lung development with resulting surfactant
inadequacy. Early surfactant administration in this population permits the use of less aggressive ventilation strategies
including non-invasive ventilation, thus reducing the risk of
BPD development.5 Lung inflammation is another important

risk factor in the development of BPD, providing the rationale
for treating patients at risk for BPD with steroids. This review
focuses on studies involving the use of newer surfactants, use
of corticosteroids and non-invasive ventilation published in
the last 5 years, with the primary outcome of BPD (Fig. 1). For
the purpose of this review, BPD has been defined using the
National Institutes of Health consensus definition.6

Surfactant and BPD
While early exogenous surfactant therapy is effective in the
prevention and treatment of respiratory distress syndrome
(RDS), it has not been shown to decrease the incidence of
BPD. A multicenter randomized controlled trial (RCT) evaluat-
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0146-0005/Ó 2018 Elsevier Inc. All rights reserved.

TAGEDENS

E M I N

A R S

I N

P

E R I N A T O L O G Y

ing the outcomes of infants who were on mechanical ventilation and received late surfactant administration at 2 weeks
did not show a difference in the outcome of severe BPD/death.
However, the surfactant treated group had lesser respiratory
morbidity at 1 year of age.7
Efforts are ongoing to develop a synthetic surfactant that
has comparable efficacy to animal derived surfactant because
of the potential limitations of the latter including limited supply, theoretical risk of infection and batch to batch variability
in function. A comprehensive review on the evolution of surfactant therapy, different types of surfactant treatment and
development of newer-generation surfactants up until 2013
was published by El-Gendy et al.8 A Cochrane review was
published in 2015 with a meta-analysis of RCTs done between
1993 and 2005 comparing the effect of animal derived vs. synthetic surfactant in preterm infants at risk of developing RDS.
The analysis showed a slight decrease in the risk of BPD or
mortality associated with the use of animal derived surfactant preparations (typical relative risk or RR 0.95, 95% confidence intervals or CI 0.91 1.00; typical risk difference or RD
¡0.03, 95% CI ¡0.06 to 0.00; 6 studies, 3811 infants).9
Recent studies on the use of synthetic surfactants are
showing promising results. CHF5633 (Chiesi Farmaceutici S.p.
A., Parma, Italy) is a synthetic surfactant preparation consisting of phosphatidylcholine and phosphatidylglycerol,
enriched by peptide analogues of both human surfactant proteins (SP)-B and SP-C. In animal studies, it was shown to
decrease inflammation in immature newborn lambs with surfactant deficiency, comparable to animal derived surfactant
SurvantaÒ (AbbVie Inc., North Chicago, IL, USA).10 In a study
on preterm rabbits with severe surfactant deficiency,
CHF5633 was shown to be as efficient as CurosurfÒ (Chiesi
Farmaceutici S.p.A., Parma, Italy) and a clear dose-dependent
improvement of lung function was observed for CHF5633,
with the dose of 200 mg/kg being the most efficient one.11
Rey-Santano et al. showed that use of CHF 5633 resulted in
improvement of pulmonary status in preterm lambs with better lung and brain injury scores than controls and favorable
cerebral hemodynamics, comparable to those with CurosurfÒ
treatment.12 After encouraging results in these animal studies,10 12 a pilot human trial using CHF 5633 was conducted in
40 preterm infants with gestational age ranging between
27 0/7 and 33 6/7 weeks to assess its safety and efficacy.
CHF5633 was noted to be well tolerated at both doses of
100 mg/kg and 200 mg/kg with improvement of RDS. The rate
of BPD was low in this study (10%) as would be expected due
to the relatively low risk study population.13 A RCT is in progress (ClinTrials.gov NCT02452476) comparing CHF5633 to
CurosurfÒ in a larger population with extremely preterm
infants and with BPD as one of the primary outcomes.
The cost of the animal derived surfactants is a limitation for
its large-scale use in developing countries. A new method of
extraction and purification of a natural porcine-derived surfactant was developed by an institute in Sao Paulo, Brazil
(Butanan surfactant) with a reduced production cost. A multicenter, RCT was done comparing the outcomes of infants
who received Butanan surfactant to those who received
SurvantaÒ and CurosurfÒ . There was no difference in the primary outcomes of mortality at 72 h and 28 days but the use of
oxygen at 28 days was higher in the group of infants who
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Fig. 1 – The figure shows the interplay between surfactant,
steroids and non-invasive ventilation in decreasing BPD.
CCS: corticosteroids; MIST: minimally invasive surfactant
administration; LISA: less invasive surfactant administration; NEBS: nebulized; LMA: laryngeal mask airway; Combo:
combination.
received Butanan surfactant.14 We were unable to find any
additional studies on the use of this surfactant. In another
study comparing synthetic surfactants composed of different
combinations of surfactant components, it was shown that
Synsurf-3 containing both SP-B and SP-C synthetic analogs
had comparable and better efficacy than commercially used
SurfactenÒ in in vitro experiments and an in vivo rabbit model,
respectively.15 The alternate routes of surfactant administration are discussed later in this review. Table 1 shows the surfactants developed or under development in the last 5 years.

Steroids and BPD
The use of postnatal glucocorticoids in the prevention and
management of BPD has been an area of controversy mainly
due to the potential long-term adverse effects on neurodevelopmental outcomes. Recent Cochrane reviews on the use of
early (<8 days) and late (>7 days) systemic corticosteroids for
prevention of BPD in preterm infants showed a reduction in
the outcome of BPD and BPD/death. However, the authors
concluded that the benefits of corticosteroid treatment may
not outweigh the adverse effects, particularly with the use of
dexamethasone.16,17
The effect of early low-dose hydrocortisone on BPD was
investigated in the PREMILOC trial.18 It was a large, multicenter, randomized, placebo controlled trial designed to look at
the effect of early low-dose hydrocortisone on survival without BPD in extremely preterm infants with gestation age
between 24 0/7 to 27 6/7 weeks. Hydrocortisone was administered at a dose of 1 mg/kg per day divided into two doses per
day on days 1 7, followed by one dose of 0.5 mg/kg per day
for the next 3 days. Of the 255 infants assigned to hydrocortisone, 153 (60%) survived without BPD, compared to 136 (51%)
of 266 infants assigned to placebo. The odds ratio, adjusted
for gestational age group and interim analyses was 1.48 (95%
CI 1.02 2.16, p = 0.04).18 Long-term follow-up results are
encouraging
with
no
significant
difference
in
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Table 1 – Surfactants developed or under development in the last 5 years.
Surfactant source

Composition

Surfactant proteins

Surfactant name

Animal-porcine
Synthetic
Synthetic
Synthetic

Minced lung extract
Synthetic DPCC, PG
Synthetic DPCC, PG, PA
Synthetic DPCC, PG, PA

SP-B, SP-C
Analogs of SP-B, SP-C
KL-4
Analogs of SP-B, SP-C

Butanan surfactant
CHF 5633
Aerosurf (Inhaled form of Lucinactant)
Synsurf-3

DPCC: Dipalmitoyl Phosphatidylcholine; PG: Phosphatidylglycerol; PA: Palmitic acid; SP-B: Surfactant protein B; SP-C: Surfactant protein-C; KL4: synthetic peptide developed to resemble the amino acid pattern of SP-B.

neurodevelopmental outcomes between infants in the 2
groups at the 2 year follow-up.19 Follow up study done by
stratifying infants according to gestational age showed a statistically significant improvement in neurodevelopmental
outcomes in infants born at 24 and 25 weeks of gestation in
the hydrocortisone group.20
Inhaled glucocorticosteroids with their potential for less
systemic toxicity have been used in the management of BPD.
The effect of early inhaled corticosteroids on BPD was investigated in the NEUROSIS trial.21 Inhaled budesonide vs. placebo
was administered to extremely premature infants (23 0/7
weeks to 27 6/7 weeks gestational age) starting within 24 h
after birth and continuing until the infants no longer needed
supplemental oxygen and positive-pressure support or
reached a postmenstrual age of 32 0/7 weeks. Budesonide was
administered at a dose of 2 puffs (200 micrograms per puff)
every 12 hours in the first 14 days of life and one puff administered every 12 hours from day 15 until the last dose of the
study drug had been administered. There was a reduction in
composite outcome of BPD/death in the budesonide group.
Infants who received budesonide had a lower rate of BPD
(27.8% vs. 38%) but a higher death rate (16.9% vs. 13.6%).21
This finding of increased mortality among infants who
received budesonide was also noted at the 2 year follow up.22
Another recent RCT evaluated the effect of early inhaled
budesonide on preterm infants (gestational age 23 28 weeks,
n = 70) starting 12 h after birth and continued for a maximum
of 7 days. Even though the use of inhaled budesonide
decreased the incidence of BPD (defined as oxygen requirement for 28 days), the difference was not statistically significant. (31.4% vs. 54.3%, p = 0.053).23 A meta-analysis of
published trials concluded that inhaled steroids (beclomethasone, budesonide, fluticasone, flunisolide, and dexamethasone) were associated with a significant reduction in BPD
(RR = 0.77, 95% CI 0.65 0.91).24 However, further long-term
studies are needed before the use of early inhaled corticosteroids can be routinely recommended as part of BPD management.
A RCT by Yeh et al. reported the effect of intratracheal corticosteroid-surfactant combination on BPD.25 In this study,
very low birth weight (VLBW) infants (n = 265) with severe
RDS requiring mechanical ventilation and fraction of inspired
oxygen (FiO2)  0.50 were randomized to receive either intratracheal budesonide (0.25 mg/kg) combined with surfactant
(SurvantaÒ 100 mg/kg) or surfactant (SurvantaÒ 100 mg/kg)
alone within four hours of birth. The intervention group had
a significantly lower incidence of BPD or death (42.0% vs. 66%;
RR 0.58; 95% CI 0.44 0.77; p < 0.001; number needed to treat

or NNT, 4.1; 95% CI 2.8 7.8).25 A meta-analysis of two RCTs
demonstrated that intratracheal budesonide-surfactant mixture was associated with a decreased risk of BPD (RR: 0.57;
95% CI: 0.43 0.76, NNT = 5) and the composite outcome of
death/BPD (RR: 0.60; 95%CI: 0.49 0.74, NNT = 3) in VLBW
infants.26 These results are promising and further large-scale
RCTs are needed to confirm the efficacy and establish the safe
side effect profile of the steroid-surfactant combination.
Ongoing trials: The Minidex trial is an ongoing multicenter
RCT evaluating the effect of low-dose dexamethasone (13
doses of 0.015 ml/kg/day) in preterm infants <30 weeks gestational age between postnatal days 10 24 (https://www.npeu.
ox.ac.uk/minidex). The STOP BPD study is another multicenter randomized double blind placebo controlled trial being
conducted in the Europe investigating if systemic hydrocortisone started between postnatal days 7 14 decreases the combined outcome of death/BPD in ventilated preterm infants
with gestational age <30 weeks and/or birth weight less than
1250 g. Hydrocortisone (cumulative dose 72.5 mg/kg) or placebo is being administered with a 22 day tapering schedule in
this study and the 2 year follow up is expected to be completed in 2019.27

Non-invasive ventilation and BPD
As it is increasingly being recognized that endotracheal
mechanical ventilation is associated with increased risk of
developing BPD, use of non-invasive ventilation techniques
in preterm infants is gaining popularity.28 A recent metaanalysis comparing prophylactic continuous positive airway
pressure (CPAP) to assisted ventilation with or without surfactant in preterm infants less than 32 weeks gestation demonstrated that use of CPAP resulted in a reduction in the
incidence of BPD (RR 0.89, 95% CI 0.79 0.99, p = 0.04) and
death or BPD (RR 0.89, 95% CI 0.81 0.97).29 Another metaanalysis investigating the effect of strategies that avoid endotracheal mechanical ventilation (i.e. strategies employing
non-invasive ventilation) in preterm infants less than 30
weeks gestation demonstrated a decrease in BPD/death with
odds ratio of 0.83(0.71 0.96, p = 0.01).30
The type of non-invasive ventilation strategy does not seem
to have a significant impact on BPD. In a RCT (n = 987 analyzed) comparing the use of nasal intermittent positive pressure ventilation (NIPPV) to CPAP in preterm infants less than
30 weeks gestation and birth weight less than 1000 g, the incidence of BPD did not differ significantly between the 2 groups
(33.9% vs. 31%, OR 1.14 95% CI 0.84 1.54, p = 0.32).31 A
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secondary, non-randomized analysis of the infants in the
NIPPV arm in this trial was done comparing the outcomes of
infants who received bi-level CPAP (Bi-PAP) vs. NIPPV via a
conventional mechanical ventilator. There was no significant
difference in the composite outcome of death/BPD between
infants in the two groups [adjusted OR 0.88 (95% CI
0.57 1.35)]. The rate of BPD was lower in the infants who
received Bi-PAP; however, this difference was not statistically
significant (30% vs. 37%) [adjusted OR 0.64 (95% CI 0.41 to
1.02)]. More deaths occurred in infants receiving Bi-PAP (9.4%)
than in NIPPV (2.3%) (adjusted OR 5.01: 95% CI 1.74 14.4).32 A
meta-analysis from the recent Cochrane reviews did not
demonstrate a significant reduction in BPD with the use of
NIPPV compared to CPAP (typical RR 0.94, 95% CI 0.80 1.10;
typical RR 0.78, 95% CI 0.58 1.06).33,34 A recent systematic
review noted that use of NIPPV was associated with higher
rates of successful extubation compared to CPAP.35
The duration of mechanical ventilation is another significant predictor of the development and severity of BPD. In
infants who are intubated, the risk of developing BPD
increases with the duration of mechanical ventilation. In a
large retrospective cohort study of extremely LBW (ELBW)
infants, it was noted that the risk of developing BPD increased
with the cumulative duration of mechanical ventilation, but it
was not related to the number of ventilation courses. Based
on the results of the study, the authors recommend that extubation be trialed once low ventilator settings are reached,
even if extubation success is not guaranteed, as the sooner an
extubation attempt is made, the lower the risk of BPD.36 Robbins et al. reported in a cohort of 224 patients born at <27
weeks’ gestation that the age at first extubation attempt correlated directly with endotracheal mechanical ventilation
days and length of stay. In this study, the median mechanical
ventilation days were 32 and 65% of patients needed re-intubation. Furthermore, they reported that the earlier an extubation attempt was made, the lower the rate of BPD.37
The above 2 studies essentially re-affirmed the findings of
an earlier retrospective study of 262 preterm infants with gestational age 28 weeks and who were intubated on day of life
1, where it was noted that delaying extubation beyond the
first 7 days was associated with an increased risk of BPD and
BPD/death. Infants who were extubated early but had to be
re-intubated later were noted to have a lower incidence of
BPD/death compared to infants who remained intubated and
were extubated later.38
Prompt determination of extubation readiness helps to
minimize or prevent extubation failures. Pilot studies utilizing data on heart rate variability to determine extubation
readiness in extremely preterm infants met with success and
a RCT is ongoing to develop an automated prediction tool for
extubation readiness in extremely preterm infants.39,40

Alternate routes of surfactant delivery
Perhaps the most significant progress in the prevention/
reduction of BPD in the last decade has been made in developing techniques to administer exogenous surfactant through
non-invasive or minimally invasive routes. Some of the
routes of surfactant administration other than conventional
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endotracheal tube instillation include aerosolized delivery
through a nebulizer, surfactant delivery through laryngeal
mask airway (LMA) and administration via a thin catheter
introduced endotracheally. All these strategies obviate the
need for endotracheal tube ventilation in the at-risk preterm
population, reducing the potential for lung injury and subsequent development of BPD. A comprehensive review on minimally invasive surfactant therapy and non-invasive
respiratory support was published by Kribs.41 Table 2 summarizes the clinical studies on surfactant administration
through alternate routes published in the last 5 years.
Aerosol delivery of surfactant continues to be an area of
active research. Multiple small studies in animal models and
neonates demonstrated the safety and feasibility of nebulized
surfactants but their superiority over intratracheally administered surfactants needs to be proven in large trials.
Two studies done in animal models confirmed the feasibility of surfactant administration through the nebulization
a customized
technique utilizing the eFlowÒ nebulizer
vibrating perforated membrane nebulizer (Neonatal Nebulizer system; PARI Pharma, Starnberg, Germany).42,43
Recently, a phase 2b clinical trial (n = 221 born between 28
and 32 weeks gestation) using Aerosurf (synthetic peptide
KL4 based lung surfactant) delivered through a vibrating nebulizer mesh showed that Aerosurf had a similar level of efficacy compared to the CPAP only controls. (http://windtreetx.
investorroom.com/2017-06-29-Windtree-Announces-TopLine-Results-from-AEROSURF-R-Phase-2b-Clinical-Trial-forthe-Treatment-of-Respiratory-Distress-Syndrome-RDS-inPremature-Infants).
The CureNeb study by Minocchieri et al. is a pragmatic,
stratified, double blind RCT evaluating the impact of nebulized surfactant on intubation requirement in preterm infants
with RDS. 64 infants with GA ranging from 29 0/7 to 33 6/7
weeks were randomized within the first four hours after birth
to receive either CPAP or aerosolized surfactant and CPAP.
The surfactant (poractant alfa, 200 mg/kg) was delivered via
eFlowÒ . The primary outcome of need for intubation within
72 h of birth was less in the nebulization group compared to
the CPAP alone group [RR (95% CI) = 0.526 (0.292 0.950)]. Notably, this difference was observed only in the 32 0/7 33 6/7 GA
group but not in the 29 0/7 31 6/7 GA stratification group. None
of the infants in the study had the outcome of BPD. The study
was closed to recruitment earlier than planned due to insufficient funding/personnel.44
The terms less invasive surfactant administration (LISA)
and minimally invasive surfactant therapy (MIST) are sometimes used interchangeably in literature. Originally LISA was
used to refer to surfactant administration through a feeding
catheter introduced endotracheally using a Magill forceps.
MIST was used to refer to surfactant administration through
a semi-rigid vascular catheter placed endotracheally without
the use of Magill forceps. Researchers have published studies
with slight modifications to these two techniques resulting in
varied nomenclature.
Another strategy to decrease lung injury involves intubation and surfactant administration followed by immediate
extubation (INSURE) technique. A recent meta-analysis demonstrated no significant difference in the outcomes of BPD/
death with prophylactic INSURE vs. CPAP.45 A new modified
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Table 2 – Clinical studies published in the last 5 years on surfactant administration through alternate routes.

Segal et al.
Sood et al.

RCT
RCT

Ongoing
Ongoing

CPAP alone
Survanta 100 vs. 200 mg/kg

CPAP+Curosurf via vibrating membrane nebulizer
CPAP+Lucinactant (3 doses)
Survanta;100 vs. 200 mg/kg via
nebulizer

Decreased need for intubation in intervention group. No difference in BPD
Pending
Pending

LMA
Attridge et al.51

RCT

26

CPAP alone

Sadeghnia et al.52

RCT

70

INSURE

Decrease in supplemental oxygen
requirement. No difference in BPD
Higher A-a DO2 after surfactant in LMA
group (p = 0.001)

Pinheiro et al.53

RCT

61

INSURE

Surfactant by LMA followed by
CPAP
Surfactant by supraglottic airway
(iGel)
administration followed by CPAP
Surfactant via LMA followed by
CPAP

Roberts et al.54

RCT

103

CPAP alone

Surfactant via LMA followed by
CPAP

Barbosa et al.55

RCT

48

Surfactant via ETT

Surfactant via LMA followed by
CPAP

158

Historic controls who received CPAP

Klebermass-Shrehoff et al.57

Open feasibility
study
Nonrandomized
study

406

Historic controls

MIST (16 G vascular catheter)Hobart technique
LISA (4 Fr feeding catheter)

Mirnia et al.58

RCT

80

INSURE

LISA (5 Fr catheter)

Kanmaz et al.59

RCT

200

INSURE

Aguar et al.60

Prospective cohort
study

75

Historic controls who received INSURE

LISA (5 Fr catheter)- Take Care
technique
MIST (3.5 4 Fr nasogastric
catheter)

Kribs et al.61

RCT

211

Surfactant via ETT

LISA (4 Fr catheter)

Krajewski et al.62

Prospective cohort
study
RCT

52

Historic controls who received INSURE

MIST (0.04 ch feeding tube)

38

Surfactant via ETT

LISA (4 Fr feeding tube)

RCT

90

INSURE

MIST (16 G vascular catheter)

Prospective cohort
study

2206

Matched controls

LISA

LISA/MIST
Dargaville et al.56

Mohammadizadeh
et al.63
Bao et al.64
Gopel et al.65

47

MIST (16 G vascular catheter)

Failure rate of surfactant resulting in
MV: 77% in control group vs. 30% in
LMA group (p < 0.001). No difference in
BPD
Decreased rate of intubation and MV in
LMA group (38% vs. 64%, p = 0.006)
No difference in BPD
FiO2 requirement similar in both groups.
No difference in BPD
Decreased MV with MIST. No difference
in BPD
No significant difference in BPD:
Decreased oxygen at day 28 and CLD/
Death with LISA. 40% vs. 51% (p = 0.03)
Shorter CPAP duration and lower NEC
with LISA. No difference in BPD
BPD, need for MV, duration of CPAP and
MV lower with LISA
Higher requirement for second dose of
surfactant with MIST. No difference in
BPD
No difference in survival without BPD
but survival without major complications higher with LISA
Less BPD with MIST
Shorter duration of oxygen therapy with
LISA. No difference in BPD.
Shorter duration of MV and CPAP with
LISA
Lower rates of MV and BPD with LISA
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Olivier et al.68

Retrospective observational study
Prospective observational study
RCT

Lau et al.69

Aldana-Aguirre et
al.70
Hartel et al.49

Control

Intervention

CPAP. Surfactant via ETT if needed

MIST (5 Fr feeding tube)

Meta-analysis

328

INSURE

LISA

Meta-analysis

895

Surfactant via ETT

LISA

Observational study

6319

Surfactant via ETT

LISA

Ongoing

Sham treatment

MIST (16 G vascular catheter)

40

28 34 week GA infants

Intra-amniotic surfactant instillation 2 8 h before
delivery in 28 34 week GA
infants

RCT
Dargaville et al
OPTIMIST-A
trial.71
Intra-amniotic instillation
Randomized pilot
Agrawal et al.72
study

Decreased severe RDS and need for
postnatal surfactant in intervention
group

RCT: randomized controlled trial; CPAP: continuous positive airway pressure; LMA: laryngeal mask airway; INSURE: intubate-surfactant-extubate; BPD: bronchopulmonary dysplasia; MV: mechanical
ventilation; A-a DO2: Alveolar-arterial oxygen gradient; ETT: Endotracheal tube; FiO2: fraction of inspired oxygen; CLD: chronic lung disease; LISA/MIST: less invasive surfactant administration/minimally invasive surfactant administration; NIV: non-invasive ventilation; NEC: Necrotizing enterocolitis.
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MIST (5 Fr orogastric tube)

Lesser need for ETT intubation with
MIST. No difference in BPD
Shorter duration of MV and CPAP with
MIST. No difference in BPD
Need for MV and rate of pneumothoraces requiring chest tube lower with
MIST
Decreased need for MV within first 72 h,
duration of MV, CPAP, and supplemental oxygen noted with LISA. A
trend towards a reduction in BPD
noted with LISA (p = 0.141)
Decreased need for MV within 72 h,
need for MV, death/BPD with LISA
Decreased BPD, death, BPD/death but
increased focal intestinal perforation
with LISA

P

132

Historic controls who failed NIV and
needed Surfactant via ETT
Historic controls who received INSURE

Outcomes

I N

Canals Candela et
al.66
Tomar et al.67
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technique with alveolar recruitment maneuver before surfactant administration (IN-REC-SUR-E) is currently being
investigated.46
A meta-analysis comparing 7 different ventilation strategies for preterm infants including CPAP alone, INSURE,
LISA, NIPPV, nebulized surfactant administration, surfactant administration via LMA, and mechanical ventilation
concluded that the use of LISA was associated with the lowest likelihood of the composite outcome of death or BPD at
36 weeks postmenstrual age. However, the authors conclude that these findings were limited by the overall low
quality of evidence and lack of robustness in higher-quality
trials.47 Another meta-analysis evaluating 6 RCTs concluded that LISA decreases the risk of BPD (RR = 0.71
[0.52 0.99]; NNT = 21), death or BPD (RR = 0.74 [0.58 0.94]
NNT = 15) and early CPAP failure or invasive ventilation
requirements (RR = 0.67 [0.53 0.84]; NNT = 8 and RR = 0.69
[0.53 0.88]; NNT = 6).48 Hartel et al. recently published an
observational cohort study from a large neonatal network
comparing the outcomes of infants who received surfactant
via ETT (n = 3695) to those who received LISA (n = 2624). In
this study, LISA was associated with a reduced risk of BPD
[OR 0.55 (95% CI: 0.49 0.62), p < 0.001], death [OR 0.66 (95%
CI: 0.51 0.84), p < 0.001] and BPD/death [OR 0.5 (95% CI:
0.44 0.57), p < 0.001], after adjusting for various factors in a
multivariable logistic regression model. However, there
was an increased incidence of focal intestinal perforation
in the LISA group [OR 1.49 (95% CI: 1.14 1.95), p = 0.003] in a
multivariable logistic regression model, primarily noted in
the VLBW infants born at less than 26 weeks. Future trials
should focus on the safety of LISA in the subgroup of
extremely premature infants.49
In a RCT by Oncel et al. (n = 200, preterm infants 26 32
weeks gestational age) comparing early NIPPV and NCPAP
with in the MIST approach, NIPPV decreased the need for
invasive mechanical ventilation within the first 72 h of life
and reduced the surfactant requirement. Infants in the NIPPV
group had significantly decreased moderate-to-severe BPD
(7% vs. 16%; p = 0.046), although this difference was not
observed on multivariate analysis.50

Conclusions
Based on the current available evidence in the arena of BPD
prevention, it can be recommended that an attempt be made
to extubate the infant early (within the first 72 h of life) and to
use non-invasive ventilation strategies and MIST/LISA whenever feasible. While the use of postnatal corticosteroids still
remains controversial, early use of low-dose hydrocortisone
in an at-risk preterm population showed a decreased incidence of BPD without significant neurodevelopmental
impairment on long-term follow-up. The use of intratracheal
surfactant-corticosteroid combination is promising but needs
to be evaluated in further large-scale trials. Research on the
use of synthetic and/or nebulized surfactants is ongoing and
if proven to have a comparable or higher efficacy than animal
derived surfactants, will be a boon in the management of RDS
and BPD worldwide.
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The past decade of neonatal care has been highlighted by increased survival rates in smaller and

bronchopulmonary dysplasia

more premature infants. Despite reduction in mortality associated with extreme prematurity,

pulmonary hypertension

long term pulmonary morbidities remain a concern, with growing recognition of the clinical bur-

chronic lung disease

den attributable to infants with bronchopulmonary dysplasia (BPD)-associated pulmonary

pulmonary vascular disease

hypertension (PH). Recent publications shed light on the critical contributions of maternal pla-

diagnosis

cental pathology and compromised intrauterine growth to fetal pulmonary vascular develop-

management

ment. A body of literature has further clarified postnatal risk factors for PH, most notably the
severity of BPD but surprisingly the additional presence of non-pulmonary morbidities including
necrotizing enterocolitis (NEC). Limitations of current diagnostics persist with growing consideration of novel echocardiographic approaches as well as complementary non-invasive biomarkers to better identify infants at risk. In 2015, a joint report published by the American Heart
Association and American Thoracic Society provided the first guidelines for the care of children
with PH with limited content to address BPD-associated PH. These guidelines were expanded
upon in an expert consensus report produced by the Pediatric Pulmonary Hypertension Network
(PPHNet). These recommendations encouraged the use of standardized screening protocols and
emphasized the importance of evaluation and treatment of comorbidities when PH is identified.
Cardiac catheterization was recommended prior to initiation of therapy for more accurate quantification of pulmonary pressures, clarification of anatomy and guidance in the use of pharmacotherapy. Despite these guidelines, significant practice variation persists and gaps remain with
respect to optimal evaluation and management of BPD-associated PH.
Ó 2018 Elsevier Inc. All rights reserved.

Introduction
Advances in neonatal care, including routine use of antenatal
steroids and surfactant, coupled with improved ventilation

* Corresponding author.
E-mail address: saraberk@buffalo.edu (S.K. Berkelhamer).
https://doi.org/10.1053/j.semperi.2018.09.005
0146-0005/Ó 2018 Elsevier Inc. All rights reserved.

and nutritional strategies, have resulted in increasing rates of
survival of extremely premature infants.1 Despite increased
use of gentle and non-invasive ventilation strategies, these
infants remain at significant risk of prolonged pulmonary
morbidity, commonly suffering from compromised lung
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development with prolonged need for respiratory support
and/or supplemental oxygen, meeting the clinical definition
of bronchopulmonary dysplasia (BPD). Despite improved
rates of survival of extremely premature infants, there has
been relatively limited progress over the past two decades in
reducing rates of BPD with a relatively stable incidence of
approximately 40% in surviving infants less than or equal to
28 weeks gestation.1 4
While early characterization of BPD mainly focused on
parenchymal lung injury,5 there is growing appreciation for
the contribution of a dysmorphic pulmonary bed as well as
the impact of postnatal insults on pulmonary vascular
remodeling and development. Ultimately, these vascular findings can result in elevated pulmonary resistance with
increased pulmonary pressures, resulting in compensatory
right ventricular hypertrophy and a clinical diagnosis of pulmonary hypertension (PH). The presence of PH markedly
impacts clinical outcomes, with recent publications reporting
mortality rates ranging from 14 -38%.6 8 Meta-analysis of
studies which have looked specifically at death before discharge report a cumulative mortality rate of 16% while those
that followed patients out to 2 years estimated 40% mortality.9 Beyond the increased risk of mortality, PH is associated
with significant pulmonary morbidity with added concern for
the impact on neurodevelopmental outcomes.10,11 While
progress has been made in the diagnosis and management of
BPD-associated PH, the natural course and long-term outcomes of the disease remain poorly characterized and numerous gaps remain in defining optimal care.

Prevalence
Several recent publications have defined rates of occurrence
of PH by BPD classification. While there is considerable heterogeneity with respect to timing of screening and definitions, a recent meta-analysis of over 1400 patients from 25
publications confirmed the association of PH with severity of
pulmonary disease with cumulative prevalence of PH in 6%,
12%, and 39% of infants with mild, moderate and severe BPD,
respectively (Figure 1).9 While these data help to characterize
the overall risk for PH, a wide range within the included studies was noted, with single center studies reporting prevalence
rates ranging from 15 to 64% in infants with severe BPD.12,13
Of interest, this meta-analysis also identified a cumulative
prevalence of PH in 2% in extremely preterm infants in the
absence of BPD. Indeed, several recent studies have raised
concern that abnormal pulmonary vascular development
may occur as a result of prematurity alone.14 16

Pathophysiology
Premature infants are susceptible to altered lung development and postnatal lung injury as a result of exposure to pulmonary care, including ventilation and oxygen therapy.
These insults, along with infection, inflammation and compromised nutrition can lead to the phenotype of compromised alveolar development and vascular pruning
characteristic of BPD.17 A subset of infants with BPD will
develop increased pulmonary vascular resistance with
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Table 1 – Infant characteristics associated with the presence of pulmonary hypertension.
Characteristic

Infants with or without BPD
RR(CI)

Male sex
SGA
BPD
Severe BPD
NEC
PDA
PDA ligation
Severe IVH
ROP

1.1 (0.9, 1.3)
1.8 (1.2, 2.)
1.3 (1.1, 1.5)
2.7 (1.7, 4.2)
1.8 (0.9, 3.9)
1.3 (1.2, 1.5)
1.8 (1.3, 2.4)
1.7 (0.8, 3.4)
1.9 (1.3, 2.7)

Infants with BPD
RR(CI)
0.9 (0.7, 1.2)
0.5 (0.1, 1.8)
NA
NA
3.4 (1.1, 10.2)
1.2 (1.0, 1.5)
NA
NA
1.2 (0.8, 1.9)

BPD, bronchopulmonary dysplasia; RR, risk ratio; CI, confidence
interval; NA, data not available;
SGA, small for gestational age; ROP, retinopathy of prematurity;
NEC, necrotizing enterocolitis; PDA,
patent ductus arteriosus. Adapted from reference (9).

elevated pulmonary arterial pressures as a result of a combination of arteriovenous maldevelopment, vascular remodeling, increased vascular tone and/or altered vasoreactivity.
While pulmonary vascular disease is commonly attributed to
lung injury and the severity of lung disease, the presence of
PH in premature infants who were not classified as having
BPD suggests that additional risk factors or alternative pathophysiology contribute to the development of PH. Recent publications have advanced our understanding of the
contributions of the maternal disease states and environmental exposures, compromised in utero fetal growth, and postnatal non-pulmonary morbidity to the development of neonatal
pulmonary vascular disease.

Maternal-fetal pathophysiology
While BPD and PH share many of the same risk factors, a growing body of evidence suggests that PH may have a distinct fetal
pathophysiology that arises in part from maternal vascular disease during pregnancy. This is supported by clinical observations that many infants with severe BPD, despite the usual
postnatal exposures and risk factors, never develop PH. In contrast, some babies with relatively mild disease and uncomplicated postnatal courses demonstrate evidence of early and
persistent PH.8,18,19 The presence of a “fixed” or prenatal risk of
PH is supported by studies of maternal, placental and cord
blood biomarkers that vary according to BPD and PH. Maternal
preeclampsia and intrauterine growth restriction, particularly
with severe features or accompanied by reversed or absent end
diastolic flow, are common indications for medically indicated
preterm delivery. These infants appear to be at highest risk for
persistent PH, even when BPD is mild or absent.20
The mechanisms by which maternal and prenatal events
impact fetal lung vascular development leading to PH remain
unclear. An important mediator appears to be the placenta.
At 28 weeks or earlier, placental changes of villus and vessel
maldevelopment are prominent in preterm neonates who
later develop BPD associated PH.21,22 Moreover, circulating
levels of pro-angiogenic growth factors are decreased at birth
in cord blood of infants who have placental vascular
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malperfusion and later develop BPD associated PH.23 These
findings contribute to the growing evidence of the fetal origins of PH in infants with BPD. The distinct mechanisms by
which cord blood angiogenic factors play a role at birth and in
the postnatal period remain to be elucidated. Possible mechanisms include fetal endothelial cell dysfunction secondary to
placental hypoxia,24 paracrine signaling by factors produced
by the placenta,25,26 or epigenetic changes at the cellular and/
or tissue-specific level due to adverse intrauterine stressors
that have lasting negative impact on the development of the
fetal pulmonary vascular tree, neonatal lung vascular growth,
or both.27,28 These are key topics of ongoing investigation in
BPD-PH research. Defining these interactions could enhance
and refine recent developments in immune-mediated and
cell-based therapies to attenuate and perhaps even prevent
BPD-PH. 29 32

Risk factors
Risk factors for BPD-associated PH can be compiled from
numerous series, and a recent meta-analysis identified 12
non-overlapping studies of patients with and without BPD
and took into consideration co-morbidities of BPD. The combined data provided by this meta-analysis suggest that PH is
associated with lower birthweight in infants with and without BPD, but only with gestational age in BPD infants (Table
1). Similarly, SGA was associated with PH in infants with and
without BPD (Relative Risk or RR 1.8; Confidence Interval or CI
1.2, 2.7), however this relationship was not present in BPD
infants (Table 1).9 Collectively, these findings raise concerns
for smaller and more premature infants who may be
impacted by abnormal pulmonary vascular development
even before they are challenged by pulmonary insults associated with postnatal care.
Findings from the meta-analysis also support an association
with non-pulmonary morbidities, specifically retinopathy of
prematurity (ROP) and necrotizing enterocolitis (NEC), with a
particularly strong association between NEC and PH in infants
with BPD (RR 3.4; CI 1.1, 10.2). In addition, the presence of a patent ductus arteriosus (PDA) and need for ligation resulted in a
weak association with PH.9 In contrast, there was no association of severe intraventricular hemorrhage (IVH), gender,
maternal hypertension, antenatal corticosteroids, chorioamnionitis and prolonged and preterm rupture of membranes
(PPROM) with risk for PH. These associations suggest the possibility that BPD-PH is in part triggered by inflammation.
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Pediatric Pulmonary Hypertension Network (PPHNet), a multidisciplinary panel of PH experts.34 This report provided practical
clinical recommendations for the evaluation, diagnosis and
management of PH in infants with BPD, classifying recommendations by both their potential benefit as well as the level of
supportive evidence available.
With respect to screening, PPHNet recommendations
include obtaining an echocardiogram for premature infants
with severe hypoxic respiratory failure with minimal parenchymal disease, to identify those infants with life threatening
acute PH that might benefit from therapy. Echocardiographic
evaluation should also be considered for infants with continued need for ventilator support at 7 days or with significant
sustained need for respiratory support at any age, and at the
time of formal BPD diagnosis for all infants with moderate or
severe BPD (36 weeks postmenstrual age). Infants with mild
BPD can be monitored clinically, with echocardiographic
screening reserved for those infants with clinical deterioration or failure to improve. Standardized echocardiographic
parameters to be used with these evaluations were also provided with acknowledgement of the limitations of these
indicators.34
These screening guidelines would miss some cases of PH in
those the infants who only met criteria for mild BPD. Consideration of additional risk factors, including birthweight, fetal
growth restriction, presence of high risk comorbidities (i.e.
ROP or NEC) or placental vascular pathology might allow
directed screening for higher risk infants. An evidence-based
risk calculator to assist in the identification of appropriate
cases of mild BPD to screen may be of clinical value. Such a
tool has not yet been developed but could guide clinicians in
management strategies and anticipation of resource utilization for a given patient.
A survey performed in 2017 (2 years after publication of the
AHA guidelines) evaluated clinical practice of over 300 neonatologists who practice in tertiary care NICUs, most of whom
had over 20 years of experience.35 The majority of respondents noted an increasing number of extremely premature
infants being diagnosed with PH, although reporting of formal
echocardiography screening protocols varied significantly.
Only 46% of respondents replied that institutional protocols
were in place that aligned with the AHA recommendations of
targeted PH screening for moderate and severe BPD, while
38% reported that existing institutional protocols screened all
infants with BPD.

Echocardiogram

Diagnosis
Screening
The adoption of standardized clinical algorithms for evaluation
of infants at risk of BPD-associated PH remains a challenge. In
2015, recommendations for care of pediatric PH were published
by the American Heart Association (AHA) and American Thoracic Society (ATS).33 While the guidelines provided content
related to the screening and care of BPD-associated PH, more
detailed recommendations were recently published by the

While echocardiography is the most common screening
modality for PH in infants with BPD, there are significant limitations to its use. Tricuspid regurgitant jet velocity (TRJV) is
the most frequently used measurement for evaluating PH,
however many infants do not have a detectable tricuspid
regurgitant jet, and lung hyperinflation may impact detection.34 Further, numerous studies have identified that pulmonary arterial pressures as diagnosed by echocardiography
poorly correlate with data from cardiac catheterization in
Evaluation
of
additional
infants
with
BPD.36,37
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echocardiographic parameters, including flattened intraventricular septum, right ventricular (RV) dilation and/or hypertrophy and depressed function can improve PH detection.
While inter-rater reliability of cardiologists revealed strong
agreement on screening echocardiograms, standardized protocols are needed to optimize evaluation of PH.38 More
recently, advanced echocardiographic assessments, including
tissue Doppler imaging (TDI) and speckle tracking echocardiography, have been suggested for identification of pathology
not detected by conventional methods.39 Specifically,
decreased RV longitudinal strain (a RV systolic function
parameter) has been identified by speckle tracking in infants
and children with a history of PH, suggesting this techniques
may be capable of identifying subclinical ventricular dysfunction where standard imaging was normal.39,40
With growing appreciation of the contribution of pulmonary
vein stenosis to pulmonary vascular disease, pulsed Doppler
interrogation of pulmonary veins should be performed with all
BPD screening. Indeed, there has been increasing identification
of acquired PV stenosis (PVS) resulting in obstructed pulmonary
blood flow and elevated pulmonary pressures.41,42 A recent series
of 213 patients with severe BPD identified that 5% had some
degree of PVS while 26% of infants catheterized in a Spanish registry were found to be affected.42,43 Of concern are data implicating PVS in poor outcomes, with long term survival rates of only
43-50% in affected infants.42,44 While echocardiography may be
capable of identifying many cases, cardiac catheterization, CT
angiography or MRI imaging are often required for a more comprehensive evaluation of the degree of vessel involvement.

Cardiac catheterization
While echocardiography remains first line for screening, invasive catheterization remains the gold standard for detection
of elevated pulmonary pressures. The PPHNet recommendations state that cardiac catheterization should be considered
prior to initiation of pulmonary vasodilator therapy, but in
clinical practice, the procedure is often deferred at discretion
of the care team.34 Beyond providing a more reliable assessment of pulmonary pressures, cardiac catheterization assists
in defining the reversible component of vasoconstriction
when therapy is being considered. Further, catheterization
assists in the detection of PVS, aortopulmonary collaterals
(APC), and left heart dysfunction. Each of these may complicate clinical management, as use of pulmonary vasodilators
in affected patients can result in pulmonary vascular congestion and disturbed gas exchange. However, catheterization
also has risks, including need for intubation and sedation,
risk of hemodynamic instability and vascular, thrombotic
and infectious complications associated with an invasive procedure. A single center retrospective study in pediatric PH
patients who underwent catheterization suggested a 6% risk
of need for resuscitation or death; however, more recent
reports have demonstrated much lower risks.45,46 Nonetheless, CT angiography may be an appropriate consideration in
infants who are suboptimal candidates for catheterization as
this study can also provide insight into presence of PVS and
APCs while characterizing parenchymal lung disease.

42 (2018)

123

Biomarkers
Serum brain natriuretic peptide (BNP) and its prohormone, Nterminal pro-BNP (NT-pro-BNP) are released by the myocardium
in response to stretch and have been proposed as biomarkers
for monitoring right ventricular strain. Studies have correlated
BNP and NT-pro-BNP with mean pulmonary artery pressure,
pulmonary vascular resistance and right atrial pressures in
adult and pediatric patients.47 49 Age specific reference ranges
have been defined, identifying that BNP levels peak at birth
with an acute decline over the first few days of life.50 Limited
data have suggested that BNP and NT-pro BNP may aid in the
diagnosis and monitoring of infants with BPD-associated
PH.51 53 However, as these tests are non-specific and not well
validated, results should be used in conjunction with echocardiography and not replace more formal screening.34 Numerous
additional biomarkers have been explored in the adult and
pediatric cardiac literature including some which are detectable
and in urine samples alone.54 Identification of novel biomarkers
which reliably detect BPD-associated PH pathophysiology could
greatly impact screening and facilitate clinical care.

Management
Evaluation
Similar to the wide variation in screening practices, there is significant variation in the clinical management of infants identified with BPD-associated PH. There has been growing
appreciation for the complex and variable phenotypes of the
disease, with recent evaluations carefully characterizing the coexistence of parenchymal and large airway disease with PH. In
a cohort of 47 infants with severe BPD associated with PH
(defined as bidirectional or right to left PDA shunt, systolic pulmonary artery pressures > 40 mmHg by TRJV or a flattened/
bowed interventricular septum at the end of systole), 10% were
also found to have large airway disease (tracheomalacia or
bronchomalacia by bronchoscopy), 32% had coexisting severe
parenchymal lung injury (defined as an Ochiai score of 8 or
greater on chest computed tomography55) and 45% had evidence of both airway and severe lung disease .56
The PPHNet recommendations suggest that evaluation and
treatment of comorbidities should be done before initiation of
therapy for BPD-associated PH (Fig. 2).9 This includes evaluation
for intermittent hypoxemia, aspiration, gastroesophageal reflux,
structural air disease, pulmonary artery or vein stenosis, APC
and LV dysfunction.34 Repeated episodes of hypoxemia, chronic
airway micro-aspiration, or airway comorbidities, including subglottic stenosis, vocal cord movement abnormalities, laryngoand bronchomalacia can all lead to airway obstruction or lung
injury with CO2 retention, contributing to the risk and severity
of BPD-associated PH. Optimization of gas exchange and maintenance of adequate oxygen saturations (SpO2 between
92 95%) should occur prior to consideration of vasodilator therapy for mild or moderate PH. Thresholds for initiation of vasodilators should include significant disease as characterized by
TRJV > 3 m/second, estimated RV/LV systolic pressure >0.5,
and septal flattening in absence of a significant left to right
shunt. As mentioned above, cardiac catheterization should be
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Fig. 1 – Pulmonary hypertension by BPD classification. Reprinted with permission from Wiley Publishing from Pediatric Perinatal Epidemiology, Arjaans et al. Identification of gaps in the current knowledge on pulmonary hypertension in extremely preterm
infants: A systematic review and meta analysis, 17 January 2018, 1 10.
considered prior to initiation of pharmacotherapy. Catheterization measurements considered significant include a ratio of pulmonary artery to systemic pressure of  0.5, indexed
pulmonary vascular resistance (PVR)  3 wood units (WU) or
pulmonary to systemic vascular resistance (Rp:Rs) of  0.5 and
a normal wedge or left ventricle end diastolic pressure without
evidence of significant PVS.33,34
Consistent with the reported variability in screening algorithms, a wide range of practice exists with respect to evaluation
and treatment of BPD-associated PH. Most neonatologists report
that they would formally consult cardiology (83%) and pediatric
pulmonary (53%) for infants with BPD-associated PH. However,
only 41% routinely evaluate these patients for micro-aspiration,
29% for airway obstruction, and even fewer (11%) pursue cardiac
catheterization.35 Obstacles commonly encountered in performing cardiac catheterization include need for transport to another
center, need for intubation with procedure and concerns for clinical instability. Ninety % of responders to the survey reported
that they used systemic PH medications (phosphodiesterase-5 or
PDE5 inhibitors, endothelin receptor antagonists (ERAs) or prostacyclins), while only 8% responded that they “often” or “always”
catheterize patients prior to their initiation.35

Pharmacotherapy
While experience with pharmacotherapy for BPD-associated PH
is steadily growing, knowledge regarding long-term efficacy
and safety remains limited. In addition, there is growing use of
combined pharmacotherapy, with thoughts that additive
effects may result in optimal outcomes at lower doses or augment response to treatment.57 Dosing, common side effects
and special considerations for specific agents have been suggested, although with the exception of nitric oxide (NO), none
are FDA approved for treatment of infants (Table 2).34
Phosphodiesterase inhibitors: Phosphodiesterases hydrolyze and
inactivate cyclic guanosine momophosphate (cGMP) and cyclic

adenosine monophosphate (cAMP), key regulators of intracellular calcium concentrations and pulmonary vasoconstriction.

 Sildenafil, a PDE5 inhibitor, is commonly used as a first line
therapy for BPD-associated PH, in part because it is well tolerated and easily administered enterally. PDE5 is highly
expressed in the lung, and not only uses cGMP as a substrate but also contains a specific cGMP binding domain
that serves to activate its catabolic activity. As the primary
enzyme regulating levels of cGMP, PDE5 is a critical controller of NO-mediated vasodilation.58
Despite wide spread adult and pediatric use, clinical data
remain limited regarding the efficacy of sildenafil with BPDassociated PH. Small, retrospective studies have suggested
accelerated recovery of PH with potential improved right ventricular function and reduced mortality as compared to historical controls.59 61 The U.S. Food and Drug Administration
(FDA) issued a statement in 2012 recommending that sildenafil not be prescribed for children ages 1-17 with PAH, citing
the results of the STARTS-2 trial, which showed a dosedependent increase in mortality in pediatric patients with idiopathic PH on sildenafil as monotherapy.62 However,
whether these findings are relevant to the BPD-PH population
is not known, and low dose sildenafil (2 mg/kg/day or less) is
approved by the European Medication Authority for use in
children. There are anecdotal reports that sildenafil may
worsen gastroesophageal reflux. There was also concern that
by enhancing angiogenesis, sildenafil could worsen ROP, but
a recent report found that sildenafil did not result in ROP
worsening in infants with BPD-PH.63
A large retrospective cohort study using data from the Pediatric Health Information System (PHIS) identified that 17%
of the 598 infants diagnosed with BPD-associated PH
received sildenafil. Likelihood of treatment correlated with
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Fig. 2 – Clinical approach to the evaluation and treatment of pulmonary hypertension in BPD infants. ECHO, echocardiogram;
LVDD, LV diastolic dysfunction; O2, oxygen; SAP, systemic arterial pressure. Permission obtained, 3.19.2018: Reprinted from
The Journal of Pediatrics, Vol. 188, Krishnan U et al., Evaluation and Management of Pulmonary Hypertension in Children with
Bronchopulmonary Dysplasia, 24 34. Copyright (2017), with permission from Elsevier.
gestation age, SGA and severity of BPD, and there was significant interinstitutional variation in its use.64 A longer
acting PDE5 inhibitor, tadalafil, has been approved for management of adult patients with PH since 2009. However,
this drug remains to be evaluated in pediatric disease.
 Milrinone, a PDE3A inhibitor, increases cAMP levels in arterial smooth muscle cells and myocardium resulting in
decreased pulmonary vascular resistance and increased

cardiac contractility. In addition, milrinone has systemic
vasodilatory properties, reducing afterload with potential
for improved cardiac function. With these dual effects, milrinone may be an optimal therapy when PH is associated
with ventricular dysfunction. Efficacy in neonates with
PPHN has been reported, although randomized controlled
trials are lacking.65 67 A recent small series suggested that
milrinone improved biventricular output and reduced RV
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Table 2 – Pharmacotherapy of pulmonary hypertension in BPD.
Dose/titration

Side effects

Comments

Sildenafil phiosphodiesterase-5
inhibitor

PO: 1 mg/kg 6 8 h; start with low dose
(0.3 0.5 mg/kg/dose) and increase gradually to
1 mg/kg/dose as tolerated; slower as outpatient. Maximal dose of 10 mg q 8 h per EMA
guidelines for infants.
lntravenous: 0.25 0.5 mg/kg/dose q 6 8 h
{titrate slowly and administer over 60 min.)
1 mg/kg PO q 12 h as starting dose; may increase
to 2 mg/kg BID in 2 4 wk, if tolerated and liver
enzymes stable.

Hypotension, GER, irritability (headache), bronchospasm, nasal stuffiness, fever, rarely
priapism

Monitor for adverse effects, lower the
dose or switch to alternate therapy if
not tolerated

Liver dysfunction especially during viral infections, VO mismatch, hypotension, anemia
(edema and airway issues rare in infants)

Inhaled lloprost

2.5 5 mcg every 2 4 h. Can be given as continuous inhalation during mechanical ventilation.
Can titrate dose from 1 to 5 mcg and frequency
from every 4 h to continuous.

Bronchospasm, hypotension, ventilator tube
crystallization and clogging, pulmonary hemorrhage, prostanoid side effects (GI disturbances), may be teratogenic to caregivers.

Intravenous Epoprostenol (Flolan)

Start at 1 2 ng/kg/min, titrate up slowly every
4 6 h to 20 ng/kg/min; need to increase dose at
regular intervals because of tachyphylaxis. Further increases as guided by clinical targets and
avoiding adverse effects.

Treprostinil (Remodulin) IV or
Subcutaneous

Start at 2 ng/kg/min and titrate every 4 6 h up to
20 ng/kg/min, then slow increase dose as tolerated (dose often 1.5 2 times greater than
equivalent epoprostenol dose, if switching
medications)
0.15 0.5 mcg/kg/min lower dosage range when
used with other vasodilators

Hypotension, VO mismatch, GI disturbances.
Needs dedicated line, very short half-life with
high risk for rebound PH with brief interruption
of therapy; line related complications include
infection, clogging, breaks in line, thrombosis,
arrhythmia)
SO: local site pain; IV: similar risks as with epoprostenol, but treprostinil has a longer halflife, which reduces risk for severe PH with
interruption of infusion

Monitor LFT s monthly (earlier with
respiratory infections); monitor CBC
quarterly.
Teratogenicity precautions for
caregivers
Need close monitoring for clogged tubing, may need further dilution. May
need bronchodilators or inhaled steroid pretreatment with
bronchospasm.
Monitor closely if added to other vasodilator therapies, such as milrinone;
careful attention to line care is
essential.
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BID, twice a day; CBC, complete blood count; EMA, European Medicines Agency; GER, gastroesophageal reflux; GI, gastrointestinal; IV, intravenous; kg, kilogram; LFT, liver function tests; mcg, microgram; ng, nanogram; PO, oral; SC, subcutaneous; SR, sustained release; VO, ventilation-perfusion.
From The Journal of Pediatrics, Vol. 188, Krishnan U et al., Evaluation and Management of Pulmonary Hypertension in Children with Bronchopulmonary Dysplasia, 24 34. Copyright (2017), with permission from Elsevier.

S

May need to add a presser, such as vasopressin, to mitigate effects of decrease
in systemic pressures.

R

Arrhythmogenic; systemic hypotension and high
risk for decreased myocardial perfusion; caution with renal dysfunction

N A

Milrinone (IV) (phosphodiesterase-3
inhibitor)

Site pain managed with local and systemic measures

E M I

Bosentan (Endothelin
receptor antagonist)

S
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pressures in NO resistant preterm infants with PH.68 As
milrinone can only be delivered by continuous infusion, its
use is limited for children hospitalized with acute exacerbations of their disease.
Endothelin receptor antagonists: Endothelin-1 (ET-1) is a potent
vasoconstrictor produced by endothelial cells in response to
hypoxia. ET-1 promotes endothelial cell dysfunction, smooth
muscle cell proliferation and remodeling, as well as inflammation and fibrosis.69 Two receptor subtypes (ETA and ETB)
have been characterized, with binding to the ETA receptor on
smooth muscle cells resulting in vasoconstriction. Increased
ET-1 production and altered ET receptor (ETR) activity have
been reported in both animal models and clinical samples
from adults with pulmonary hypertension.70 Bosentan, an
orally active non-selective ETA and ETB receptor antagonist,
has been used extensively in adult patients with PH and is
approved by the FDA for children 3 years of age and older.
Experience with bosentan in pediatric patients with PH has
been favorable with improved outcomes.71,72 However, published experience in infants with BPD-associated PH remains
limited,73 although some institutions are now using this drug
as their preferred initial therapy.34 Liver functions need to be
followed monthly and in the event of an intercurrent viral illness. A newer ETA receptor specific antagonist, ambrisentan,
was approved by the FDA for use with adult PH in 2013 but
remains to be studied in pediatric disease.
Prostacyclins: Prostacyclin (PGI2) is a metabolite of arachidonic
acid that is endogenously produced by the vascular endothelium. PGI2 binds to its receptor (IP), stimulating adenylate
cyclase to produce cAMP, resulting in smooth muscle relaxation
via reduction in intracellular calcium concentrations. PH is
associated with decreased synthesis of prostacyclin, reduced
expression of the IP receptor, and increased synthesis of the
vasoconstrictor prostanoid thromboxane A2.74,75 Several different prostanoid drug preparations are currently in clinical use.
 Epoprostanol was one of the earliest therapeutics used for PH.
Its short half-life necessitates continuous infusion and
depends on central line access. In adults and children with
idiopathic and secondary pulmonary hypertension, epoprostenol has been shown to improve pulmonary hemodynamics, quality of life, exercise capacity, and survival.76 81 These
long-term improvements can occur in absence of acute pulmonary vasodilation, suggesting that the effect on platelet
aggregation, inhibition of smooth muscle cell growth, or protection of right ventricular function may contribute to clinical
improvement of PH.82 The efficacy and safety of this therapy
is still being explored in infants with BPD.83 As a continuous
intravenous (IV) medication, its use remains limited to inpatient care. Inhaled epoprostanol is commonly used for acute
PH in adult patients, but there is little experience with this
form of delivery in preterm infants.
 Iloprost is a more chemically stable prostacyclin analogue
with a half-life of 20-30 minutes facilitating delivery by inhalation, which in turn reduces systemic side effects.84 Iloprost
has been reported to improve oxygenation in infants with
persistent pulmonary hypertension of the newborn
(PPHN)85 87 and limited case studies suggest clinical
improvement occurs in BPD-associated PH.88 Data from

42 (2018)

127

neonatal test lung models suggest that optimal distribution
can be achieved with placement of a proximal nebulizer and
that delivery is feasible via high frequency ventilation.89
 Treprostinil, a longer acting prostacyclin analogue, is typically administered via inhalation every 4-6 hours. Alternatively, this drug can be delivered via continuous
subcutaneous injection with bioavailability that is equivalent to IV delivery, and without safety concerns or significant problems with site pain.90 Subcutaneous treprostinil
has been used to transition some children who were chronically stable on IV epoprostenol,91 and may be effective
when added to other vasodilator therapies.92 Preliminary
studies of treprostinil imply an acceptable safety profile
and clinical benefit in pediatric patients with PH,93 and
case series describe dramatic improvement in premature
infants who were non-responsive to nitric oxide.90,94
Nitric oxide (NO) is a biological signaling gas molecule synthesized by the enzyme NO synthase (NOS). Alterations in NO
signaling have been observed in conjunction with, or even as
a cause of the vascular and lung injury characteristic of
BPD.95 Three isoforms of NOS are present in the lung,
although endothelial NOS is regarded as the most important
regulator of NO production in the lung vasculature. NO stimulates guanylate cyclase activity in vascular smooth muscle
cells, leading to production of cGMP and vascular smooth
muscle relaxation. Administration of inhaled NO (iNO) results
in selective pulmonary vasodilation but requires continuous
administration due to its short half-life. Mourani et al.
showed that pulmonary pressures in patients with BPD
improved to near-normal levels with acute exposure to iNO
during cardiac catheterization, and that the effect was greater
than pulmonary vasodilation induced by oxygen alone.96
However, the benefit of prolonged exposure to iNO in BPDassociated PH has not been evaluated. The logistics of continuous treatment with an inhalational medication currently
prevent chronic management with iNO in the outpatient setting; instead the drug is mainly used for acute PH exacerbations in the hospitalized infant.

Emerging therapeutics
Several newer or investigational drugs are worth mentioning,
although their potential application to neonatal care and
management of BPD-associated PH remain unknown. However, these therapies target a range of cellular mechanisms
(Fig. 3)57 and may represent novel strategies in the management of neonatal PH.
- Soluble guanylate cyclase simulators or activators (riociguat, a
stimulator and cinaciguat, an activator) increase smooth
muscle cell cGMP production and cause vasodilation. Riociguat was FDA approved in 2013 for use in adult PH but
remains to be studied in pediatric PH. Preliminary data on
cinaciguat from a newborn lamb model suggests it may be
effective in inducing pulmonary vasodilation with PPHN.97
- L-citrulline is a precursor to L-arginine, which is a key substrate used by nitric oxide synthase in the production of
NO. Low citrulline levels are associated with PH in preterm
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Fig. 3 – Emerging targets and therapies for PPHN. eNOS, extracellular nitric oxide synthase; sGC, soluble guanylate cyclase;
cGMP, cyclic guanosine monophosphate; rhSOD, recombinant human superoxide dismutase; H2O2, hydrogen peroxide; O2,
oxygen; O2-, superoxide; ET-A, endothelin A, PPAR g, peroxisome proliferator-activated receptor gamma. Permission
obtained, 3.23.2018: Reprinted from Seminars in Perinatology, Vol. 40, Lakshminrusimha, et al., Pharmacologic strategies in
neonatal pulmonary hypertension other than nitric oxide, 160-173. Copyright (2016), with permission from Elsevier.
infants and adult PH has been shown to improve with oral
L-citrulline.98,99 However, whether citrulline prevents or
reverses BPD-PH in neonates remains unknown.
- Rho-kinase inhibitors (fasudil and Y27632) are capable of
inhibiting vascular contraction by blocking phosphorylation of the myosin light chain in vascular smooth muscle
cells. This class of inhibitors have shown efficacy in both
fetal lamb and neonatal rat PH models.100,101
- PPARg agonists (rosiglitazone) regulate smooth muscle cell
proliferation as well as smooth muscle vasodilation
through inhibition of Rho-kinase. Activation of PPARg
reduced RV pressures and vascular remodeling in a rat PH
model, suggesting that these agonists may play a role in
the management of neonatal PH.102

Guidelines recommend that PH specialists should be involved
diagnostic evaluation, use of PH-targeted therapies, and
aggressive management of the underlying lung disease.34
This recommendation mirrors the reports of improved outcomes of BPD with interdisciplinary teams that optimize cardiopulmonary, nutritional, developmental and transitional
care.103,104 This disease-centered care model remains an
important goal, as only 30% of institutions report having
established PH clinics.35 With a growing burden of post-NICU
care attributable to infants impacted by BPD-associated PH, it
is critical that additional efforts be placed on establishing
interdisciplinary teams to assist in the management of these
complex patients.

Conclusion
Interdisciplinary teams
Despite increasing use of pharmacotherapy for BPD-associated PH, evidence of drug efficacy and safety is limited and
significant controversy regarding treatment practices
remains.33 In addition, there is growing appreciation of the
highly variable pathophysiology and course of the disease.

BPD-associated PH remains a serious problem, accounting for
significant neonatal and early childhood morbidity and mortality. While several advances have been made in pharmacotherapeutics to treat PH disease in older children and adults,
the role of such agents in the treatment of BPD-PH is relatively understudied. This is an important gap to fill, as neonates born extremely preterm and even older, former
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preterm infants have distinct and diverse pathophysiology
leading to PH disease. Clinical and translational studies are
still urgently needed, not only to test the efficacy and safety
of certain agents but also to place into context the combined
use of clinical risk factors, novel biomarkers, screening and
diagnostic tests that will help navigate timing, dosing and
duration of therapy. Multidisciplinary efforts in both clinical
care and research will enhance strategies for prevention and
management.
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1

Introduction

Globally, 15 million infants are born preterm each year, representing more than 1 in 10 live births.1 Extremely
preterm infants (born before 28 weeks’ gestational age (GA)) are the most vulnerable, most commonly
complicated by the chronic lung disease, bronchopulmonary dysplasia (BPD).2 BPD is the only complication of
preterm birth for which the incidence is increasing at the same time that all other co-morbidities are decreasing2.
There is no cure for BPD. The use of antenatal corticosteroids and exogenous surfactant administration has
improved the acute respiratory complications of preterm birth dramatically, but these treatments do not prevent
BPD.3, 4 The early application of non-invasive respiratory support is an alternative strategy aimed at preventing
BPD but is unsuccessful at reducing its incidence.5
Although BPD is clearly a respiratory disease of prematurity, BPD may not simply be a consequence of lung
immaturity. The immature immune system of preterm neonates coupled with the immune modulating effects of
factors that commonly accompany preterm birth (e.g. antenatal corticosteroids, intrauterine
infection/inflammation and postnatal sepsis),6 may be responsible for aberrant regulation of lung inflammation.
Thus, targeting the chronic lung inflammation that underlies BPD with the use of new anti-inflammatory
therapies offers the prospect of preventative and reparative treatment for infants with BPD.

2

Bronchopulmonary dysplasia

BPD was first described by Northway in the 1960s as a form of chronic lung disease in moderately preterm
infants, characterised predominately by fibrosis.7 Northway attributed the injurious effects of high oxygen levels
and airway pressures used in mechanical ventilation as the main causes of the disease7. However, changes in
respiratory management strategies for preterm infants has transformed BPD into a disease characterised by
more subtle lung abnormalities, including alveolar hypoplasia (fewer and larger simplified alveoli),8, 9
dysmorphic pulmonary vasculature and chronic pulmonary inflammation.10-12 The lungs of infants with severe
BPD exhibit a lack of septation within the developing airspace, resulting in reduced surface area for gas exchange
in the lungs, hyperconstrictive vasculature that further compromises gas exchange, and impaired surfactant
synthesis,13 favouring atelectasis. The National Institute of Child Health and Human Development defines this
“New BPD” as the requirement for at least 28 days of supplemental oxygen, with the severity of BPD indicated by
the level of respiratory support required at 36 weeks postmenstrual age.14

3
3.1

The aetiology of BPD
Prenatal inflammation

Inflammation within the uterus during pregnancy is a common antecedent of preterm birth that manifests as
chorioamnionitis; inflammation of the chorion and amnion. Chorioamnionitis is commonly classified as clinical
or histological: clinical chorioamnionitis is diagnosed prior to labour, when women present with symptoms
including fever, a tender uterus and preterm rupture of membranes (PROM) with purulent liquor; histological
chorioamnionitis is an asymptomatic inflammation of the membranes.15 Histological chorioamnionitis is more
common than clinical chorioamnionitis but may be undiagnosed because post-partum histological examination
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of the placenta is required.15 Histological chorioamnionitis complicates between 30–70 % of preterm births with
PROM and spontaneous labour, with incidence inversely related to GA. Thus, rates of histological
chorioamnionitis exceed 70 % for infants at highest risk of BPD (23 weeks GA).16
Prenatal inflammation alters fetal lung development, with consequences that may be detrimental or beneficial
for preterm newborns. Histological chorioamnionitis reduces the risk of respiratory distress syndrome (RDS),1618

likely due to elevated surfactant production in the lungs.19-21 However, despite lower risk of RDS, infants

exposed to chorioamnionitis may require longer term respiratory support and have higher rates of BPD and
persistent pulmonary hypertension of the newborn (PPHN).22 Although increases18, 23 or decreases16,24 in the
incidence of BPD are reported after exposure to chorioamnionitis, the relationship is complicated by low-birthweight and postnatal events, such as sepsis. The avoidance of prolonged mechanical ventilation in low-birthweight newborns exposed to chorioamnionitis is associated with decreased incidence of BPD, compared to
newborns exposed to chorioamnionitis who received prolonged ventilation.25 It is unclear whether a prenatal
(chorioamnionitis) or postnatal (ventilator-induced) origin of lung inflammation is the greater contributor to the
pathogenesis of BPD.
Fetal sheep exposed to inflammation induced by intra-amniotic (IA) injection of lipopolysaccharide (LPS) have
lung abnormalities like those observed in infants who die of BPD: alveolar hypoplasia19, 26 and decreased
septation,19, 27 impaired surfactant secretion (despite increased surfactant protein),19 and impaired pulmonary
vascular development and function.28 The similarities in the lungs of fetal lambs exposed to inflammation and
the pathological features of BPD support a prenatal origin of BPD. Although preterm infants exposed to
chorioamnionitis have less RDS, experimental intrauterine inflammation does not reduce the postnatal
respiratory support required by preterm baboons29 and lambs.30

3.2

Respiratory Support

Mechanical ventilation initiates an influx of neutrophils and macrophages into the alveoli.31 These cells produce
cytokines,31 which can disrupt lung development and may be used as biomarkers in serum and tracheal aspirates
to identify infants at risk of BPD.10-12 Infants who develop BPD have persistently elevated pro-inflammatory
cytokines (IL-1β, IL-6 and IL-8) in tracheal aspirates and blood, compared to infants who recover from initial
RDS.32 Preterm infants may become increasingly dependent on respiratory support, which exacerbates
pulmonary inflammation, inducing the production of reactive oxygen species (ROS).33 ROS promote
inflammation and epithelial cell death in the lungs via the cleavage, and thus activation, of caspase-1 (Figure 1).34
In preterm lambs, 2 hours of mechanical ventilation initiates inflammation within the lungs resulting in similar
upregulation of IL-1β, IL-6 and IL-8, the same biomarkers as infants that are ventilated or were exposed to
chorioamnionitis.35, 36 Longer ventilation of preterm lambs (3-4 weeks) increases neutrophil and macrophage
infiltration into the lungs and causes non-uniform inflation patterns and abnormal lung vascular development,
similar to that observed in infants who die from BPD.37

4

Long-term pulmonary consequences of BPD

The long-term sequelae of new BPD are described by very few studies. Autopsies reveal its major pathological
features: abnormal alveolar architecture (alveolar hypoplasia) and impaired pulmonary vascular development,
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where vessels are distant from airspaces.8, 9 Pulmonary gas exchange is impaired in 2-year-old infants with BPD
compared to non-BPD controls; however, alveolar volume was normal in both cohorts, suggesting a lower
alveolar surface area, consistent with an alveolar hypoplasia lung phenotype.38 Persistent abnormalities in lung
parenchyma have long-term functional consequences: 7-to-8-year-olds who had BPD and received surfactant
during the perinatal period had lower forced expiratory volume and higher airway resistance, compared to ageand sex- matched controls without BPD, indicative of increased work of breathing.39

5

Steroidal approaches to prevent pulmonary inflammation

5.1

Antenatal corticosteroids

Antenatal corticosteroids administered to women at risk of preterm delivery accelerate fetal lung maturation to
prevent RDS but do not prevent BPD.3 Antenatal corticosteroids cause remodeling of the lung parenchyma,
which improves gas exchange but results ultimately in fewer, larger alveoli,40 like the lungs of fetal sheep
exposed to prenatal inflammation.8, 19 Antenatal corticosteroids alter immune activity by suppressing
lymphocytes but increasing neutrophils in preterm infants,41 and altering immune cell function,42 which may
underlie an increased risk of early-onset sepsis.3
Antenatal corticosteroid treatment can suppress lung inflammation (induced by IA injection of LPS) in fetal
sheep but the reduction of LPS-induced inflammation is transient.43 Thus, the timing of antenatal corticosteroid
administration in humans may influence the lung inflammation that accompanies chorioamnionitis. The optimal
timing, dose, and frequency of administration of glucocorticoids to women at risk of preterm birth are unknown.
While chorioamnionitis is not a contraindication to the use of antenatal corticosteroids, their interaction likely
affects lung development differently to either in isolation;19, 44 the impact of this interaction on rates of BPD is
not known.
Few studies investigate any effect of antenatal glucocorticoids on postnatal ventilator requirements and lung
inflammation. In adult animals, pretreatment with corticosteroids reduces ventilation-induced lung injury.45, 46
Preterm lambs ventilated following exposure to antenatal glucocorticoids have less lung injury and inflammation
in comparison to ventilated preterm lambs exposed to antenatal saline.47 The maturational and antiinflammatory effects of antenatal glucocorticoids in the preterm lungs appear to be maintained for the initial
ventilation period, consistent with lower RDS incidence. However, meta-analyses show that antenatal
corticosteroids do not reduce BPD.3

5.2

Postnatal glucocorticoids

Postnatal glucocorticoid use peaked in the late 1990s48 after observations of improved extubation rates in a
small trial.49 Later meta-analyses revealed reduced BPD incidence in preterm infants who received postnatal
glucocorticoids, but increased incidence of cerebral palsy and death.50-53 Thus, postnatal glucocorticoids are now
used reluctantly in infants with intractable BPD: fewer than 10 % of preterm infants receive them.2
Ventilator management of preterm infants has evolved since the 1990s, aiming for respiratory management with
lower airway pressures and inspired oxygen concentrations, and avoidance of prolonged periods of intubation.5,
54

The practice of more ‘gentle’ ventilation coupled with significantly less postnatal steroid exposure may result
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in infants receiving longer periods of respiratory support than may have been used prior to adoption of these
changes in practice. It is unclear whether the increasing BPD incidence is attributable to longer periods of
respiratory support and/or the decrease in steroid use. Typically, infants who receive postnatal steroids are
those who require prolonged periods of invasive ventilation, indicating a stronger predisposition for BPD
development, and complicating any assessment of the impact of postnatal steroids on BPD incidence.
Early studies of postnatal high-dose dexamethasone therapy (~1 mg/kg/day over 42 d)49 focused on immediate
respiratory outcomes, at the expense of neurological follow-up. Optimal postnatal steroid dosing regimens are
undefined, contributing to reluctance for their clinical use. Early administration of lower dexamethasone doses
may be safe and effective in infants at high-risk of developing BPD.53
Despite the key role of inflammation in the pathogenesis of BPD, few studies of postnatal steroids include
inflammation as an outcome. Small studies describe a reduction in neutrophils55, 56 and IL-1 concentration in
bronchoalveolar lavage (BAL) of ventilated preterm infants receiving dexamethasone.55, 57 Similarly, IL-1β
expression is lower in the lungs of preterm lambs receiving a single dexamethasone dose (0.5 mg/kg)
immediately before initiation of ventilation compared to placebo controls.47 No animal studies assess the ability
of postnatal dexamethasone to treat established lung inflammation and injury.
Neurological impairment is associated with high dose postnatal steroids. The risk of cerebral palsy increases by
40 % for every 1 mg/kg increase in dexamethasone dose.58 The most premature infants are not the worst
affected (despite presumably more immature organ systems); treatment after 33 weeks’ postmenstrual age is
associated with greatest neurological deficit at follow-up.58 Adverse clinical neurological outcomes associated
with dexamethasone are consistent with animal studies.59-61 Other complications of high-dose postnatal steroid
use include stunted growth62, intraventricular haemorrhage (IVH),53, 63 gastrointestinal bleeding,52 sepsis and
hypertension.51-53, 64 Combined use of dexamethasone and indomethacin (for closure of the ductus arteriosus)
increases the likelihood of gastrointestinal perforation three-fold.62
The DART trial aimed to investigate the ability of a low-dose 10-day tapered course of postnatal dexamethasone
(0.89 mg/kg cumulative over 10 days) to prevent BPD in preterm infants born before 28 weeks GA.65 The trial
was terminated because of low (10 %) recruitment,65 but infants who received dexamethasone spent less time
intubated on mechanical ventilation; although this did not reach statistical significance. Major disability and
cerebral palsy were not different between dexamethasone-treated and placebo-treated preterm infants at 2
years follow-up.66

6

Non-steroidal approaches to prevent pulmonary inflammation

Inflammation associated with BPD involves the activation or over-expression of a number of inflammatory
cytokines and pro-inflammatory mediators (Figure 1) providing opportunity for multiple therapeutic targets to
prevent lung inflammation in newborn infants. Inhibition of cell signaling that exacerbates inflammation or
inhibition of specific pro-inflammatory cytokines in the lungs may prevent BPD progression.
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6.1
6.1.1

Suppressing inflammation at various sites: Pentoxifylline, NLRP3 inhibition, IL-1Ra and Adenosine
Monophosphate Proteins
Pentoxifylline

Pentoxifylline is a synthetic theobromine derivative, structurally similar to caffeine.67 Pentoxifylline is a an
immunological agent sometimes used in septic shock due to its ability to lower blood viscosity and improve
tissue perfusion.67 Pentoxifylline acts by inhibiting erythrocyte phosphodiesterase, which increases expression
of the anti-inflammatory protein adenosine monophosphate protein kinase (AMPK), suppressing neutrophils
and pro-inflammatory cytokines67, 68 and likely preventing chronic inflammation.
Pentoxifylline is well tolerated by neonates, in whom it is predominately used during sepsis. Pentoxifylline
infusion (5 mg/kg/hour for 6 hours) over six days lowers plasma IL-6 and TNF in preterm infants with sepsis,
when compared to placebo.69 Infants receiving pentoxifylline had less hypotension and overall improved clinical
course,69 highlighting its immuno- and vasculo-modulatory effects. However, comparison of pentoxifylline and
dexamethasone in low-birth-weight infants with oxygen requirements >30 % at 72 hours of age revealed neither
treatment impacted BPD incidence.70
It is unclear if pentoxifylline is beneficial for BPD prevention. Current studies are limited by small sample size
and poor design (e.g. no blinding is apparent in any of the studies). Hypotension, arrhythmia67 and more rarely,
IVH, are noted in adult trials using pentoxifylline.71, 72 It is unclear whether pentoxifylline may have particular
side effects in infants with BPD. Preclinical studies using pentoxifylline for BPD are rare, and animal studies are
warranted to ensure effective translation of pentoxifylline into larger randomised controlled trials (RCTs). One
RCT is currently recruiting preterm infants to receive either pentoxifylline or placebo for preventing sepsis and
necrotising enterocolitis (NEC), with BPD as a secondary outcome (ACTRN: 12616000405415). No RCTs using
pentoxifylline assess BPD as a primary outcome.
In newborn rats exposed to hyperoxia, pentoxifylline administration increased survival and expression of lung
vasculogenic markers compared to normoxic controls.73 However, hyperoxia produces a classic fibrotic BPD
phenotype, not contemporary BPD. Adult rats subjected to intratracheal hydrochloric acid (HCl) have lung
inflammation and develop acute RDS.74 Prophylactic, but not rescue, pentoxifylline reduces HCl-induced lung
inflammation and normalises alveolar architecture,74 indicating the timing of pentoxifylline may be important
when considering its application in preterm infants.
6.1.2

NLRP3 inflammasome

The NLRP3 inflammasome is part of the innate immune system, responsible for sensing pathogens and initiating
inflammation.75 The NLRP3 inflammasome is activated by numerous stimuli,76 forming a complex with other
molecules, including procaspase-1.75, 77 Procaspase-1 is activated upon formation of the NLRP3 complex and
induces IL-1β maturation.75, 77 Expression of IL-1β is tightly regulated by activation of the NLRP3 complex.
NLRP3 is implicated in adult ventilator-induced lung injury78 and is upregulated in BAL after 5 hours of
ventilation.78 There are no data suggesting activation of NLRP3 in neonatal ventilation, however NLRP3 is part of
the innate immune system and should be present at birth.
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The NLRP3 inflammasome can be activated by ROS (through injurious ventilation), or TLR activation (through
LPS; Figure 1).79 Ventilation using low or high tidal volumes both stimulate NLRP3 and IL-1β expression in mice
lungs.78 Overexpression of NLRP3 interrupts alveolar formation and leads to abnormal lung morphogenesis of
mice.80 NLRP3-deficient mice are protected from ventilator-induced lung injury and have low IL-1β in their
lungs.78, 81
NLRP3 activity is altered in the presence of glucocorticoids and LPS, which may compromise NLPR3 blockade for
BPD prevention in preterm infants. Cultured human and mouse macrophages pre-treated with LPS have elevated
NLRP3 and IL-1β following exposure to dexamethasone, despite glucocorticoids being anti-inflammatory
(dexamethasone alone blocks IL-1β).79 The use of postnatal steroids may be less effective in reducing NLRP3induced inflammation in preterm infants exposed to both chorioamnionitis and ventilation. Targeting
inflammatory inhibition downstream of NLRP3 may be more appropriate in these infants.
Other avenues for NLRP3 suppression include administration of the antidiabetic drug glibenclamide and IL-1
inhibitors [see section 6.1.3]. In ventilated adult mice receiving glibenclamide, compared to placebo, NLRP3 and
IL-1β in the lungs was reduced.78 Glibenclamide is used antenatally in mothers with gestational diabetes82 and in
neonates with permanent neonatal diabetes mellitus,83 but not in neonatal lung inflammation.
6.1.3

IL-1 receptor antagonist

IL-1 plays a crucial role in inflammation.84 IL-1α and IL-1β enhance their own upregulation and recruit other
pro-inflammatory cytokines, including IL-6 and IL-8, to aggravate inflammation.84, 85 Upregulation of IL-1 is
apparent in tracheal aspirates of preterm infants who were exposed to chorioamnionitis86 or who have BPD.32
Elevated IL-1 in tracheal aspirates between days 1-3 of life may better predict BPD than GA alone for infants
born <27 weeks GA.81
Imbalance between IL-1 and its endogenous IL-1 receptor antagonist (Ra) may be involved in the pathogenesis
of BPD. Preterm infants <30 weeks GA have elevated IL-1 and lower IL-1Ra,87, 88 an imbalance that can persist for
the first month of life.87 However, levels of IL-1 and IL-1Ra are both higher than non-BPD controls,88 indicating
an inability to inhibit IL-1β by IL-1Ra in preterm infants at risk of BPD. Increases in IL-1:IL-1Ra, favouring
inflammation, may contribute to prolonged pulmonary inflammation and BPD development. Elevated IL-1 in
tracheal aspirates preceded increased macrophage activity between 7-10 days of life in preterm infants who
develop BPD, indicating a hyperactive immune system.
The ratio of IL-1:IL-1Ra increases exponentially in tracheal aspirates of baboons delivered at 70 % of full
gestation and ventilated for 2, 6 or 14 days,81 suggesting an ongoing inflammatory response. Synthetic IL-1Ra
prevents BPD-like lung pathology in mice and rats by reducing pulmonary inflammation and normalising
alveolar development.89,90 Synthetic IL-1Ra reduces lung inflammation and suppresses IL-1β in fetal lambs
exposed to LPS. 91
IL-1Ra has a well-established safety profile for therapeutic use in adults,92 but 100-fold levels of IL-1Ra to IL-1
are required for functional inhibition of IL-1.92 Synthetic IL-1Ra is used in neonatal-onset multisystem
inflammatory disease to control relapsing inflammation.93, 94 However, clinical use for BPD prevention is not
reported. There are no guidelines for IL-1Ra use in the neonate and only one IL-1Ra (Anakinra) has shown to be
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safe in patients less than 2 years old.95, 96 Other FDA-approved IL-1 inhibitors have not been tested in
neonates.97,98
6.1.4

Adenosine monophosphate proteins

AMPs are produced by macrophages, neutrophils and epithelial cells in response to inflammation, ROS or
infection, and suppress the release of inflammatory mediators.99 Excess ROS activates AMP to AMPK, which
suppress NLRP3.100 AMPs are elevated in tracheal aspirates of newborn ventilated infants with pulmonary
infections compared to ventilated infants without infection101 but it is unclear if these AMPs are active.
Intratracheal LPS administration in mice increases lung endothelial cell permeability and white cell infiltration,
in parallel with AMPK inhibition.102 Pretreatment, but not rescue treatment, of wild-type mice with an AMPK
activator reduces LPS-induced inflammation and injury.102 Infants exposed to prenatal inflammation have
similar lung morphology to that observed in mice exposed to intratracheal LPS; thus these infants may have
reduced AMPK activity.
AMPK activity is enhanced by resveratrol in obese patients (still in clinical trials),103 consistent with inhibition of
inflammation in LPS-exposed macrophages from mice in vitro.104 The use of resveratrol has not been
investigated in lung inflammation, but stimulation of innate AMPK may inhibit inflammation and prevent BPD
lung pathology in preterm infants.
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Figure 1. Interplay of factors that may contribute to chronic lung inflammation and the development
of BPD in preterm infants. NLRP3 and pathogen-associated molecular patterns (PAMP) both increase
transcription of potent pro-inflammatory cytokine IL-1. Imbalances in IL-1 and IL-1 antagonists (i.e. IL-1
receptor antagonist: IL-1Ra) may predispose infants to BPD. IL-1 transcription can be prevented by IL-1Ra.
IL-1 production positively feeds back to increase NLRP3 activity (green arrow). Reactive oxygen species
(ROS) induced by ventilation also increase NLRP3 activity, inducing caspase-1 (CASP1), and thus IL-1
transcription. Glucocorticoids bind to glucocorticoid receptors (GR) in the cytoplasm and interfere with the
transcription of IL-1 in the nucleus. Adenosine monophosphate-activated protein kinase (AMPK) binding to
toll-like receptors (TLR) inhibits NLRP3 (red line).

7
7.1

Cell therapies for prevention of pulmonary inflammation
Mesenchymal stem cells

Mesenchymal stem cells (MSCs) with multi-lineage differentiability are usually derived from bone marrow. MSCs
home to sites of injury and possess immunomodulatory functions.105 In culture, MSCs can differentiate into
alveolar epithelium.105, 106 In vivo, MSCs engraft in the lung and produce surfactant,106 but engraftment rates are
low,107, 108 suggesting MSCs work via paracrine effects. Prophylactic administration of MSCs mitigate lung injury
in mice but are ineffective in repairing established lung injury.108
Meta-analysis of RCTs in adult diseases indicates MSCs are safe;109 they do not increase rates of infection, death
or malignancy,109 despite previous concerns about tumourogenicity.110 Transient fever was noted in trials using
MSCs109 but it is unclear whether this is the consequence of an immune reaction to MSCs.
Clinical studies of MSCs in preterm infants are limited. One trial counted MSCs in BAL and another administered
MSCs before BPD diagnosis. The presence of endogenous MSCs within BAL of preterm infants was associated
with increased risk of developing BPD.111 However, the source of MSCs in BAL was unclear, and may be a result
of injured lung epithelium. A phase I dose-escalation trial examined administration of MSCs intratracheally to
preterm infants at risk of developing BPD (23-29 weeks GA) who required continuous ventilator support.112 Proinflammatory cytokines in BAL were lower at day 7 compared to day 3 after MSC transplantation, highlighting
the paracrine effects of the cells. Thirty-three percent of preterm infants enrolled developed BPD. This trial
targeted infants before BPD developed, who may not have had established lung inflammation. Six patients in the
trial developed serious adverse events up to 84 days after MSC transplantation, including pneumothorax, NEC
and IVH (< grade 3). The majority of adverse events occurred in infants receiving the highest MSC dose (20
million cells/kg).
The origin or handling of MSCs may influence their therapeutic potential. The yield of cord-blood-derived MSCs
is low and MSCs need to be expanded for adequate cell numbers for delivery to a patient, but culturing induces
ageing.113 Cultured, MSCs have weaker immunomodulatory properties in vitro compared to primary MSCs,113
potentially compromising the therapeutic effects of MSCs. Additionally, MSC expansion often requires growth
factors (containing animal products),112 or plating onto a glycoprotein-rich fibronectin matrix.114 The impact of
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media, growth factors or matrices used with MSCs, and whether these alter MSC function, must be considered
when proposing MSC transplantation in preterm infants.

7.2

Human amnion epithelial cells

The amniotic membrane is the innermost placental membrane surrounding the fetus,115 made up of a single
layer of cuboidal columnar epithelial cells.115 The amnion predominately provides the developing fetus with
protection, but also produces growth factors, cytokines, prostaglandins and erythropoietin.116 The amniotic
epithelium is formed before gastrulation, and thus is pluripotent even at term gestation.115
Amniotic membranes were first used over a century ago as biological dressings for skin wounds.117 This practice
continues, highlighting the safety of these cells as a therapeutic for human disease.118 Unlike MSCs, isolation of
human amnion epithelial cells (hAECs) from a single placenta yields enough cells for administration to multiple
patients. Primary hAECs may be used immediately after isolation, obviating concerns about cell manipulation.
Human AECs do not express telomerase,119 and have low tumourigenicity.120 Rejection does not occur when
hAECs are administered to humans121 or other animals,119, 122 likely due to low HLA class II expression.122 123
Thus, hAECs can be applied without concerns of tumorigenesis or rejection.
Human AECs reduce lung collagen and fibrosis in mice,124, 125 up to 14 days after bleomycin insult.125 Hyperoxiaexposed mice treated with hAECs have increased expression of vascular endothelial growth factor receptor and
angiogenin1 in their lungs and this correlates with normalized pulmonary vasculature.126 Human AEC
administration normalises alveolar structure in hyperoxia-exposed mice,126 LPS-exposed fetal sheep127 and in
fetal and preterm sheep following injurious ventilation.128, 129 Thus, hAECs prevent BPD-like lung pathology,
independent of the model, and this reduction in BPD-like lung pathology is consistently accompanied by reduced
lung inflammation.
The immunomodulatory effects of hAECs are demonstrated by their ability to downregulate pro-inflammatory
cytokines, IL-6,128, 130-132 IL-1α and IL-1β,131 and upregulate anti-inflammatory cytokine IL-10.129 However, hAECs
increase total immune cell numbers in the lungs of LPS-exposed fetal sheep and mechanically ventilated preterm
lambs,127, 129 demonstrating the ability of hAECs’ to augment inflammatory cell recruitment but seemingly
without proinflammatory effects. IL-10 has a role in activating M2 pro-reparative macrophages and opposing
differentiation of pro-inflammatory M1 macrophages,133 and is upregulated following hAEC administration.129, 132
Indeed, lung and liver macrophage activity shifts from a predominately M1 to M2 phenotype after hAEC
administration in bleomycin-exposed mice.134, 135 Similar to MSCs, hAECs modulate the immune system and
prevent BPD-like lung pathology, likely via paracrine effects.
The safety of hAECs has been explored in an unpublished phase I trial of hAECs in infants with intractable BPD
(ACTRN: 12614000174684). Subsequent trials are required to determine the appropriate dose of hAECs and
when to administer hAECs in preterm infants with BPD.
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8

Final comments and future research

BPD remains a major cause of morbidity and mortality in preterm infants. Historically, therapies like postnatal
steroids have been used without appropriate preclinical data regarding safety and long-term outcomes.
Pharmacological inhibitors of inflammation, such as IL-1 inhibitors, pentoxifylline and AMP activators, are
promising therapies for pulmonary inflammation but are in preclinical stages. Cellular therapies, arguably, have
more preclinical evidence surrounding their use for BPD and are approaching RCTs. However, it is unlikely that a
one-drug-fix-all approach to BPD will eventuate. Likely, the most beneficial outcomes for infants developing, or
who have developed, BPD will be achieved with combined therapies. If an infant is unresponsive to a therapy
(e.g. steroids or hAECs) within several days an alternative therapy should be considered. Future studies will
need to consider interactions between therapies in preterm infants if tailoring therapies for neonates with BPD
is necessary.

Educational aims
The reader will appreciate:
•

The incidence of BPD is increasing, despite advancements in clinical care of preterm infants.

•

Maturational agents to improve lung architecture, including antenatal glucocorticoids and surfactant
therapy, have not improved BPD incidence.

•

Anti-inflammatory therapies may be beneficial over maturational agents in preventing BPD incidence.

•

Glucocorticoids reduce BPD incidence but have poor neurological outcomes. Glucocorticoid use in the
newborn requires significant optimisation.

•

Cellular therapies likely modulate lung inflammation associated with BPD, without adverse outcomes.

Future research directions
BPD is a complex disease involving aberrant regulation of lung inflammation. The use of preclinical, translational
studies to identify or optimise pre-existing therapies, such as postnatal steroids or IL-1Ra, need to be conducted
and compared to less conventional cellular therapies. Future studies should aim to encompass the inflammatory,
structural and vascular complications of BPD for the best outcomes in preterm infants.
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Abstract

Background Bronchopulmonary Dysplasia (BPD) is an orphan disease and advances in
prevention and treatment are lacking. Clinical efficacy of systemic corticosteroid therapy to
reduce the severity of lung disease and BPD is highly variable. Our objective was to assess
whether candidate SNPs in corticosteroid metabolism and response genes are associated with
short-term phenotypic response to systemic corticosteroids in infants at high risk for BPD.
Methods Pharmacogenetic analysis of data from a large randomized controlled trial (TOLSURF)
in infants treated with dexamethasone or hydrocortisone using multivariate linear regression. The
primary outcome was change in Respiratory Severity Score (RSS, mean airway pressure x FiO2)
at day 7 of corticosteroid treatment.
Results rs7225082 in the intron of CRHR1 is significantly associated with the magnitude of
decrease in RSS 7 days after starting treatment with systemic corticosteroid (meta-analysis
p=2.8x10-4 ). Each T allele at rs7225082 is associated with a smaller absolute change in RSS at
day 7, i.e. less response to systemic corticosteroids.
Conclusion Genetic variability is associated with corticosteroid responsiveness with regard to
respiratory status in preterm infants. Identification of genetic markers of corticosteroid
responsiveness may allow for therapeutic individualization, with the goal of optimizing the risk
to benefit ratio for an individual child.
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Introduction
Bronchopulmonary dysplasia (BPD) is the most frequent complication of extreme prematurity. With increasing survival of the most immature
infants, rates of BPD are increasing. Among a large cohort of infants less than 1500 grams at birth, the incidence of BPD increased between 2009 and
2012, up to 55% in infants born at 26 weeks and 40% in infants born at 27 weeks(1). Preventive therapies for BPD are limited, but postnatal
treatment with systemic corticosteroids is a common practice grounded in studies that show improved pulmonary outcomes (2, 3). Corticosteroid
treatment is highly variable among centers(4), in part due to concern regarding historic associations of high dose dexamethasone with central nervous
system injury(5-7). In order for corticosteroid use to be optimized, the risk to benefit ratio must be improved such that a given infant is more likely to
be benefited than harmed. Precision therapeutics is a burgeoning field that utilizes genetic information to individualize therapy, and this approach can
be used to investigate target populations for optimal corticosteroid benefit. A long-term goal of pharmacogenetic studies in BPD is to preemptively
delineate likely responders and non-responders and treat accordingly, and to delineate the biology of differential drug response.
In the original Trial of Surfactant Treatment (TOLSURF) study, many infants received systemic corticosteroids to decrease severity of lung
disease and facilitate weaning from mechanical ventilation. In both dexamethasone- and hydrocortisone-treated infants, there is a known large range
in phenotypic response to corticosteroid treatment. Many factors can contribute to this variability, including severity of lung disease, variation among
centers in management of respiratory support and individual patient co-morbidities such as infections, etc. Genetic variation may also be an important
and understudied contributor to differential corticosteroid response.
Genetic variation contributes to the risk of BPD (8, 9). Although yet unstudied in the BPD population, there is a high probability that genetic
variability also contributes to variability in drug response. Variant alleles can influence drug metabolism, disposition and drug target sensitivity, and
explain some of the heterogeneity in efficacy and toxicity that is observed within a patient population. A recent study (10) links neonatal genetic
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variation to respiratory phenotype at birth after maternal treatment with antenatal corticosteroids. In asthma, multiple single nucleotide
polymorphisms (SNPs) in corticosteroid metabolism and response genes modify clinical response to inhaled corticosteroids(11-17). Though asthma
and BPD are separate clinical entities, significant overlap occurs in their pathophysiology (inflammation, pulmonary architecture remodeling,
bronchospasm, air trapping). Genes which are implicated in prenatal corticosteroid response and asthma corticosteroid response are potentially
relevant to clinical corticosteroid response for BPD.
Given this background, our objective was to identify pharmacogenetic variants from pediatric asthma and perinatal corticosteroid treatment
literature, and test these genes and variants for an association with clinical response to systemic corticosteroids in infants at high risk for BPD. Our
hypothesis states that variants associated with corticosteroid metabolism and response will correlate with short-term improvement in respiratory
phenotype among a clinically homogenous cohort of preterm infants.
Methods
Our investigation was a secondary analysis of existing data collected during a large multi-center, randomized, controlled trial of late
surfactant therapy (TOLSURF study)(18, 19). The parent clinical trial was IRB-approved and parental consent was obtained, including collection and
study of biospecimens (tracheal aspirate, urine and DNA).The Children’s Mercy Hospital IRB deferred review of this secondary study as non-human
subjects research (use of de-identified historical data). The source population from the TOLSURF study included preterm infants receiving inhaled
nitric oxide, birth weight 701±164 g, and gestational age 25.2±1.2 weeks. There was no differences found in the primary outcome of survival without
BPD at 36 weeks between surfactant-treated and placebo groups. Thus, the groups were combined for secondary analyses.
Study Cohort
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511 infants enrolled in the TOLSURF study were screened for eligibility. 126 infants met the following criteria: received systemic
dexamethasone (DEX) or hydrocortisone (HC) at greater than 14 days of life for a minimum of seven days of treatment and on invasive ventilation at
corticosteroids start. These criteria were selected to exclude corticosteroid exposure for blood pressure support and brief courses to treat airway
edema for extubation. Of these 126, 39 were excluded due to (1) no DNA collected/isolated or failed early sample quality control during genomewide SNP genotyping (n=26), (2) genotype call rates < 95% (n=3), (3) sibling from a multiple gestation (n=10, only one sibling was included to
account for genetic relatedness). Ten were excluded for no primary outcome data; these infants were extubated to low flow NC and mean airway
pressure (MAP) was not measureable.
Use of systemic corticosteroids was not prescribed by the study protocol but guidelines for their use were established by trial
investigators. Approximately 75% of the source population were treated with postnatal corticosteroids, for various indications, one being BPD. For
corticosteroid treatment for BPD, guidelines for use included withholding treatment until at least 2 weeks of age and only for infants with respiratory
severity scores (RSS, FIO2 x mean airway pressure) of ≥7. Biologically equivalent doses of either hydrocortisone (15 mg/kg over 9 days) or
dexamethasone (0.89 mg/kg over 10 days), based on doses and durations used in prior clinical trials, were recommended per TOLSURF study
guidelines (20). BPD at 36 and 40 weeks was defined in the original study with the following criteria: Infants discharged in room air before 36 weeks
were designated “No BPD.” Infants requiring ventilatory support and any level of supplemental oxygen, or with an effective FiO2 >30% by nasal
cannula, were diagnosed with BPD (“severe” BPD by the NIH workshop definition (21)). Infants receiving mechanical ventilation, NCPAP, or >4 L
of nasal cannula flow in room air were designated “Yes BPD.” Infants at 36 weeks receiving ≤0.3 effective FiO 2 at <2 L flow or on nasal flow <4 L
with room air were evaluated for their requirement for respiratory support, determined by an oxygen/flow reduction (room air) challenge test(22).
Corticosteroid Response Phenotyping
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In order to measure short-term phenotypic response to systemic corticosteroids, the change in RSS was used as a phenotypic marker. In order
to evaluate response to corticosteroids, we went back to original TOLSURF data and obtained Mean Airway Pressure (MAP) and FiO2 to calculate
RSS at each time point. Then, RSS values for the day were averaged for a 24 hour period and recorded on day 0 (day before treatment), day 4 of
treatment and day 7 of corticosteroid treatment. Mode of ventilation was not taken into account in the RSS calculation, but MAP is reliably recorded
from conventional ventilators, high frequency ventilators and BiPAP/SiPAP and CPAP modes. Only one infant in the analysis cohort was weaned to
HFNC and his average RSS corresponded to a MAP of 2 cm H2O. Absolute change in RSS at day 7 is the primary outcome because this is a
clinically meaningful time point and allows time for genetic effects to be assessed with respect to drug response.
Genotyping and Imputation Methods
DNA was isolated from cells in tracheal aspirates using an AutoGeneprep 965 instrument (Autogen, Holliston, MA) as per the manufacturer’s
recommended protocols. When protein contamination was evident, DNA was re-precipitated using 3 volumes of 100% ethanol and 3M ammonium
acetate at a 3:1 ratio after incubation at -80o C overnight. DNA was quantified by Nanodrop (Thermofisher Scientific, Inc., Waltman MA) and quality
was assessed using the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA). Genotyping was performed on the Affymetrix Axiom LAT1 array
(WorldArray 4, >800,000 SNPs). SNPs were filtered based on call rates < 95%, and Hardy-Weinberg equilibrium p-values < 10-6 using PLINK(23).
Subjects were evaluated for call rates, consistency between genetic and reported sex, autosomal heterozygosity, and cryptic relatedness/genetic
identity using IBD/IBS estimates in PLINK(23). In the case of multiples, one individual was selected at random to be included in the study.
Using the complete set of ~800,000 markers, genomic levels of African and European ancestry were evaluated using ADMIXTURE(24)
assuming three ancestral populations (K=3). Individuals from the HapMap CEU and YRI were genotyped on the same array and included as
reference populations for European and African ancestry, respectively. Windows were offset by a factor of 0.2, the cutoff for linkage was set to 0.1,
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and a constant recombination rate was set to 10-8 (bp)-1 . Genome-wide SNP genotypes were further used to impute candidate variants in the phase 3
1000 Genomes populations using the Michigan Imputation Server (https://imputationserver.sph.umich.edu/index.html). Variants were then filtered
for imputation quality scores > 0.3.
Candidate SNP Identification
Multiple PubMed queries using search terms “steroid, corticosteroid, pharmacogenetics, asthma, response” were performed. Of the papers
that discussed pharmacogenetics of corticosteroids, we chose to only include statistically significant SNPs from papers with an objective and
measurable phenotype (e.g. FEV1). Manuscripts reporting genetic associations of prenatal corticosteroid response and neonatal respiratory outcomes
were included. The references of pertinent review articles were also reviewed for candidate results.
Statistical Analysis
Continuous variables are presented as means (SDs). Genetic association testing was performed at individual candidate SNPs, and at a
collection of pooled SNPs within 50 Kb of candidate genes. Infants of maternal self-reported African-American (AA) and Non-Hispanic White
(NHW) race/ethnicity were analyzed separately, then combined in a meta-analysis using Fisher’s method. Genetic associations with respiratory
phenotypic response were tested at candidate SNPs within each racial/ethnic group using linear regression in PLINK (23), adjusting for gestational
age, sex, birth weight, multiple gestation, baseline RSS and African genetic ancestry (for infants of maternal AA race). Gene-based association
testing was performed using VEGAS2 v.02 by combining p-values across genotyped variants within each candidate gene, and including those within
50 Kb of the transcription start/stop site. Demographic difference between ethnic groups were assessed using Fisher’s exact t-tests. Associations
between change in RSS at day 7 and long-term diagnosis of BPD at 36 and 40 weeks were tested with univariate binomial logistic regression. Two
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post-hoc exploratory analyses were performed, one including infants with missing data at day 7 of treatment (those weaned to low flow nasal
cannula), and one with a small for gestational age (SGA) variable instead of birthweight, as birthweight and gestational age are highly correlated. Pvalues less than 0.05 were considered statistically significant for these comparisons.
Results
Figure 1 depicts the selection of the final pharmacogenetic cohort. The final analysis cohort consisted of 34 AA and 36 NHW infants (Table
1), and the seven Hispanic White infants were excluded from the initial analysis due to lack of sufficient sample size and power for genetic
conclusions in this ethnic sub-group. There was a wide phenotypic range in response to systemic corticosteroids (Figure 2). Because the
hydrocortisone- and dexamethasone-treated groups were similar in clinical characteristics and clinical response variability, they were combined. Of
all Table 1 variables tested for an association with the primary outcome, only baseline RSS (day 0 before steroid treatment) was significant, so this
was adjusted for in all subsequent analyses. Day 7 change in RSS was not predictive of BPD status at 36 or 40 weeks gestational age (p-value 0.614
and 0.831 respectively), suggesting that the final diagnosis of BPD is multi-factorial and short-term response to steroids is one of many important
contributors.
The list of candidate SNPs tested for an association with phenotypic response are provided in Supplemental Table S1. We examined 21 SNPs
in the proximity of 10 genes for associations with the primary outcome. Analyses were run within a racial/ethnic group then combined in a metaanalysis to avoid confounding due to population structure, differences in the distribution of steroid response, and differences in environmental
exposures. Because of the small number of Hispanic infants, we limited our primary analysis to the AA and NHW infants. For the primary outcome
of absolute change in RSS at day 7, the entire cohort had an average change of -3.07 with standard deviation of 2.76. Genetic associations between
candidate SNPs and absolute change in RSS at Day 7 are listed in Table 2.
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We identified a significant association between rs7225082 in the intron of CRHR1 and absolute change in RSS at Day 7 following Bonferroni
correction for 36 tests (meta-analysis p=2.8x10-4 ). In both AA and NHW infants, the T allele at rs7225082 was associated with a smaller absolute
change in RSS at day 7, i.e. lower response to systemic corticosteroids (AA: average decrease in absolute change in RSS=1.2, p=0.017; NHW:
average decrease in absolute change in RSS =1.74, p=0.016; meta p-value=2.8x10-4 ) (Table 2, Figure 3a,b). Rs7225082 was also significantly
associated with % change at Day 7 (meta p-value=1.8x10-4 ), as displayed in Figure 4. Compared to the average change in RSS of -3.07 for the entire
cohort, the difference in absolute change in RSS between genetic groups of -1.2 and -1.74 are relatively large. The T allele was at a frequency of 36%
in AA infants, and 64% in NHW infants, consistent with observations from African and European continental frequencies from the 1000 Genomes
Project (Figure 3c). Results were similar when all infants were pooled, including the 10 Hispanic white infants (total N=87), and adjusted by genomic
ancestry (Table 2).
In an exploratory analysis, we included the ten children who were originally excluded because they missed outcome data at day 7 of treatment
(Figure 1). We presume that these children were all weaned to low flow NC because they had no Mean Airway Pressure recorded in the TOLSURF
dataset. In order to analyze these children, we set the RSS at day 7 to 0.5 for all ten infants, and repeated the regression analysis. The direction of
effect of the T allele at rs7225082 was the same (p-values: AA 0.04; NHW 0.006). Since the T allele maintained its association with less
corticosteroid response in a larger cohort including ten more extremely good responders, it adds further support that rs7225082 has some influence on
variability in corticosteroid response. In the second exploratory analysis, we included a binary SGA variable instead of birthweight. The direction of
effect for the T allele at rs7225082 was the same (p-values: AA 0.03; NHW 0.02).
Four infants displayed continued worsening of their lung disease despite systemic corticosteroids, and all were TT homozygotes at rs7225082.
When these four outliers whose lung disease continued to worsen despite treatment with corticosteroids (increase in RSS > 1) were excluded, the
160

©

2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

association with rs7225082 is in the same direction, but does not reach statistical significance. This suggests that the underlying trend is the same
direction within infants showing either no change in RSS, or an improvement in RSS over time. The loss of significance could be from smaller
sample size or a “pushing over” effect of these four infants, but our goal in this study was to assess the complete range of clinical response to
corticosteroids, and this includes those infants who continue to get worse despite therapy. None of the other candidate SNP association tests met
Bonferroni corrected significance levels.
A gene based analysis was performed for two sets of candidate genes, those associated with corticosteroid response in asthma (eight genes)
and those associated with perinatal corticosteroid response (three genes) (Supplemental Table S1). Within each racial/ethnic group, none of the
candidate genes were significantly associated with phenotypic response to corticosteroids following Bonferroni correction for multiple comparisons
(Table 3). However, genetic variation in T showed an association at p=0.02 in infants of maternal AA race/ethnicity, and variation in SERPINA6
showed an association at p=0.03 in infants of maternal self-reported NHW race/ethnicity.
Discussion
To our knowledge, this is the first study to assess pharmacogenetic influences on drug response in premature infants at high risk for BPD. We
capitalized on published literature to formulate a list of candidate genes and SNPs, and used an existing dataset containing both phenotypic data and
genetic data for this proof of principle analysis. Our study is an important first step in bringing concepts of precision therapeutics to a very
heterogeneous and difficult to treat population of preterm infants with respiratory failure. It is of paramount importance to develop predictive
biomarkers of drug response in order to spare predicted “non-responders” the unwarranted risk of systemic corticosteroid therapy. This is especially
important for a medication such as dexamethasone which has the potential to significantly help a sub-set of infants with developing BPD. The risk to
benefit ratio of systemic steroids varies with your risk of developing BPD (25), as both “exposures” can lead to brain injury. And while a calculator
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that estimates BPD risk (26) may be useful in determining which infants to treat, genetic markers of likely responders could strengthen patient
selection for steroid treatment.
We identified SNP rs7225082 in CRHR1 as associated with corticosteroid responsiveness and we also present gene and SNP results that do
not meet Bonferroni adjustment for significance. We present all of the results because we also hope that this paper is hypothesis generating, and that
these genetic variations may become significant in larger prospective cohorts. Although the effect size of SNP rs7225082 is small, the genetic
variation in CRHR1 may be important because of the prevalence of this variant. All ethnic populations have a relatively large proportion of
individuals carrying the T allele at rs7225082 (Figure 3c), potentially contributing to partial or non-response to systemic corticosteroid treatment.
The most significant genetic association was between rs7225082 in the intron of CRHR1 and absolute change in RSS at day 7, whereby
individuals that carried the T allele had a smaller improvement in RSS scores. This was true for infants of both maternal Black/AA and NHW race,
and given our study design we indeed had the most power to identify genetic associations that are shared among the two racial/ethnic groups.
Interestingly, while the variant is common in both African and European populations, the allele associated with greater improvements in RSS scores
is at higher frequency in populations with African ancestry. Genotypes were imputed at this variant and passed quality thresholds (Rsq=0.89).
However, another variant in CRHR1 that was directly genotyped and in linkage disequilibrium with the imputed variant at R-squared=0.70 showed a
similar trend (rs242941, p=5.9x10-3 ). This suggests our results are not driven by errors in genotype imputation, and strengthens our findings that
genetic variation in CRHR1 contributes to drug response.
The difference in absolute change of RSS between the genetic groups must be interpreted within a clinical context. Absolute change in RSS is
not a variable commonly used in clinical practice, so ventilator settings which correspond to this genetic difference are provided as an example of the
clinical significance. If an infant starts on a MAP of 11 and FiO2 of 0.5, the baseline RSS is 5.5. An infant with the GG genotype at rs7225082 would
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have on average a decrease in RSS of 3.1 in response to systemic steroids, corresponding to, for example, a decrease in MAP to 8 and FiO2 to 0.3, a
clinically significant improvement in respiratory status. For each copy of the T allele, the change in RSS would likely be less. So a GT genotype
infant might have a corresponding decrease in MAP to 10 and FiO2 to 0.4, an RSS of 4 and absolute change of 1.5, a less robust response. A TT
genotype infant would respond even less. Depending on the size of the infant, this difference in steroid response may mean ability to wean from High
Frequency Ventilation to conventional ventilation, or the decrease in overall toxic oxygen exposure to the developing lung. The variability in
response to steroids is multi-factorial, and this SNP in CRHR1 explains a portion of this variability.
Corticotrophin releasing hormone receptor 1 (CRHR1) modulates inflammation through control of ACTH-induced cortisol production. SNPs
in this gene may affect baseline endogenous corticosteroid levels and baseline airway inflammation, leading to variation in response to exogenous
administration of systemic corticosteroids. The importance of genetic variation in CRHR1 to corticosteroid response has been described in Chronic
Obstructive Pulmonary Disease (COPD)(27) asthma(12) and persistent pulmonary hypertension of the newborn(28). Genetic variation in the ligand
for CRHR1, corticotropin releasing hormone (CRH), is associated with neonatal respiratory response to maternal prenatal corticosteroid therapy (10).
Fetuses who carry the risk allele at rs7225082 are more likely to require CPAP/ventilator postnatally (poor response to maternal corticosteroids) and
correspondingly in our study, preterm infants who carry the risk allele have a poorer response to postnatal corticosteroids. Given the importance of
this gene in other patient populations, the biologic plausibility, and the same directionality of effect in two patient populations, we feel confident that
genetic variation in CRHR1 is important for corticosteroid response in premature infants.
In the gene based analysis, we identified two genes associated with absolute change in RSS at day 7 at p<0.05 that warrant additional
investigation – SERPINA6 that was previously implicated in perinatal corticosteroid response, and the T gene that was previously implicated in
corticosteroid response in asthma. SERPINA6 encodes an alpha-globulin protein with corticosteroid-binding properties. This is the major transport
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protein for endogenous glucocorticoids and progestins in the blood of most vertebrates. SERPINA6 transcript number and protein function could
regulate systemic bioavailability of endogenous glucocorticoids, as the protein sequesters up to 80% of circulating cortisol in an inactive complex
(29). Increased levels of SERPINA6, genetically determined, could reduce unbound and biologically active levels of cortisol and influence tissue
response to treatment. It is biologically plausible that alterations in SERPINA6 expression could modulate response to corticosteroid therapy in BPD.
The T gene encodes a mesodermal developmental transcription factor and contributes to regulation in lung development. Alterations in the T
gene could alter the temporal pattern of lung development, and thus affect lung maturity and responsiveness to corticosteroids. The T gene is
expressed in adult lung(30), but the abundance in neonatal lung is not known. The importance of the T gene in corticosteroid response among
patients with asthma was first reported in a large GWAS study in which the significant two SNPs were found in a transcription factor located 50 kb
downstream of the gene(11). The SNP rs6456042 (intronic) is in tight linkage disequilibrium with three other SNPs with known functional
implications: rs3099266 (promoter region), rs1134481 (3’ UTR) and rs2305089 (nonsynomous within coding region). Thus, although the top SNP in
AA infants in our study is not in a coding region, it is likely a marker of carriage of other tightly linked functionally significant genetic changes.
Use of respiratory severity score (RSS) as the phenotypic biomarker provided an objective measure of pulmonary dysfunction at baseline and
served as an index of improvement. The RSS allows latitude among individual treating physician philosophy in choosing the perceived least harmful
combination of oxygen and positive airway pressure to achieve the patient’s ventilation goals. The RSS has been validated as a close correlate of
oxygenation index(31). In addition, RSS is used extensively in studies of preterm infants beyond the first week of life when paO2 is unavailable (3235). RSS at day of life thirty is predictive of clinically important outcomes of preterm infants needing protracted ventilation (36). While the change
in RSS may be exaggerated when an infant weans from High Frequency Ventilation to conventional ventilation because often this includes a drop in
the mean airway pressure, we believe that this improved RSS represents a change in lung pathology which is still valid to measure using this
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phenotypic marker. Our cohort did not have sufficient size to analyze genetic associations among infants only treated with one modality of invasive
ventilation.
Many placebo-controlled studies have documented a short term pulmonary response to corticosteroids using endpoints such as the respiratory
acuity score (37) peak inspiratory pressure (PIP) and oxygen need (38-40). More recently, McEvoy et al (41) compared short term effects of lower
dose dexamethasone and demonstrated improved lung mechanics at 3 and 5 days. Our study adds to the published literature by assessing contributors
to variability in clinical response to steroids, moving the field from a population-based approach towards a more personalized medicine approach.
Our study has some weaknesses including small sample size, and no PCR validation of the significant SNP in CRHR1. These are common
weaknesses among secondary analysis studies which use data collected for alternative scientific purposes. We believe that the question of steroid
pharmacogenetics in BPD is important enough that working within these initial limitations is worthwhile. Additionally, we lack a validation cohort
for the pharmacogenetic finding. Because of the challenges in making and reproducing gene-disease (or gene-drug response) conclusions in complex
disease based on small sample sizes(42), the research team is collaborating in a multi-site consortium and prospectively enrolling preterm infants at
risk for BPD who are being treated clinically with systemic corticosteroids in order to recruit a larger patient cohort and further study steroid
pharmacogenetics.
Overall our results implicate genetic variation in CRHR1 in modifying the acute respiratory response to systemic corticosteroids in preterm
infants treated for prevention of BPD. Although the identified significant SNP is likely not directly causal, these results add to the body of knowledge
that endogenous steroid homeostasis may contribute to variability in response to treatment with exogenous corticosteroids. Additional studies are
required to validate these associations and to identify the mechanistic effects of SNPs in CRHR1 on corticosteroid response.
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Figure Legends

Figure 1: Pharmacogenetic Analysis Cohort Identification

Figure 2: Distribution of short-term phenotypic steroid response at Day 7. Each bar represents an infant treated with systemic dexamethasone
(black bars) or hydrocortisone (grey bars). Negative values indicate a decrease in the respiratory severity score (a more positive response to steroids).
(a) absolute change in RSS at day 7 of treatment. (b) percent change in RSS at day 7.
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Figure 3: Change in Respiratory Severity Score. Each line represents the change in RSS between the day before treatment and 7 days of treatment.
(a) African American (b) Non-Hispanic White. (c) Frequency of alleles in continental populations from the 1000 Genomes Project.

Figure 4: Boxplot of % change in respiratory severity score at day 7, stratified by genotype at rs7225082 (Number of individuals: 19 GG, 38 GT, and
18 GT).
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Table 1 – Clinical characteristics of TOLSURF participants included in genetic studies of corticosteroid response by maternal self-reported
race/ethnicity

Demographics
Gestational age (weeks)
Birth weight (g)
Birth weight centile
Antenatal corticosteroid exposure
Cesarean delivery
Male sex
Product of multiple gestation
RSS and STEROID Variables
Postnatal age at start of steroid treatment
(days)
Dexamethasone (N, %)
RSS at TOLSURF Study Entry
RSS at Day 0
RSS at Day 4
RSS at Day 7
BPD Diagnosis at 36 weeks* N (%)
BPD Diagnosis at 40 weeks* N (%)

African-American
(N=34)

Non-Hispanic White
(n=36)

24.7 ± 1.0
667 ± 119
42 ± 25
30 (78.9)
23 (60.5)
19 (50.0)
8 (21.1)

25.6 ± 1.3
742 ± 169
43 ± 31
34 (87.2)
29 (74.4)
27 (69.2)
10 (25.6)

29.2 ± 15.8

22.8 ± 9.09

18 (47)
4.54 ± 2.52
6.85 ± 2.51
4.45 ± 2.74
3.69 ± 1.62
26 (76.5)
16 (47.1)

13 (33)
4.66 ± 2.36
7.08 ± 3.12
4.97 ± 2.73
4.14 ± 2.80
32 (82.1)
23 (58.9)

RSS: Respiratory Severity Score, BPD: Bronchopulmonary Dysplasia
* Among living infants, 4 of 38 AAs died before 36 weeks with no further deaths before 40 weeks. There were no deaths among the 39 NHW infants.
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Table 2 –Candidate SNP Association Testing for absolute change in Respiratory Severity Score (RSS) at Day 7 Linear
regression was used to test for an association between copies of the A1 allele and respiratory outcome. Imputed genetic varia nts have
a corresponding quality score (Rsq), otherwise “NA” if the variant was genotyped directly.

Gene

SNP

A1/A2

African-Americans (N=34)
Difference in
absolute change
in RSS with 1
FreqA1
variant allele

Perinatal Steroids and Respiratory Outcomes – Candidate Genes and
CRH
rs4613981
A/G
0.27
0.15
CRH
rs2446432
C/A
0.33
0.55
SERPINA6
rs3748320
A/G
0.06
0.26
CRHR1
rs7225082
T/G
0.36
1.19
CRHR1
rs173365
G/A
0.33
0.15

SE

Non-Hispanic Whites (N=36)
Difference in
absolute change
in RSS with 1
FreqA1 variant allele
SE

P

All, n=87
Merged-P

P

Meta-P

Rsq

SNPs
0.56
0.45
1.01
0.46
0.46

0.79
0.23
0.80
0.017
0.74

0.85
0.53
0.28
0.64
0.50

1.01
0.97
1.40
1.74
0.48

0.83
0.80
0.74
0.68
0.54

0.23
0.23
0.068
0.016
0.38

0.18
0.055
0.054
-4
2.8x10
0.28

0.091
0.027
0.041
-3
1.5x10
0.32

0.98
NA
0.99
0.89
0.95

0.42
0.39
0.39
0.58
1.97
0.60
0.68
0.47
0.47
0.90
0.53
0.92
NA
0.62
0.49
0.53

0.21
0.42
0.42
0.38
0.88
0.41
0.35
0.39
0.14
0.58
0.09
-3
5.5x10
NA
0.85
0.29
0.50

0.63
0.46
0.46
0.38
0.03
0.43
0.25
0.56
0.63
0.24
0.32
0.17
0.01
0.47
0.43
0.47

0.35
0.28
0.28
-0.06
-0.12
0.12
1.15
-0.07
1.24
0.34
0.67
0.54
-3.08
0.22
0.51
0.11

0.58
0.63
0.63
0.59
2.00
0.60
0.62
0.58
0.59
0.69
0.70
0.85
2.69
0.64
0.66
0.70

0.55
0.66
0.66
0.92
0.95
0.84
0.08
0.91
0.04
0.62
0.35
0.53
0.26
0.74
0.45
0.88

0.12
0.27
0.27
0.35
0.84
0.34
0.026
0.36
-3
5.9x10
0.36
0.033
-3
2.9x10
NA
0.63
0.13
0.43

0.19
0.35
0.35
0.60
0.93
0.91
0.24
0.92
0.010
0.48
0.068
0.16
0.14
0.62
0.42
0.46

0.88
0.97
0.98
0.91
0.84
0.99
0.98
0.98
NA
0.99
NA
NA
0.57
0.96
0.94
0.95

Steroid Treatment of Asthma – Candidate Genes and SNPs
ALLC
T
T
GLCCI1
CYP3A4
STIP1
STIP1
STIP1
CRHR1
CRHR1
TBX21
TBX21
TBX21
TBX21
TBX21
TBX21

rs11123610
rs6456042
rs3127412
rs37972
rs35599367
rs4980524
rs6591838
rs2236647
rs242941
rs1876828
rs4794067
rs11650451
rs2240017
rs1134481
rs2305089
rs3099266

A/G
A/C
C/T
T/C
A/G
C/A
G/A
C/T
C/A
T/C
C/T
A/G
G/C
T/G
T/C
T/C

0.53
0.44
0.44
0.17
0.02
0.31
0.22
0.38
0.30
0.08
0.17
0.05
0.00
0.27
0.27
0.23

0.54
0.32
0.32
0.52
0.30
-0.50
-0.65
0.41
0.73
0.50
0.92
2.81
NA
-0.12
0.53
0.37

FreqA1 = frequency of the A1 allele; SE = standard error; P=p-value; Rsq = imputation quality score
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Table 3 –Gene-Based Association Testing for absolute change in Respiratory
Severity Score (RSS) at Day 7. P-values were combined across all genotyped SNPs
within 50 kb of candidate genes using VEGAS2. No individual gene surpassed
Bonferroni adjustment for 18 comparisons (9 genes x 2 populations, 0.05/18=0.0028),
and no individual SNP within a gene surpassed Bonferroni adjustment for the total
number of SNPs within each gene (N SNPs).
African-Americans (N=34)
Test
Gene
N SNPs
statistic
p-value
Perinatal Steroids and Respiratory Outcomes
CRH
33
30.8
0.457
CRHR1
15
13.3
0.495
SERPINA6
56
46.5
0.616
Steroid Treatment of Asthma – Candidate Genes
ALLC
47
46.4
0.435
CYP3A4
28
34.0
0.297
GLCCI1
58
69.8
0.220
SERPINE1
46
52.5
0.288
STIP1
16
10.7
0.699
T
31
63.5
0.020

Non-Hispanic Whites (N=36)
Test
N SNPs
statistic
p-value

Top SNP

Top SNP pvalue

rs7841890
rs114764500
rs56170999

0.028
0.067
0.002

28
10
44

36.65
10.69
87.70

0.21
0.36
0.03

rs7835948
rs242941
rs3827896

rs1367275
rs76994069
rs17143586
rs73712100
rs2701527
rs6456056

0.003
0.025
0.002
0.032
0.113
0.009

53
8
76
35
14
35

74.48
2.85
45.47
38.12
16.47
30.80

0.13
0.77
0.95
0.34
0.30
0.53

rs1367276
rs78676479
rs10268598
rs10953321
rs118154228
rs10428822
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Keywords:

Bronchopulmonary dysplasia (BPD) remains a major cause of late morbidities and death

Alveolarization

after preterm birth. BPD is characterized by an arrest of vascular and alveolar growth and

Angiogenesis

high risk for pulmonary hypertension; yet mechanisms contributing to its pathogenesis

Placenta

and early strategies to prevent BPD are poorly understood. Strong epidemiologic studies

Vasculogenesis

have shown that the “new BPD” reflects the long-lasting impact of antenatal factors on

Vascular endothelial growth factor

lung development, partly due to placental dysfunction, as reflected in recent data from ani-

(VEGF)

mal models. Improved understanding of mechanisms through which antenatal stress

Respiratory morbidity

alters placental function and contributes to BPD may lead to preventive therapies.
Ó 2018 Elsevier Inc. All rights reserved.

Introduction
Despite striking improvements in perinatal care and diverse
neonatal outcomes related to premature birth, preterm
children remain at high risk for significant respiratory morbidities and mortality due to the development of bronchopulmonary dysplasia (BPD),1 Fig. 1. BPD is the chronic lung
disease of prematurity that develops in infants who require
respiratory support at birth due to immaturity of the preterm
lung.2 BPD is the most common sequel of prematurity, occurring in roughly 45% of infants born at or less than 29 weeks

gestation with birth weights, with approximately 10 15,000
new cases of BPD in the USA alone each year.1,3,4 Importantly,
the incidence of BPD has not changed over the past few decades, likely reflecting improved survival of extremely low gestational age newborns (ELGANS) who are at the highest risk
for developing moderate and severe BPD.5 BPD is also associated with significant neonatal intensive care unit (NICU)related complications, including the prolonged need for
mechanical ventilation, respiratory support and oxygen therapy, longer duration of hospitalization and higher rates of
non-respiratory co-morbidities, such as retinopathy of prematurity (ROP) and brain injury.5,6 Pathogenetic mechanisms
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Fig. 1 – Pathogenetic mechanisms underlying the etiology of BPD and persistent late respiratory disease in childhood after
preterm birth. In addition to extreme prematurity and postnatal factors that induce lung injury, experimental and clinical
data have strongly linked antenatal stress as key determinants of chronic lung disease. (Modified from Abman SH, Bancalari
E, Jobe AH. Am J Respir Crit Care Med, 2017).

linking lung, brain, retinal, renal and other systemic complications of preterm birth remain under intense investigation,
but these diseases potentially share common origins related
to the effects of adverse antenatal factors, as discussed
below.
After NICU discharge, infants with BPD often require frequent hospital re-admissions and have high rates of emergency room or physician visits due to recurrent respiratory
exacerbations, lower respiratory tract infections, reactive airways disease and pulmonary hypertension. Sustained abnormalities of lung function, poor exercise tolerance and the
need for chronic respiratory medications throughout childhood and adolescence are also increased in former preterm
infants.7,8 Past studies have shown that over 50% of preterm
infants subsequently require re-hospitalizations or chronic
respiratory medications after NICU discharge, including preterm infants without a formal diagnosis of BPD.8 Controversies persist regarding how to best define BPD and whether
bearing this diagnosis at 36 weeks post-menstrual age (PMA)
adequately reflects the late risk for lung disease during childhood and into adult life.9 11
Although postnatal factors, such as hyperoxia, mechanical
ventilation, prolonged patency of the ductus arteriosus, sepsis, inflammation and others, increase the risk for BPD, epidemiologic studies have further identified important roles for
antenatal factors as well.12 19 Adverse antenatal factors, such
as chorioamnionitis, preeclampsia (PE), pre-existing hypertensive disorders, gestational diabetes, maternal obesity, and
others have been strongly associated with an increased risk
for BPD.18 20
An NHLBI-sponsored workshop discussed the importance of prenatal and early postnatal influences on lung

growth and development on subsequent respiratory function and disease throughout childhood.11 This workshop
further highlighted major gaps in our understanding of
how environmental and maternal factors can impact late
respiratory outcomes during early childhood, and that the
exact relationships between prenatal exposures and early
postnatal events on the subsequent development of late
respiratory disease during infancy, especially after preterm
birth, remain uncertain. As studies have shown that preterm birth alone is associated with late respiratory disease
in childhood, links between the diagnosis of BPD at 36
weeks corrected age and persistent chronic lung disease
during infancy and beyond remains unclear. This issue of
disease definition and identifying critical respiratory outcomes has become especially important in order to better
understand the diverse physiology phenotypes of BPD, to
enhance clinical research regarding disease pathogenesis,
and to define study endpoints to enhance interventional
clinical trials.21
Importantly, recent prospective cohort studies of very preterm infants have identified antenatal and early neonatal
characteristics as strong predictors of both BPD and late
respiratory disease during infancy and early childhood,22 27
suggesting that the fetal environment has a critical influence
on the development of persistent lung disease in former preterm newborns. This review provides a brief overview on
clinical, epidemiologic and laboratory-based data that support various mechanisms of perturbed lung and vascular
development related to this environment, resulting in a neonatal lung with arrested development, altered vulnerability
to postnatal injury, and an inadequate capacity for repair
and regeneration.
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Antenatal factors and BPD susceptibility:
epidemiologic studies
Past studies have identified several characteristics that are
associated with a higher incidence of BPD, including lower
GA, male gender and white race. Postnatal events have
long been associated with an increased risk for BPD and
poor outcomes, including the severity of acute respiratory
distress syndrome (RDS) at birth, prolonged exposure to
high inspired oxygen tensions and mechanical ventilator
support, lung inflammation, air leaks or pulmonary interstitial emphysema, pulmonary hypertension, systemic and
pulmonary infections, prolonged exposure to a patent ductus arteriosus, and either specific or global nutritional
deficits.
Although the pathogenesis of BPD and its severity is
impacted by the adverse effects of these postnatal exposures,
strong experimental and clinical data show that antenatal
events are key contributors to BPD risk.9,11 In fact, prenatal
insults may be sufficient to cause sustained disruption of
lung development, leading to abnormal lung structure in the
absence of additional postnatal stress. Alternatively, interactions between antenatal stress may alter susceptibility to critical postnatal factors, thereby impacting risk for BPD.
One of the strongest clinical markers reflecting the high
importance of fetal events in the pathobiology of BPD is
demonstrated by studies of the preterm infant with intrauterine growth restriction (IUGR).22 25 An observational
study from the UK demonstrated a roughly 2-fold increase
in early (28 days) and late mortality (36 weeks PMA) and
the risk for BPD in small for GA (SGA) infants born at or
below 32 weeks gestation. Perhaps even more important
than the presence or absence of BPD at 36 weeks, preterm
infants who were born with IUGR remain at high risk for
late respiratory morbidities and lung function at school
age.22 25 When studied at a mean age of 11 years, children
who were born prematurely with IUGR had lower lung
function, including forced expiratory volume in one second (FEV1) and diffusion capacity for carbon monoxide
(DLCO), suggesting abnormal airway function and
decreased lung surface area, when compared with nonIUGR prematurely-born children. Cardio-respiratory abnormalities persisted despite recovery of somatic growth and
the impact of IUGR was independent of BPD or prematurity alone.24
The outcome of BPD at 36 weeks’ PMA has been evaluated
in several different cohorts in relationship to fetal growth in
very preterm infants (as assessed by birth weight standardized for GA and analyzed by continuous or categorical measures of fetal growth restriction). The ELGAN investigators
evaluated maternal, neonatal and placental characteristics,
and delivery indication, and showed that decreased fetal
growth independently increased the odds of BPD.22 While
lower GA remained an important predictor of BPD, preeclampsia lost its significance in this analysis, although “fetal
indications” for delivery remained an independent predictor.
After classifying preterm infants into similar categories by
delivery indication (preterm labor versus vascular disease),
Durrmeyer and colleagues evaluated associations between
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neonatal characteristics and severity of placental inflammation and BPD.28 While lower GA was the only factor significantly associated with BPD in multivariate analysis among
those infants in the preterm labor group, severe growth
restriction was the only factor that remained significant
among infants in the vascular disease group. Two other
cohorts that analyzed the association of antenatal and birth
characteristics and BPD found that lower GA was an important predictor of BPD, but decreasing birth weight z-score, a
history of pre-eclampsia and clinical chorioamnionitis were
variably associated with increased odds of BPD.18,27
In a separate cohort of extremely low GA newborns <29
weeks’ GA at birth, Keller and colleagues demonstrated
that IUGR (birth weight <10th percentile) was associated
with increased odds of persistent respiratory morbidity
assessed at 1-year corrected age.26 Interestingly, each of
these studies used different fetal reference growth curves
to standardize fetal growth, strengthening the epidemiological relationship between impaired growth due to an
adverse fetal environment and poor respiratory outcomes,
including BPD.
Two recent prospective multi-center cohort studies further
examined the role of antenatal determinants and perinatal
factors on the risk for not only developing BPD as defined at
36 weeks PMA but also examined factors associated with the
development of late respiratory disease during early childhood.26,27 Importantly, these studies each noted that perinatal factors identified on the first day of life were strongly
associated with BPD risk, especially maternal smoking, SGA
status, degree of prematurity and others (Table 1; Fig. 2). In
addition, data modeling revealed that these antenatal determinants were at least as strong as the presence of BPD at 36
weeks in predicting late respiratory disease during
infancy,26,27 and that the addition of BPD status to these models did not further strengthen this association.

Abnormal placental structure and function and the
risk of BPD
Observations linking antenatal stress with poor respiratory
outcomes in preterm infants implicate the critical role of
altered placental structure and function in BPD pathobiology.
Placental structural abnormalities related to IUGR and PE are
strongly associated with fetal growth restriction and examination of placental tissue for vascular lesions after preterm
birth may provide an additional approach to predict of the
subsequent risk for BPD.29 Preclinical data from experimental
models of severe IUGR that markedly impact placental function and structure can decrease fetal lung airspace and vascular growth in the late gestation fetus,30 which may persist
throughout postnatal life. Recent experimental studies have
demonstrated an impaired angiogenic and growth properties
of endothelial cells derived from human IUGR placentas,
which may relate to decreased aryl hydrocarbon receptor
nuclear translocator (ARNT) expression.31
Additional studies have strongly linked histologic placental
abnormalities that are consistent with patterns of “maternal
under-perfusion” with preterm infants with IUGR and high risk
for the development of BPD and BPD with pulmonary

180

S

E M I

N A

R

S

I N

P

E R

I N A T O L O G Y

42 (2018)

Table 1 – Perinatal factors at Day 1 of life and univariate associations with post-prematurity respiratory disease (from Keller
RL et al, J Pediatr 201726).
Characteristic

Whole cohort
n = 724

PRD
n = 497

No PRD
n = 227

P value

Gestational age (weeks)
Birth weight (g)
Intrauterine growth restriction
Multiple gestation
Smoking during pregnancy
Stabilization at birth: intubation
Maternal education
 High school
Some college
 College graduate
Public insurance
Parent with asthma

26.7 §1.4
918 § 234
36 (5%)
187 (26%)
139/723 (19%)
564 (78%)

26.6 §1.4
899 § 232
32 (6%)
111 (22%)
111/496 (22%)
405 (82%)

26.9 §1.3
960 § 233
4 (2%)
76 (3%)
28/227 (12%)
159 (70%)

0.009
0.003
0.02
0.006
0.004
0.003
0.007

389 (54%)
143 (20%)
192 (27%)
470/721 (65%)
173/712 (24%)

283 (57%)
100 (20%)
114 (23%)
348/494 (70%)
129/485 (27%)

106 (47%)
43 (19%)
78 (34%)
122/227 (54%)
44/227 (19%)

<0.001
0.04

*by trend test.
PRD, post-prematurity respiratory disease.

hypertension32,33 (Table 2). Cord blood biomarkers, including
decreased vascular endothelial growth factor (VEGF) and soluble
VEGF antagonist fms-like tyrosine kinase-1 (sFLT-1) levels, were
strongly associated with IUGR and predictive of BPD in preterm
infants,34 suggesting that these circulating proteins may serve
as effective biomarkers for predicting later neonatal morbidities
associated with IUGR, including BPD. In addition, hypertensive
disorders of pregnancy, especially PE, have been strongly associated with high risk for BPD after preterm birth.18,27 In a cohort
study of 107 infants born <32 weeks, the risk for BPD was dramatically increased in the presence of PE (OR, 18.7; 95% CI,
2.44 145; p <0.005), even after accounting for IUGR.18

The placenta and neonatal disease
The placenta is a major contributor to changes in the intrauterine environment that can lead to fetal and neonatal pathologies.
The placenta may also serve as a direct source of early signaling
for fetal disease in pregnancy, a concept that has been proposed
with placental-derived signals circulating in the maternal
serum such as cell free fetal DNA35 and placental-shed extracellular vesicles.36 This may be particularly true for the developing
fetal lungs, which share some key aspects of structure and function with the placenta (Fig. 3). Insights into placental

Fig. 2 – Antenatal factors are strongly associated with the risk of developing BPD. (from Morrow L et al. Am J Respir Crit Care
Med, 2016).
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Table 2 – Abnormal placental histopathology and high risk for bronchopulmonary dysplasia and pulmonary hypertension
in preterm infants (from Mestan et al, Placenta 201429).
Placental characteristic

No BPD or PH
n = 165

BPD only
n = 84

BPD-associated PH
n = 34

P value

Maternal vascular underperfusion (any)
Severe MVU
Vessel changes
FN/AA
MBPA
MHMA
Villous changes
Infarcts
Increased syncytial knots
Villous agglutination
Increased perivillous fibrin
DVH/STV

56 (34%)
6 (4%)

43 (51%)*
9 (11%)

22 (65%)*
6 (18%)

0.001
0.01

6 (4%)
16 (10%)
10 (6%)

8 (10%)
12 (14%)
9 (11%)

8 (24%)**
10 (29%)*
6 (18%)

0.001
0.01
0.07

10 (6%)
53 (32%)
4 (2%)
7 (4%)
36 (22%)

14 (17%)
39 (46%)
4 (5%)
2 (2%)
36 (43%)*

4 (12%)
20 (59%)*
2 (6%)
2 (6%)
18 (53%)**

0.02
0.01
0.36
0.67
< 0.001

PH determined by echocardiogram at 36 weeks’ post-menstrual age.
BPD, bronchopulmonary dysplasia; DVH/STV, distal villous hypoplasia/small terminal villi; FN/AA, fibrinoid necrosis/acute atherosis; MBPA,
muscularized basal plate arteries; MHMA, mural hypertrophy of membrane arteries; MVU, maternal vascular underperfusion; PH, pulmonary
hypertension.
*P < 0.01 versus No BPD or PH.
**P < 0.001 versus No BPD or PH.

development require extensive understanding of specific cell
populations in the placenta that mediate intrauterine pathologies, and that these factors have the potential to directly or indirectly affect fetal lung development, especially in the setting of

preterm birth. Key anatomical and pathophysiological similarities may exist between placenta and lung that reflect changes
in the developing lung, and that the placenta could be a highly
important adjunct organ for understanding neonatal lung

Fig. 3 – Parallel features of placental and lung development: A. Schematics of human placental villous and fetal alveolar networks throughout gestation. B. Histological cross sections of a term human placental villous and neonatal sheep lung alveolus. Boxes outline area of enlarged schematic. C. Exchange interface of maternal blood space with placental villous; alveolar
air space with pulmonary blood vessels. MBS: maternal blood space, sTB: syncytiotrophoblast, cTB: cytotrophobalst, ALV:
lung alveolus, EC: endothelial cell, BV: blood vessel, T1: type I pneumocyte, T2: type II pneumocyte. Histological images of
human placenta and sheep lung courtesy of E. Taglauer and S. Abman, respectively.
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biology. For example, cord blood biomarkers from preterm
infants that reflect impaired angiogenesis, such as decreased
VEGF signaling, are strongly linked with histologic findings of
placental vascular lesions and are further associated with a
high risk for BPD with pulmonary hypertension, as discussed
further below.32 34

Parallels between placental and fetal lung disease
The developing fetal lung has many similarities structurally
and functionally with the placenta. As described above, the
placenta is an organ consisting of budding epithelial structures with an underlying vascular system which creates a
branching structure of increasingly smaller functional units
which terminate in an exchange interface (Fig. 3). This
exchange interface consists of cells of epithelial lineage juxtaposed with endothelial cells interspersed with immune populations. This is a highly similar anatomical and physiologic
environment to the developing fetal lung. Based on these similarities, the fetal lung and placenta may have similar
responses to alterations in the intrauterine environment during pregnancy. This may be particularly true for responses to
hypoxia.
Two reviews have approached this topic. First, van Patot et
al proposed that studying hypoxic responses in organs such
as the lung, intestine and kidney can inform studies of the
placenta, as these organs have some similar underlying vascular responses to hypoxia.37 In addition, the “hypoxic
placenta” may be associated with altered fetal physiology, as
suggested by studies that infants from pre-eclamptic pregnancies at high altitude have elevated pulmonary artery pressures. In addition, Byrne suggested that therapies for
pulmonary hypertension to lower placental vascular resistance could be trialed for treatments in PE, as based on molecular similarities in hypoxic responses between placental and
pulmonary vascular networks.38 However, neither review
expressed the hypothesis that studies of the placenta may
provide a novel adjunct research tool for understanding fetal
lung disease. Thus, studies of placental physiology in normal
and pathological pregnancies may define mechanisms that
could lead to new insights into fetal lung disease and links
between placenta and lung disease after birth.39 This concept
has been explored in several studies examining placental
responses to hypoxia40 and also summarized in a recent
review highlighting parallels in the physiology of pulmonary
hypertension and the placental vascular responses to PE.38 At
the molecular level, a vasoconstrictor response to hypoxia
may be directed by oxygen sensing potassium channels in
vascular smooth muscle cells.41 A variety of studies have
demonstrated that in a hypoxic environment, oxygen sensing
potassium channels have decreased activity leading to membrane depolarization, intracellular calcium influx and
ultimately vasoconstriction.42 These channels have been
well-characterized in pulmonary vasculature and more
recently identified in placental vasculature as well.43
There is additional evidence for similarities in the pulmonary and placental vascular networks with regard to
endothelial cell responses to hypoxia. The endothelium in
pulmonary and placental vascular networks have
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increased calcium influx in response to hypoxia.44,45
Increased calcium influx in endothelial cells can then lead
to increased microvascular permeability with subsequent
localized edema with the potential for altering the surrounding parenchyma.46 While this response may reflect a
systemic response of endothelium to hypoxia (rather than
a unique aspect of these organs), it does suggest that the
fetal lung and placenta may have additional similar physiological responses during pregnancy.
Thus, the combined study of placental and neonatal lung
biology has many mutual benefits. First, the field of neonatal
pulmonary research has many well-established in vitro and
pre-clinical techniques, particularly with regard to the study
of hypoxia, which could shed light into placental biology.
Concurrently the human placenta is a uniquely accessible
source of primary human tissue with still many unexplored
aspects, particularly in regard to its influence on the developing fetal lung. We propose that the placenta could be a highly
valuable organ in which to explore not only how its pathologies can affect fetal lung biology, but also as a novel adjunct
model system for diagnostic and therapeutic targets for neonatal lung disease.

Potential mechanisms of placental disease
Placental structural, cellular and humoral factors have been
mechanistically implicated in neonatal lung disorders and
postnatal growth, in cohort studies of preterm newborns. The
mechanisms primarily implicated include (1) perturbations in
vascular development and angiogenesis, and (2) inflammation. The epidemiology of these two mechanisms as the etiology of preterm birth, and the association with adverse
outcomes of preterm birth is discussed below. Placental structural and histological differences indicative of hypo-perfusion
(maternal vascular under-perfusion, consisting of vascular
and villous changes with necrosis and atherosis, increased
muscularization and mural hypertrophy, infarction, syncytial
knots and villous hypoplasia) have been shown to be more
common in extremely preterm infants with BPD compared to
those without BPD.29 Both vessel and villous changes were
present more frequently in those infants with BPD complicated by pulmonary hypertension (PH, by echocardiography
at 36 weeks’ PMA), and villous vascularity was decreased in
infants with this late PH, regardless of the diagnosis of
BPD.29,45
Interestingly, resident villous endothelial cells from pregnancies characterized by abnormal placentation [fetal growth
restriction, (FGR) resulting in preterm delivery], demonstrate
decreased angiogenesis with impaired signaling in the VEGF
pathway.31 As discussed above, there are parallels in development of the placenta and the lung. However, the direct relationship of placental developmental differences to fetal lung
development has not been fully elucidated, although the
broader effects on fetal and neonatal growth may be one factor.30 Regardless, the observations regarding echocardiographic findings of late PH in preterm infants are particularly
provocative, given the links between angiogenesis and alveolarization in the developing lung.46 48
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Additional cellular and humoral effects of this abnormal
placentation should also be considered when evaluating
these potential mechanisms. The placenta and umbilical
cord blood contain, respectively, resident and circulating
endothelial progenitor cells.49 Both cell populations have
been shown to have similar proliferative potential in term
placentas, although the placental population had greater
vasculogenic potential.49 Decreased numbers of endothelial progenitor cells have been demonstrated in the cord
blood of preterm newborns who develop BPD,50,51 cells
which are also decreased in maternal diabetes and preeclampsia.52,53 Interestingly, cord blood from pregnancies
with a placenta that demonstrated severe maternal vascular under-perfusion had lower levels of placental grow
factor (PIGF), granulocyte-colony stimulating factor (G-CSF)
and VEGF-A.34 This pattern was consistent in cord blood of
those infants who were later diagnosed with BPD complicated by echocardiographic findings of PH, but only the
relationship with PIGF and G-CSF held up in a validation
cohort. In contrast to these findings, increased placental
VEGF levels were found in an analysis of protein expression from placental biopsies at birth from pregnancies
affected by PE and extremely preterm delivery.54 Additional protein expression patterns in the PE cluster
(distinct from pregnancies affected by preterm labor or
premature rupture of the membranes) include increased
levels of P-selectin and transforming growth factor-b (TGFb), further supporting placental vascular differences in
these pregnancies.
Finally, regarding the vulnerability of the lung following
pregnancies affected by placental vascular abnormalities
and the lung’s ability to repair following insult and injury
during the neonatal hospitalization, the growth of cord
blood endothelial progenitor cells from preterm pregnancies is inhibited by exposure to hyperoxia.51,55 Hyperoxia
decreases nitric oxide (NO) production and endothelial
nitric oxide synthase (eNOS) and VEGF receptor-2 (VEGFR2) protein expression ex vivo, an effect that is mimicked by
NOS inhibition.55 The inhibitory growth effect of hyperoxia
was mitigated by treatment with NO or VEGF (with
increased eNOS expression), and antioxidant therapies.52,56
Fetal oxidative stress is inversely related to GA (assessed
by cord 8-isoprostane levels at birth), resulting in additional vulnerability for the most preterm infants.56 Later
lung function data (3 33 months corrected age) from former preterm newborns without BPD demonstrate that
alveolar volume and diffusing capacity are positively
related to the pro-angiogenic potential of circulating stem
cells from contemporaneous samples, supporting the longterm implications of these antenatal perturbations in
angiogenesis and the consequences of neonatal care on
these vulnerable newborns. Together, these data suggest
that placental vascular abnormalities and the presence
and function of endothelial precursor cells derived from
the placenta influence both fetal lung development and
infant lung and vascular growth during the neonatal hospitalization (manifested as increased susceptibility to BPD
and PH), with potential for persistent impact on the dysplastic lungs as these children grow and develop.
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Other factors further alter the fetal environment
and impact lung development
Inflammation has long been considered key to the pathophysiology of BPD.1,2 However, antenatal infection and
inflammation have been variably demonstrated to be a
risk factor for BPD, using clinical chorioamnionitis as the
marker for inflammation. Further investigations have evaluated the placenta for histologic chorioamnionitis, acute
and chronic inflammation, and the fetal inflammatory
response (FIR, assessed as neutrophil infiltration into fetal
vessels), and have more convincingly argued that antenatal inflammation (defined by placental histology), plays
a role in the later development of BPD.57 Although
placental signs of inflammation are associated with the
development of BPD, investigations of early neonatal
humoral inflammatory profiles fail to demonstrate consistent relationships with BPD.58,59 Cord blood levels of
interleukin-6 (IL-6) and monocyte chemotactic protein-1
(MCP-1) have been shown to be significantly elevated in
very preterm infants who later developed BPD, although
these and other relationships are influenced by the inverse
correlation of these inflammatory markers with GA at
birth.60 62 Interestingly, higher C-reactive protein levels
were associated with decreased odds of BPD in former preterm newborns < 32 weeks’ GA at birth.62 The co-occurrence
of placental inflammation in the setting of maternal vascular
under-perfusion also mitigates the strong anti-angiogenic
relationships of abnormal placentation.29,34 Further, histologic
chorioamnionitis is associated with lower rates of early lung
disease (RDS), as some aspects of the inflammatory response
may have maturational effects on the lung.57 These variable
effects of inflammation may explain the inconsistent findings
regarding fetal humoral predictors of BPD in human cohort
studies.
One factor closely associated with later adverse lung function in term newborns is maternal smoking, which is associated with increased levels of oxidative stress; the effects of in
utero nicotine exposure may be mitigated by antenatal supplemental vitamin C, initiated at <23 weeks’ GA.63,64 In very
preterm infants, maternal smoking during pregnancy is
strongly associated with both the development of BPD, and
later respiratory morbidity (assessed at 1 2 years corrected
age).26,27 In a small subset of these newborns, maternal smoking during pregnancy was associated with lower levels of
Vitamin E isoforms over the first month of life, carrying
increased vulnerability to pro-inflammatory and oxidant
states.65 With respect to other environmental influences on
lung development, antenatal exposure to particulate matter
and other environmental pollutants has been shown to have
adverse effects on fetal growth and respiratory outcomes;66,67
preterm infants may be the most susceptible to the consequences of these exposures.68
As suggested, the structural, cellular and humoral aspects
of the placenta are closely tied to the primary underlying etiology of preterm birth, providing additional information
toward understanding the antenatal underpinnings of BPD
and its repercussions. The ELGAN investigators evaluated 8
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proposed mutually-exclusive primary etiologies in singleton
pregnancies among a prospective cohort of newborns delivered at < 28 weeks’ gestation.69 Through analysis of placental
(histological and microbiological), demographic, clinical and
neonatal characteristics, the investigators classified these 8
proposed etiologies of preterm birth into two distinct groups,
one characterized by placental inflammation and infection
and the second characterized by abnormal placentation and
the consequences of those abnormalities (maternal PE, fetal
growth restriction and other fetal indications). Thus, these
preterm deliveries were grouped into either a “spontaneous”
delivery, with an inflammatory pathophysiology (e.g., premature rupture of the membranes or preterm labor) or a distinct
“indicated” delivery with a pathophysiology of placental dysfunction. Consistent with these findings, high grade maternal
and fetal vascular obstructive lesions in the placenta were
more likely to be associated with medically indicated preterm
delivery and less likely to be associated with spontaneous
preterm delivery, in a cohort study by Kelly and colleagues.70
Similarly, Mestan and colleagues showed that the majority of
pregnancies with placentas exhibiting maternal vascular
underperfusion were accompanied by fetal growth failure,
with 40% co-occurring with a diagnosis of pre-eclampsia.34
Further data on protein expression from placental biopsies
supports these relationships, with placentas from preterm
pregnancies complicated by preterm labor or premature rupture of the membranes characterized by one of two
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inflammatory profiles, whereas those complicated by PE characterized by differences in angiogenic protein expression.55 In
addition, cord blood levels of VEGF were inversely correlated
with birth weight standardized for GA in preterm newborns,
while sFLT-1 had the opposite relationship.33 Together, these
data provide an important link between the epidemiology of
preterm birth and respiratory outcomes among this high-risk
population.

Antenatal factors and BPD: experimental models
Experimentally, intra-amniotic exposure to sFlt-1, an endogenous VEGF inhibitor that is markedly elevated in the blood
and amniotic fluid of women with PE, is sufficient to cause
sustained abnormalities of lung structure in the offspring,
including decreased alveolar and vascular growth and pulmonary hypertension, which persists throughout infancy71,72
(Fig. 4). Importantly, antenatal sFlt-1 exposure was sufficient
to impair lung development without additional postnatal
injuries, such as exposure to hyperoxia or mechanical ventilation, and may explain in part the sustained incidence of
BPD despite marked improvements in respiratory therapies
that minimize postnatal lung injury.73
Very preterm birth is frequently associated with clinically
silent fetal exposures to inflammation/infection as diagnosed by
histopathology of the fetal membranes, culture, or pro

Fig. 4 – Antenatal exposure to sFlt-1, a VEGF receptor decoy, impairs lung alveolar (upper panels) and vascular growth (not
shown) and causes lung endothelial cell apoptosis (lower left panel) and the development of pulmonary hypertension (lower
right panel). Abbreviations: EC, endothelial cell; RV, right ventricle; BW, body weight). (from Wallace B et al. Am J Respir Crit
Care Med, 2018).
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inflammatory cytokines in amniotic fluid or cord blood. Other
very preterm deliveries are associated with clinical chorioamnionitis, a non-specific diagnosis of limited clinical value.
Inflammation associated chorioamnionitis seldom results in
positive blood cultures or frank infection in the newborn, but
indicators of lung inflammation prior to birth are frequent.
While specific infections are seldom identified clinically, the
very preterm infant can have lung abnormalities resulting from
antenatal exposures that range from severe diffuse pneumonia
(indistinguishable from severe RDS) to very mature lungs for GA.
Experimental studies demonstrate this extreme range of
effects as well as modulation of fetal and postnatal immune
responses. Thus, these antenatal exposures can promote
early lung injury by decreasing lung function or decrease
the risk of BPD by decreasing the severity of RDS. However,
how fetal modulations of immune and inflammatory
responses contribute to postnatal lung injury and the development of BPD are poorly understood. Antenatal exposure to
endotoxin (e.g., E. Coli lipopolysaccharide, or LPS) is sufficient
to cause BPD-type changes in infant rat lungs, even in the
absence hyperoxia. mechanical ventilation or other postnatal
injuries.73,74 This provides an additional model to dissect the
mechanisms leading to human BPD and the potential for
early, preventive interventions.

structure through the production of critical “angiocrines,”
such as NO, hepatocyte growth factor, vitamin A, insulin
growth factor-1 and others.11,33 As angiogenesis is necessary
for normal alveolarization,34 it has been suggested that protecting the developing pulmonary vasculature from early
injury may not only lower pulmonary vascular resistance as
one important goal but such strategies may enhance distal
lung growth and improve gas exchange, exercise intolerance
and other long-term outcomes.
As noted above, several studies have reported that altered
cord blood biomarker levels, including various angiogenic factors and endothelial progenitor cells, are associated with the
subsequent risk for BPD.32 More recently, clinical studies have
shown that early echocardiographic findings of PVD after preterm birth are strongly associated with the development and
severity of BPD and PH at 36 weeks corrected age.75 77 Interestingly, these findings were also associated with a worse
respiratory course during the initial hospitalization, but also
late respiratory outcomes, including respiratory exacerbations, hospitalizations and the need for asthma medications.77 (Fig. 5). Therapeutic strategies that target enhanced
endothelial survival, function and growth may provide novel
approaches towards the prevention of BPD after early diagnosis of high risk within preterm populations.

Early pulmonary vascular disease

The need for preventive strategies

Preclinical studies suggest that disruption of angiogenesis
due to adverse antenatal factors, such as chorioamnionitis,
PE or maternal smoking, and postnatal injury after preterm
birth, can cause pulmonary vascular disease (PVD) that not
only leads to pulmonary hypertension (PH) but can also
impair distal lung growth.33,34 Laboratory studies have shown
that the developing endothelial cell plays a key role in regulation and coordination of epithelial growth and distal airspace

Thus, the need for preventive strategies persists and remains
a major challenge to better improve long-term respiratory
outcomes after preterm birth. Despite these remarkable
advances, many knowledge barriers and gaps towards
enhancing late respiratory outcomes of premature infants
continue. The current definition of BPD remains unsatisfying
for several reasons, including the concept that BPD at 36
weeks is merely a surrogate of more concerning endpoints,

Fig. 5 – Echocardiogram evidence of pulmonary hypertension (PH) is strongly associated with subsequent late respiratory disease during early childhood. (from Mourani PM et al. Am J Respir Crit Care Med. 2017).
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Fig. 6 – Schematic illustrating the hypothesis that antenatal stress may alter placental vascular growth and function through
disruption of angiogenesis, leading to decreased angiogenic signaling in the fetus and subsequent complications of prematurity. (modified from Mandell E, Abman SH. J Pediatrics, 2017).
related to late respiratory disease during childhood, such as
risks for recurrent respiratory exacerbations, reactive airways
disease, re-hospitalizations, exercise intolerance and other
problems. In addition, there are several physiologic mechanisms underlying oxygen dependency, including variable
contributions of large airways disease, impaired distal lung
(airspace) development, pulmonary vascular disease, abnormal ventilator drive, chest wall mechanics and other factors,
rendering the current definition imprecise.
An NHLBI workshop further emphasized the importance of
preventive strategies, including the need to better understand
mechanisms through which antenatal factors and placental
dysfunction contribute to BPD risk.9 (Fig. 6). This report
highlighted the importance of developing effective disease
predictors, perhaps through such methodologies such as
genomics and proteomics in conjunction with clinical features, may help identify early pathologic pathways and therapeutic targets. More basic work is needed to better define
interactions between genetic and epigenetic factors, antenatal stress, postnatal factors that contribute to disruption of
lung development or alter the response to injury. Further
studies using antenatal models of BPD may help better inform
the field of novel interventions for disease prevention beyond
the use of hyperoxia or mechanical ventilation alone.

late respiratory outcomes. These data report that a perinatal
model of risk factors identified on the first day of life - such as
smoking in pregnancy, IUGR, public insurance, black race, and
others- predicts chronic respiratory morbidity at 1 year, and
that further inclusion of the diagnosis of BPD at 36 weeks PMA
did not further enhance the strength of association beyond the
perinatal model alone. These findings also tell us we need to
better understand the importance of the prenatal environmental and other factors before birth in developing high risk for
respiratory disease beyond postnatal care alone. Therapies in
the neonatal intensive care unit are important but are not sufficient to overcome risk factors present before birth and in the
home after discharge. Hopefully, the PROP data will enable better strategies for the early identification of preterm infants at
highest risk for late respiratory disease and the development of
new strategies for disease prevention.

Disclosure statement
SHA has received provided grant support for laboratory
research from United Therapeutics and Shire Pharmaceuticals and support for an educational meeting with funds from
Malinckrodt.

R E F E R E N C E S

Gaps in knowledge/future directions/conclusions
Since its original description, advances to reduce the incidence
and severity of BPD have been surprisingly few, while the
improved survival of extremely preterm babies has allowed the
population of at- risk infants to grow substantially. Keller et al
provide several new insights from the NIH-funded “Prematurity
Respiratory Outcomes Program” (PROP), a large cohort of
extremely preterm babies that were extensively phenotyped
through the first year of life for perinatal, early postnatal and
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Bronchopulmonary dysplasia (BPD) is a common complication of extreme prematurity, and

Bronchopulmonary dysplasia

its rate is not improving, despite advances in perinatal intensive care. Children with BPD

preterm

diagnosed in the neonatal period have higher risks for hospitalizations for respiratory prob-

neurodevelopment

lems over the first few years of life, and they have more asthma in later childhood. Neo-

long-term outcomes

nates diagnosed with BPD have substantial airway obstruction on lung function testing in
later childhood and early adulthood, and many are destined to develop adult chronic
obstructive pulmonary disease. Survivors with neonatal BPD have more adverse motor
function, worse cognitive development and poorer academic progress than those without
BPD. Long-term outcomes for children born extremely preterm will improve if the rate of
BPD can be substantially reduced.
Ó 2018 Elsevier Inc. All rights reserved.

Introduction
Bronchopulmonary dysplasia (BPD) was first described in the
1960s in preterm infants who had been exposed to invasive
mechanical ventilation and high concentrations of inspired
oxygen1; the mean birth weight (2158 g) and mean gestational age (34 weeks) of the children in that study reflected
the fact that very few extremely low birth weight (ELBW;
<1000 g) or extremely preterm (EP; <28 weeks’ gestational
age) infants survived in the 1960s. Today, most infants born
ELBW or EP survive. Although there are many possible solutions to preventing BPD,2 rates in ELBW or EP infants have

I

not improved, and indeed may be rising.3,4 Not only are rates
of BPD not improving, but long-term cognitive,5 academic5
and motor6,7 performance, and executive function7 are also
not improving in children born ELBW or EP in recent eras;
improvements in long-term function might depend in part
on solving the problem of how to reduce rates of BPD in these
children.
Long-term pulmonary and neurodevelopmental outcomes
of children who had BPD in the newborn period have been
reviewed several times in the past.8 10 In this article we
update the associations of BPD with long term pulmonary
and neurodevelopmental outcomes of children born preterm,
focusing on more recent data on the topic, where available.

Supported by grants from the National Health and Medical Research Council of Australia (Centre of Research Excellence #1060733;
Career Development Fellowship #1141354 to JC), and the Victorian Government’s Operational Infrastructure Support Program.
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Pulmonary outcomes
Respiratory health
Children with BPD have higher rates of rehospitalization in
the first few years after discharge home, most commonly
because of respiratory illness, and they spend more days in
hospital compared with children without BPD.11,12 Rehospitalization rates exceeded 50% for those with BPD in the first
year of life in one study.11 Fortunately, rates of rehospitalization diminish as children with BPD grow older.12 14
Children with BPD diagnosed in the neonatal period have
higher rates of wheezing or asthma compared with preterm
survivors without BPD, are treated with more bronchodilators
up to the age of 2 years, and have more persistent wheezing
between 2 and 5 years.12,15 Wheezing rates are typically up to
twice as likely in children with neonatal BPD compared with
preterm children without BPD.12,15 In a study from Alberta of
1030 infants <1250 g birthweight admitted to one neonatal
intensive care unit (NICU) between 1995 2007 who survived
and were followed up to 3 years, those who had severe BPD
and required oxygen after discharge home had higher rates of
requiring respiratory medications in the previous 12 months
than survivors with less severe BPD and survivors without
BPD.16
With increasing age, the overall rates of wheezing decrease
but the risk remains higher in children with BPD than those
without. In one study, children at a mean age of 9.5 years who
had BPD were 4.5 times more likely to have respiratory symptoms than matched preterm controls without BPD, including
wheezing and chronic cough, and 21% were receiving asthma
medication compared with 0% in controls.17 In a study of 11year-olds born <26 weeks’ gestation in the United Kingdom,
those with a history of BPD had higher rates of asthma than
those without a history of BPD (28% vs. 19%, respectively).18
Higher rates of cough, wheezing and dyspnea have been
reported in some studies of adult survivors who had BPD
compared with term born controls.19 However, not all studies
have reported substantial differences between adult BPD survivors and non-BPD controls.20,21 Doyle et al reported similar
rates of asthma, defined as requiring bronchodilator therapy
for recurring wheezing in the preceding 12 months, in 19
year-old very low birthweight (VLBW; <1500 g) survivors with
BPD (24.2%) and those without BPD (21.9%).21
Studies of the quality of life of older survivors with neonatal
BPD have reported conflicting outcomes. In one study of 11-19
year-olds those with neonatal BPD reported similar quality of
life compared with controls, despite having poorer lung function.22 However, in another study those with neonatal BPD
reported a poorer quality of life when they were in their mid20s compared with term-born controls and with non-BPD
subjects.23
Children with BPD diagnosed as newborns have persisting
structural abnormalities in their lungs. In a study of 21
schoolchildren with neonatal BPD, abnormalities on high resolution computed tomography of the lung were detected on
81%, with most abnormalities in the children who had the
most severe BPD.24 Higher abnormality scores on imaging
were associated with more airway obstruction on lung
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function testing. In another study from the era before exogenous surfactant was available, all 21 survivors of moderate or
severe BPD at ages ranging from 17 33 years had abnormalities on computed tomography, most commonly having features consistent with emphysema, with worse emphysema
associated with more airway obstruction on lung function
testing.25

Lung function
There are mixed reports of the effects of BPD on lung function
in infancy. In a study of 55 preterm children <31 weeks’ gestation born between 2006 and 2008, those who had BPD in the
newborn period had reduced respiratory system compliance
compared with normative data at 6 and 18 months, but other
measures of lung function were similar between groups.26
The findings were considered to be consistent with impaired
alveolarization.26 In a study of 43 children with neonatal BPD
compared with 32 children without BPD at 6 months’ corrected age and again 12 months later, forced expiratory flows
at 0.5 s, at 75% of forced vital capacity, and between 25 75%
of forced vital capacity were up to two-thirds of a standard
deviation (SD) lower in those without BPD.27
By mid-childhood, airflow limitation in children with neonatal BPD has been consistently reported.18,21,28 30 A cohort
study of 68 VLBW children born in the early 1990s found that
children with neonatal BPD had a decrease in their forced
expired volume in 1 s (FEV1), a higher ratio of residual volume
to total lung capacity, and higher airway resistance than children without BPD and term controls at 7 years of age.28 In a
recent study of children born EP in the post-surfactant era
and aged between 8 and 12 years, there was deterioration in
airway growth trajectory and lung function in children in the
BPD subgroup, which was not evident in the non-BPD children born EP.29 In the 4-year period between assessments,
the mean z-scores for expiratory flows dropped in those who
had BPD by 0.3 SD for the FEV1, by 0.7 SD for the ratio of FEV1
to the forced vital capacity (FVC; FEV1/FVC), and by 0.6 SD for
forced expiratory flow between 25% and 75% of vital capacity
(FEF25 75%).29
Late adolescents or young adults with a history of BPD have
more airflow obstruction, as shown by a lower FEV1 compared
with those without BPD23,31 38 (Fig. 1); the mean reduction is
¡0.75 SD in those with BPD compared with their peers.
Although there is some variability between studies, overall
there is little difference in the reduction of FEV1 regardless of
cohort demographics i.e. hospital or regional cohorts, and
whether they were born prior to or in the era when surfactant
has been available (Fig. 1).
The reduction in FEV1 is worse with increasing severity of
BPD. Halvorsen et al.20 reported that the % predicted value for
FEV1 decreased from a mean of 108.1% in controls, to 101.8%,
96.1% and 87.8%, respectively, in participants born preterm
with no, mild (oxygen requirements at 28 days) and moderate/severe (oxygen at 36 weeks or discharged home on oxygen) BPD. Not only are there reductions in the mean FEV1, but
more survivors with neonatal BPD had reductions in clinically
important ranges. In a study from Belfast, 40% of BPD survivors had an FEV1 <80% predicted compared with only 6% in
term controls.23 Some adult survivors with BPD diagnosed in

191

S

E M I

N A

R

S

I N

P

E R

I N A T O L O G Y

42 (2018)

Fig. 1 – Mean values for forced expired volume in one second (either % predicted or as z-scores) and sample sizes compared
between those with and without BPD in late adolescence or early adulthood, for either hospital or regional cohort studies.
Differences between groups shown by standardized mean differences and 95% confidence intervals (CIs). *participants born
when surfactant was available. Superscripts relate to reference numbers.

the neonatal period also had fixed airway obstruction, occurring in 25% of survivors who had BPD compared with none in
the controls.39 In the same study, impaired gas transfer was
detected in both BPD and non-BPD adults born preterm compared with controls.39 In contrast, in another study from Norway of 25-year-olds, although diffusion capacity in preterm
subjects was lower than term controls, BPD was not related to
the findings.37
Kotecha et al.40 reviewed results from studies of lung function performed in the pre- and post-surfactant era, in participants with age ranging from 5 to 23 years. FEV1 as % predicted
was decreased in preterm survivors with BPD compared with
term controls, with the size of the reduction related to the
severity of BPD. Participants born preterm but without BPD
had a reduction in their FEV1 of approximately ¡7.2%, while
those with mild BPD (supplemental oxygen at 28 days only)
and severe BPD (oxygen at 36 weeks) had greater deficits in
FEV1 of ¡16.2% and ¡18.9%, respectively.40 One interesting
finding from their review was that the mean FEV1 for survivors with neonatal BPD had improved over time from those
born in the late 1960s through to those born in the early
1990s, whereas it was unchanged for controls born at term
over the same period, suggesting that lung injury in the newborn period might be less severe with advances in perinatal
and neonatal intensive care. However, in a subsequent study
comparing all survivors born <28 weeks’ gestational age in
the state of Victoria, Australia, in three eras, 1991 92, 1997
and 2005, at 7,8 years of age those born in 2005 had higher
rates of BPD and more airway obstruction than those born in
the 1990s.4
Changes in lung function between 8 and 18 years have been
reported from a regional cohort of ELBW/EP survivors born in
the post-surfactant era.41 Those with BPD had lower spirometry values compared with those without BPD at both ages, but
most concerningly those with neonatal BPD deteriorated
more over time in most spirometry values; for example the

reduction in the z-score for FEV1/FVC between 8 and 18 years
was almost 0.5 SD greater in the participants born preterm
with neonatal BPD compared with those who did not. However, some other studies have reported stable lung function,
as survivors of BPD become older. In one study of 45 survivors
<1000 g BW or <29 weeks gestational age born in 1982 85 in
Norway, lung function between 18 and 25 years was similar
regardless of gestation at birth and BPD severity.37
Exercise capacity is reduced in BPD survivors. Children with
neonatal BPD walk shorter distances on the 6-minute walk
test than do children without BPD.15,42 Using a cycle ergometer to measure exercise capacity in children born preterm,
those with neonatal BPD had lower % predicted oxygen
uptake compared with children without BPD.30 In a recent
study of young adults at a mean age 24 years, those who had
BPD had impaired exercise capacity compared with term controls, although weekly activity levels were similar between
groups.39

Neurodevelopmental outcomes
BPD is strongly associated with neurodevelopmental deficits
in children born preterm.43,44 Preterm infants with BPD in the
newborn period have recurrent episodes of hypoxia, hypercapnia, and respiratory acidosis,45 which may predispose
them to hypoxic-related brain injury. In addition, postnatal
corticosteroids in the newborn period to prevent or treat BPD
are a risk factor for neurodevelopmental deficits in preterm
children.46

Cerebral palsy and other motor impairments
The rate of cerebral palsy (CP) is approximately 10 14% in
survivors born <28 weeks’ gestation,5,47 and 14% in those
born <26 weeks’ gestation.48 CP occurs more frequently in
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survivors with neonatal BPD; in one study of 839 infants <25
weeks’ gestation the odds ratio (OR) for CP in those with neonatal BPD was 1.66 (95% confidence interval [CI] 1.01, 2.74),
after adjustment for major intraventricular hemorrhage and
cystic periventricular leukomalacia.49
The risk of CP may be related to the severity of BPD. In the
ELGAN study of more than 1000 infants born <28 weeks, the
risk of CP in children with the most severe BPD (receiving
mechanical ventilation at 36 weeks’ postmenstrual age) was
6-fold higher for quadriplegic CP, and 4-fold higher for diplegic CP compared with preterm children without BPD.50 Those
with less severe BPD (not receiving mechanical ventilation at
36 weeks’ postmenstrual age) still had increased risks of
quadriplegic and diplegic CP compared with preterm children
without BPD, but the size of the risk was lower.
In a study from the NICHD Neonatal Research Network of
ELBW infants born between 2006-2007, BPD was defined as
either a) any form of assisted ventilation or continuous positive airway pressure or supplemental oxygen with an effective fraction of inspired oxygen (FiO2) >0.3 at 36 weeks’
postmenstrual age, or b) supplemental oxygen via nasal cannula or hood with effective FiO2 <0.3 and failed the stepwise
oxygen reduction challenge in the 36th postmenstrual week
i.e. “physiological BPD”.51 At 18-22 months, children with
“physiological BPD” compared with non-BPD children had
higher rates of all CP phenotypes, of moderate to severe CP
(Gross Motor Function Classification System level 2 or greater)
(7.0% vs 2.1%), of spastic diplegia (7.8% vs. 4.1%) and of quadriplegia (3.9% vs. 0.9%).
Other non-CP motor impairments also occur more frequently in children who had BPD. Several studies of children
aged 5 10 years have reported poorer motor performance in
BPD survivors compared with non-BPD and term-born controls.52 54 In a study of 8-year-olds both gross and fine motor
skills were lower in children with neonatal BPD (42nd centile)
compared with the non-BPD children (58th centile) and term
controls (70th centile).55 In another study gross and fine
motor scores were approximately 1 SD lower, and upper
extremity postural stability was worse in BPD children than
in preterm controls assessed at 10 years of age.44 Consequently, more survivors who had BPD have been reported to
access intervention services, such as occupational therapy
(71% vs 44%), and physical therapy (71% vs 41%), than do preterm children who did not have BPD.53
Some studies have assessed postnatal corticosteroid therapy, to treat or prevent BPD, as a risk factor for motor dysfunction in preterm children. In the EPIPAGE study of births
<33 weeks’ gestation born in France, postnatal corticosteroid
therapy was associated with more minor neuromotor dysfunction (OR 1.8; 95% CI 1.3, 2.6), and with more moderate
neuromotor dysfunction (OR 2.7; 95% CI 1.2, 6.1) on multivariable analysis adjusting for other perinatal variables that affect
neurodevelopment.52 Davis et al.54 assessed the perinatal
associations with Developmental Coordination Disorder, or
minor motor dysfunction, in a geographic cohort of EP or
ELBW children at age 8-9 years. With both variables included
in a multivariable analysis, BPD, defined as oxygen requirement at 36 weeks’ corrected gestation, was associated with
Developmental Coordination Disorder (p=0.06), but the association with postnatal corticosteroids was stronger (p=0.03).
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Neurosensory impairments and disabilities
BPD is also an independent risk factor for major neurosensory
problems overall. The OR (95% CI) for any of CP, blindness,
deafness, or cognitive delay at 18 months was 2.4 (1.8, 3.2) in
the follow-up of a randomized controlled trial of indomethacin prophylaxis in infants <1000 g birthweight.43 In a similar
study, but this time from a randomized controlled trial of caffeine in the newborn period in infants with BW <1251 g, those
alive at 36 weeks’ postmenstrual age had a higher chance of
death or disability in one or more area (motor impairment,
cognitive impairment, behavior problems, poor general
health, deafness, or blindness) at 5 years than did those who
did not have BPD (OR 2.3; 95% CI 1.8, 3.0). In a study of survivors born <28 weeks’ gestation between 2000 2008 in Switzerland, BPD was an independent risk factor for a composite
adverse outcome of moderate/severe neurosensory disability
or death (OR 1.92; 95% CI 1.24, 2.99).56

Cognitive delay and academic performance
There are several studies that have reported persistence of
cognitive deficits from early childhood to school age. In one
study of VLBW children and term controls, between 8 months
to 3 years of age VLBW children with BPD diagnosed in the
neonatal period had persistently lower scores on the Mental
Developmental Index of the Bayley Scales than did VLBW
children without BPD, who in turn were always lower than
the term controls.57 When the children were reassessed at
age 8 years, performance on general intelligence, reading,
mathematics, motor performance, memory and attention followed a similar pattern; children with neonatal BPD performed the worst, followed by children without BPD, with the
best performance in term controls.53 Children who had more
severe BPD compared with children who had mild/moderate
BPD performed worse in Performance IQ (75 vs 86) and Perceptual Organization (76 vs 86), representing clinically important differences of approximately 0.6 SD.58 The differences
persisted despite adjusting for BW and brain injury, suggesting that BPD is an independent risk factor for later cognitive
development. In a more recent study from the state of Victoria investigating the associations between several biologic
and social variables and cognitive and academic performance
through childhood and into adolescence among survivors
born either ELBW or EP, postnatal corticosteroids were independently associated with lower IQ and academic performance into adolescence, whereas BPD not treated with
corticosteroids was not independently associated with those
outcomes.46 These findings are consistent with the possibility
that more severe BPD is related to adverse neurocognitive
outcomes, but part of the association might be explained by
the need to prevent or treat BPD with postnatal corticosteroids, and it was infants with more severe lung disease who
were treated with corticosteroids in that study.
Differences in cognitive development between BPD and nonBPD children persisted from early to mid-childhood in a study
from Cleveland, Ohio, of very low birth weight children born
1989 1991.55,57 Not only were the absolute scores on developmental testing lower, but the proportions of children who
were significantly delayed i.e. performing at <¡2 SD below the
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mean, were increased in the group with BPD. At 3 years, the
mean Bayley scores for those with BPD, without BPD and term
controls were 84 vs 90 vs 96 for the Mental Developmental
Index, and 84 vs 98 vs 103 for the Psychomotor Developmental
Index. The percentages of children across the 3 groups who
had cognitive delay was 21% vs 11% vs 4% and motor delay was
20% vs 9% vs 1%, respectively.57 The rates of cognitive delay at
3 years of age were much higher than those reported in a more
recent study using a physiological definition for BPD, where
only 12.8% of the cohort had cognitive scores <70 at 18-22
months.51 However, the latter study used the Bayley-III to
determine delay, and it has been widely reported that the Bayley-III underestimates rates of delay in clinical populations.59
When the same cohort was reassessed at 8 years, similar deficits were recorded across the 3 groups for Full Scale IQ (85 vs 92
vs 102, respectively), as well as Verbal and Performance IQ.55

Language delay
Language development has been reported to be delayed in
some studies of children with BPD. In a study of extremely
low birth weight children aged 18 22 months, significant language delay (<¡2 SD below the mean) was reported in 24.2%
of those who had BPD compared with only 12.3% in those
who did not have BPD (p<0.001).51 In 3-year-old VLBW preschool children, comparing those with BPD and those without, Singer et al reported lower scores in several domains of
language, including receptive, expressive and total communicative competence scores.60 The proportion of children with
receptive and expressive language delay in that study was
also higher in BPD infants than term controls (49% vs 35% for
receptive language, and 44% vs 25% for expressive language).
When the findings were adjusted for IQ, only receptive language remained independently affected. When the same
cohort were reassessed at 8 years of age, stepwise decreases
in scores in both expressive and receptive language were
noted in VLBW children with BPD, compared with VLBW children who did not have BPD, and term-born controls, who had
the highest scores.55 As was found at the 3-year assessment,
the differences were most marked in receptive language. In
addition, children with BPD had reduced articulation skills
compared with the other two groups. As might have been
expected, enrolment in speech therapy was highest in the
BPD group (48%) compared with 21% in the non-BPD group
and 9% in term controls.55 Other studies have also documented language deficits in children with neonatal BPD at
school age, with differences 0.5 0.8 SD lower than in preterm
controls without BPD.58,61

Visuospatial problems
Visuospatial perception is also reported to be impaired in children with BPD, although it must be remembered that deficits
in fine motor control may affect the results, and low scores
on tests of visuospatial perception or visuomotor integration
may not necessarily indicate defects in visuoperceptual skills.
Several studies of VLBW children born in the mid to late 1980s
reported poorer visuomotor integration in 8 10-year-old children with BPD compared with non-BPD children and term
children.44,62 Data from a more recent cohort reported around
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30% of BPD children performing below age expectations on
visuomotor integration testing.63 In another study a longer
duration of oxygen therapy to treat chronic lung disease has
been reported to be associated with difficulties in perceptual
motor tasks in VLBW children aged 7 years,64 and again at 16
years.65

Conclusions
Children with BPD have more respiratory ill-health in later
life, manifest in more hospital readmissions in the first few
years after discharge home, particularly for respiratory illnesses, and exhibit impaired lung function and exercise tolerance. As a group they also have more neurosensory
problems, particularly motor dysfunction, and poorer performance on cognitive, academic, language and visuoperceptual
function. As rates of BPD are not decreasing with advances in
perinatal and neonatal care,66 yet survival rates have
increased, there are many more children surviving with BPD
diagnosed as newborns than have ever occurred in the past.
Consequently, clinicians need to be aware of the risks of
adverse problems to which these children are predisposed.
The challenges are to reduce the rates of BPD, and to prevent
the adverse sequelae for those with BPD who survive, not
only through childhood, but also into adulthood.
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Bronchopulmonary dysplasia (BPD) is a chronic lung disease which develops as a result of

outpatient care

neonatal/perinatal lung injury. It is the commonest cause of chronic lung disease in infancy

chronic lung disease

and the most frequent morbidity associated with prematurity. The incidence of BPD has

diuretics

continued to rise despite many advances in neonatal care and this increase has been attrib-

inhaled steroids

uted to the increased survival of younger and more premature babies. There have been
many advances in the care of patients with early and evolving BPD, yet there is a paucity of
data regarding outpatient management of patients with established BPD. There are limited
adequately-powered high-quality studies/randomized controlled trials which assess commonly used therapies such as supplemental oxygen, bronchodilators, steroids and diuretics in patients with BPD, beyond short-term effects. Further research is needed to
improve our understanding of the role of currently used treatments on the long-term outcomes of patients with established BPD, post-discharge from the neonatal intensive care
unit.
Ó 2018 Elsevier Inc. All rights reserved.

Introduction
Bronchopulmonary dysplasia (BPD) is a chronic lung disease,
which develops as a result of neonatal/ perinatal lung injury.1
It is the commonest cause of chronic lung disease in infancy
and the most frequent morbidity associated with prematurity.2 Athough many definitions of BPD exist, the most widely
used is that suggested by the national institutes of health
(NIH) consensus statement, where BPD is defined as a need
for oxygen supplementation for 28 days and/or 36 weeks post
menstrual age (PMA).3
They further suggested criteria for assigning BPD severity.
Mild BPD was defined as a need for supplemental oxygen for 28

* Corresponding author.
E-mail address: bhandaria@email.chop.edu (A. Bhandari).
https://doi.org/10.1053/j.semperi.2018.09.011
0146-0005/Ó 2018 Elsevier Inc. All rights reserved.

days or greater but not at 36 weeks PMA or at the time of discharge. Moderate BPD was defined as a need for supplemental
oxygen for 28 days or greater and treatment with supplemental
oxygen not greater than 30% at 36 weeks PMA or at the time of
discharge. Severe BPD was defined as a need for supplemental
oxygen for 28 days or greater and treatment with supplemental
oxygen greater than 30% and/or need for positive pressure at 36
weeks PMA or at the time of discharge. This consensus definition has been found to identify risk for adverse pulmonary outcomes in early infancy more accurately than others.4 A further
subclassification of severe BPD into Type 1 which includes
patients using high flow nasal cannula (HFNC) or continuous
positive airway pressure (CPAP) and Type 2 which includes
those who require mechanical ventilation, has been suggested.5
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The incidence of BPD from 2009 2012 has increased in preterm babies born between 26 and 27 weeks of gestation from
51% to 55% despite many advances in neonatal care.6 This
increase is attributed to increased survival of younger and
more immature babies. BPD occurs most commonly in babies
who are less than 1000 g and less than 28 weeks of gestation,
and its incidence is inversely proportional to gestational age
or its surrogate, birth weight (BW). The incidence of BPD has
been reported to be 42% (BW 501 750 g), 25% (751 1000 g),
11% (1001 1250), and 5% (1251 1500 g).7,8
BPD is often divided into early, evolving and established
BPD. Early BPD refers to the time from birth to the first week
of life. Evolving BPD refers to the period between 1 week of
life and 1 month of life and established BPD is considered to
occur after 36 weeks PMA.9 For the purpose of this review, we
will focus on therapies utilized for outpatient management of
patients with established BPD. While many newer therapies
and modes of ventilation have been proposed and studied for
management of early BPD, the management of established
BPD has changed little in the last two decades.

Diuretics
Diuretics are the most commonly used medications in the
management of established BPD. Infants with BPD are prone
to develop interstitial pulmonary edema from increased capillary permeability caused by lung injury from volutrauma or
barotaruma, heart failure and generalized fluid overload. The
degree of free lung water has been correlated with the severity of BPD.10 These considerations form the basis for using
diuretics in BPD infants.
Furosemide is a loop diuretic. Its diuretic action is a result of
inhibition of the Na+ K+ 2Cl¡ cotransporter located on the
luminal surface of the ascending loop of Henle. In addition,
vascular effects of furosemide result in fluid shifting out of
the alveoli into the venous system, which can lead to
improved oxygenation and pulmonary mechanics.11
In older infants with BPD, furosemide has been shown to
improve oxygenation and decrease PCO2. This improvement
in ventilation does not corelate well with diuresis suggesting
a different mechanism of action. One such mechanism may
be improved oxygenation via release of prostaglandins from
the renal or vascular endothelium. It is this vascular effect
that has also been implicated in increasing the risk of persistent patent ductus areteriosus (PDA) that has been reported
with furosemide use in the neonatal intensive care unit
(NICU) in patients with early BPD.
Furosemide is the single most frequently used diuretic in
the NICU.12,13 Furosemide has been shown to decrease airway
resistance and increase dynamic airway compliance acutely
and sub-acutely in spontaneously breathing patients with
BPD.14,15 Others have shown improvement in lung mechanics
using nebulized furosemide, suggesting a direct effect of furosemide on airway smooth muscle.16,17
Thiazides (chlorothiazide, hydrochlorothiazide) and spironolactone together comprise the most commonly used
diuretic combination therapy in patients with established
BPD.18,19,20 Thiazides and spironolactone both act on the distal tubule. Thiazides act by binding to the chloride site of
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electroneutral sodium chloride channel and spironolactone
acts by competitive binding of receptors at the aldosterone
dependent sodium potassium exchange site in the distal
tubule. Thiazaides and spironolactone are less likely to cause
electrolyte abnormalities as compared to furesomide, hence
they are preferred for chronic use.
In a randomized double blind crossover trial with sequential analysis, oral diuretics improved pulmonary mechanics
in 10 infants with BPD.21 This was based on measurement of
pulmonary mechanics at the beginning and the end of the
week after therapy with chlorothiazide and spirinolcatone
combination or placebo.21
The long term use of this combination therapy for oxygendependent BPD patients was also studied in a randomized
double blind, placebo-controlled study, where patients who
received spironolactone and chlorthiazide had a significant
improvement in respiratory scores and lung mechanics and a
decrease in fraction of inspired oxygen (FiO2) used, as compared to those who received placebo. The therapy did not,
however, result in a significant decrease in the duration of
oxygen supplementation.22 A large meta-analysis showed
that in preterm infants greater than 3 weeks of age with
chronic lung disease, acute and chronic administration of
diuretics acting on distal segments of the renal tubule (distal
diuretics) improved pulmonary mechanics. The authors,
however, suggested that the positive effects should be interpreted with caution given the small number of patients studied in a few randomized controlled trials (RCTs).23 Of note,
RCTs looking at efficacy of diuretic use are from the pre-surfactant era which may limit their applicability in current
times. Furthermore, most studies evaluate short-term effects
of therapy. There are no trials that demonstrate a reduction
in NICU length of stay, duration of mechanical ventilation, or
duration of supplemental oxygen use resulting from chronic
diuretic therapy among infants with established BPD.
Recent data from a retrospective cohort study in patients
with evolving BPD conducted among 35 hospitals showed
that use of diuretics is common in US hospitals and that the
diuretic regimens and the frequency of diuretic use vary
markedly between institutions.24 The prescribed use of diuretics among patients with established BPD is quite inconsistent as well. In a single center study the duration of
outpatient diuretic therapy was significantly variable;
patients treated with diuretics who required supplemental
oxygen were more likely to have a longer course of diuretic
therapy compared to patients receiving diuretics alone.25 In
contrast, a multicenter survey regarding oxygen weaning
practices of pediatric pulmonologists in North America disclosed that 58% of the respondents weaned diuretics before
weaning supplemental oxygen; these two studies highlight
the inconsistency in approach towards prescribing diuretics
in patients with established BPD.26
Long term diuretic therapy after discharge is often used in
infants with severe BPD requiring high levels of supplemental
oxygen, positive pressure ventilation, and those with underlying cardiac issues. Diuretic therapy may confer a benefit in
these unique situations, although this has not been systematically studied.
Chronic diuretic therapy has been associated with adverse
effects including electrolyte disturbances, calciuria,
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nephrocalcinosis, ototoxicity and delayed closure of the ductus arteriosus. All these adverse effects are more common
with use of loop diuretics, but still exist with chronic use of
spironolactone, hydrochlorothiazide and chlorothiazide.
Currently, there are no evidence-based guidelines regarding
duration of diuretic therapy in patients with established BPD.
Additionally, there are no data to support whether diuretics
should be weaned, rather than simply discontinued, in
patients with established BPD.

Corticosteroids
Inhaled corticosteroids
Inflammation plays a critical role in the pathogenesis of BPD.
Steroids are potent anti-inflammatory agents and when
administered systemically in patients with early BPD they
produce a rapid improvement in pulmonary function and gas
exchange and facilitate weaning from mechanical ventilation. In animal models steroids have been shown to enhance
surfactant production, decrease airway edema, stabilize capillary leakage, augment beta receptor activity and decrease
overall lung fibrosis.27
Given this background, steroids have been used in preterm
babies both to prevent development of BPD and to treat BPD.
Systemic steroids have many adverse effects including hyperglycemia, systemic hypertension, increased risk of infection,
intestinal perforation, steroid induced cardiomyopathy,
growth retardation and most importantly, adverse neurological outcomes including cerebral palsy. Given the increased
incidence of cerebral palsy in preterm infants with use of systemic steroids, it is now recommended that systemic steroids
be used judiciously in preterm infants.28
Intratracheal administration of budesonide along with surfactant when used in very low birthweight infants with severe
respiratory distress syndrome (RDS) significantly decreased
the incidence of BPD or death as compared to administration
of surfactant alone although larger studies are needed to confirm these findings.29,30
Inhaled steroids have been used in preterm infants with
RDS to try to prevent progression to BPD, because they have
both anti-inflammatory properties and a lower potential for
causing adverse effects as compared to high dose systemic
steroids.31 Inhaled steroids can be systemically absorbed, but
the majority of data from their use in early and evolving BPD
report no side effects. Among surviving preterm infants who
received courses of inhaled budesonide beginning within 12 h
of birth, there was no significant difference in the rate of neurodevelopmental disability on follow-up at 2 years of age
compared with those who did not.32 Suppression of endogenous cortisol production with no difference in somatic growth
has been reported in preterms with BPD who received budesonide for 4 weeks as compared to age and disease matched
controls,33 whereas others reported no evidence of adrenal
suppression in response to cosyntropin stimulation in preterms with BPD during beclomethasone therapy.34 Nevertheless, the possibility of systemic effects from inhaled steroids
exists and caution should be used when using inhaled steroids long term.35
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Although inhaled steroids are commonly used in patients
with BPD as part of the clinical asthma paradigm, there are
data to suggest that air flow limitation seen in patients with
BPD is not caused by the same factors as are present in those
with asthma. Nitric oxide (NO) plays a critical role in regulation of lung vasculature and airway tone. Exhaled NO in
breath condensate (fraction of exhaled NO or FeNO) has been
used as a marker of eosinophilic inflammation in asthma and
is typically elevated in patients with asthma. Baraldi et al.
reported lower FeNO concentrations in patients with BPD
with obstructive lung disease when compared with those
with asthma and obstructive lung disease suggesting different underlying pathophysiology in the disease processes.36
Others have also shown that the effect of atopy and familial
asthma is less in BPD survivors as compared to those born
fullterm, suggesting that obstructive disease seen in BPD survivors is different from asthma, thus questioning the role of
routine inhaled corticosteroid treatment in infants with
established BPD.37
Once discharged from the hospital, infants with established
BPD are more likely to experience respiratory illnesses and
episodes of wheezing, require hospitalization in the first 2
years of life, and to be prescribed respiratory medications
including inhaled steroids versus preterms with no BPD.38,39
In a randomized placebo controlled trial, Beresford et al studied 30 infants with chronic lung disease who received fluticasone or a placebo via a metered dose inhaler and spacer
starting at 36 weeks PMA for a duration of one year. They
reported no difference in respiratory symptoms, duration of
supplemental oxygen use, respiratory illnesses or need for
hospitalization.40 The small number of patients involved in
the study, however, may have contributed to the lack of differences noted. In a double blind placebo controlled trial Yuskel et al. showed improvement in respiratory symptoms in
premature infants (with or without chronic lung disease/BPD)
and an increase in functional residual capacity (FRC) as measured by helium dilution in the cohort who received beclomethasone, when compared to those who received placebo.
They attributed the increase in FRC to a decrease in gas trapping with beclomethasone use.41 This study too had a small
sample size and did not compare the effects of beclomethasone on respiratory symptoms and lung function of patients
born prematurely without lung disease to those who were
born prematurely with chronic lung disease or BPD.
Despite data suggesting that the underlying pathophysiology of obstructive disease in BPD survivors is likely different
from that of asthma and that inhaled steroids confer little or
modest benefit, inhaled steroids continue to be widely prescribed in BPD survivors during their lifetime.

Systemic steroids
There is no clear indication for use of systemic/enteral steroids in patients with established BPD. Although their use has
not been studied, in clinical practice providers often use a
short course of oral steroids during to decrease work of
breathing or a lingering supplemental oxygen requirement
especially during an intercurrent viral illness. A single center
study examining the effect of oral prednisolone on weaning
oxygen in patients with established BPD showed that 63% of
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Table 1 – Suggested post-NICU therapy in patients with BPD.

Consider wean to every other day therapy if on daily
therapy

Chlorothiazide

PO/IV, 20 40 mg/kg/24 h, alone or with spironolactone

Spironolactone

PO, 2 4 mg/kg/24 h

May wean by 25% at each visit if at higher end of the
dosing range or discontinue if at the lower end of the
range.
May wean by 25% at each visit if at higher end of the
dosing range or discontinue if at the lower end of the
range.

Prefer to discontinue before weaning chlorothiazide
and spironolactone given side effects with chronic
therapy
Wean if respiratory status is stable.
Prefer to wean after patient is off oxygen

May help wean off supplemental oxygen
May use as therapy to decrease work of breathing with
intercurrent viral illness
Consider if patient has wheezing or documented
response to albuterol or oral steroids and has a strong
family history of asthma

Initiate weaning during the day time first and then wean
night time oxygen. Monitor work of breathing, oxygen
saturations and weight gain during weaning

PO: per os (oral); IV: intravenous; MDI: metered dose inhaler; LPM: liters per minute.

Other inhaled steroids such as Beclomethasone and
Mometasone can be used. Dose based on severity of
symptoms
Use for patients with wheezing or past history reversible bronchospasm.
May be a useful adjunctive therapy especially in
patients who are not responsive to albuterol alone. It
may be better tolerated than albuterol in patients
with significant tracheomalacia.
Wean in consultation with cardiology when patient
has pulmonary hypertension.
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PO, 2 mg/kg/24 h £ 5 days, then 1 mg/kg/24 h £ 3 days,
then 1 mg/kg/24 h every other day for 3 doses)
PO, 2 mg/kg/24 h £ 5 days
Budesonide 500 mcg, 1 vial 1 2 times a day
Fluticasone propionate 110 mcg, 1 2 puff 2 times a
day
Albuterol 1.25 2.5 mg given via nebulizer or 2 puffs
[180 mcg] given via MDI with spacer device, every
3 4 h as needed
Ipratropium bromide 250 500 mcg via nebulizer or
18 mcg/puff via MDI with spacer device, every 6 8 h as
needed
Majority of patients are discharged on up to 1LPM of
oxygen via nasal cannula
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patients were successfully weaned off supplemental oxygen
prior to hospital discharge. Patients who were successfully
weaned off supplemental oxygen after they received oral
prednisolone were able to do so after one course of oral steroids; no additional benefit was conferred with multiple
courses.42

Bronchodilators
There are insufficient data to support the role of beta agonists
in the prevention of chronic lung disease; yet, inhaled bronchodilators are frequently used in US hospitals in patients
with evolving BPD, and a longer duration of mechanical ventilation increases the odds of receiving a bronchodilator.43 Furthermore, there are no published data that address the role of
beta agonists on duration of mechanical ventilation, frequency of rehospitalization, or mortality in infants and children with BPD.44
BPD survivors are more likely to have respiratory symptoms
such as recurrent wheezing and cough, and are more likely to
have a diagnosis of asthma.45 Small airway dysfunction and
decreased expiratory flows are common lung abnormalities
found in infants.46 Significantly higher rates of airway reactivity in very low birth weight (VLBW) infants have been
reported.47 Data using the forced oscillation technique show
that 3 5 year old children with a history of BPD had higher
resonant frequency and lower mean reactance compared to
children without BPD, suggesting that the children with BPD
had a decreased peripheral airway patency.48 These airway
abnormalities have been shown to persist in children and
young adults with a history of BPD49,50,51 and bronchodilator
responsiveness is common in children with established
BPD.52
Although there are higher rates of airway reactivity in BPD
survivors, Kim et al reported that pre-school aged BPD survivors showed bronchial hyperresponsiveness to methacholine, which stimulates airway smooth muscle directly, but no
response when challenged with adenosine 5-monophosphate
(AMP).53 The latter drug causes airway smooth muscle contraction through release of mast cell contents, suggesting
that the BPD patients do not have an inflammatory airway
response as seen in patients with asthma. This is in tandem
with low exhaled NO levels seen in patients with BPD and
obstructive lung disease, in contrast to patients with asthma
and a similar degree of obstruction. Taken together, there is
strong evidence against eosinophilic inflammation as the
basis of obstructive lung disease in BPD.36
Structural abnormalities in the airways along with other
factors including reduced small airway caliber and reduced
elastic recoil increase the propensity for airway narrowing
with smooth muscle contraction in BPD survivors. Together
these structural changes are thought to be the cause of persistent obstruction seen on spirometry in BPD patients. A recent
study reported improvement in infant lung function tests in
VLBW babies with evolving BPD.54 In clinical practice, BPD
survivors who exhibit wheezing are often prescribed and will
respond to albuterol even when they do not fit the asthma
paradigm.
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Other airway abnormalities such as tracheomalacia and
bronchomalacia are more common in patients with BPD.55 In
BPD infants with tracheobronchomalacia, use of beta agonists
can worsen wheezing by causing airway smooth muscle
relaxation in an already floppy airway.56
There are no randomized trials that evaluate the effect of
anticholinergic medications such as ipratropium bromide in
patients with BPD. They have been shown to be effective in
BPD patients in small studies and case reports.20 Ipratropium
bromide in low dose stiffens the central airway in animal
models via inhibition of presynaptic regulatory M2 receptors;
so it is occasionally used in BPD infants with tracheomalacia
to improve airway mechanics.

Oxygen supplementation
Infants with BPD are more likely to have intermittent hypoxemia (oxygen saturations less than 92%) during feeds and during sleep. Intermittent hypoxemia has been shown to be
associated with poor growth.57 Over 30% of infants with BPD
require supplemental oxygen at the time of discharge
although most outgrow the need for supplemental oxygen by
2 years of life.38,39,58 Despite a third of patients with BPD being
discharged home with supplemental oxygen, there are no evidence-based guidelines or consensus statements regarding
oxygen weaning in BPD patients. Palm et al. found a wide variation in practice among pediatric pulmonologists regarding
the minimum acceptable peripheral blood oxygen saturation
(SpO2), initial amount of supplemental oxygen being delivered
from which the weaning process should begin, signs considered to be important in determining readiness to wean, or the
methods used to wean patients with BPD from supplemental
oxygen.26 In their study, the majority of pediatric pulmonologists reported using nocturnal saturations as the primary
indication for weaning oxygen while only 8% reported using
standardized protocols. Minimum oxygen saturation in room
air required to discontinue supplemental oxygen varied from
90% to 95% and many respondents elected to wean flow rate
of oxygen delivered prior to weaning the duration of time that
the patient received oxygen supplementation. Although there
are no guidelines regarding oxygen weaning, experts recommend weaning oxygen during the daytime first, followed by
weaning oxygen at nighttime.18 Most pediatric pulmonolgists
use clinical criteria including growth and clinical examination
to guide weaning oxygen supplementation in addition to
monitoring oxygen saturations. Room air challenge tests
have been used to guide oxygen weaning by some59 while
others recommend obtaining a polysomnogram to rule out
nocturnal hypoxemia prior to oxygen weaning.60,61 Although
weaning is typically guided by pediatric pulmonologists or
neonataologists this not always the case; 30% of infants followed in a single center underwent discontinuation of supplemental oxygen by their parents without guidance of a
physician.58
BPD is the most common cause of pulmonary arterial
hypertension (PAH) in pediatric patients, with an incidence of
up to 25% of BPD infants. Furthermore, the presence of PAH
correlates with the severity of BPD.62,63 Thus, it is more common in patients with severe BPD, who are also more likely to
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require supplemental oxygen and positive pressure support.
It can occur late, so a normal screening echocardiogram at 36
weeks PMA does not preclude the subsequent development
of PAH.64 Treatment of PAH includes use of supplemental
oxygen to minimize hypoxemic events and to encourage
growth64,65 in addition to pharmacotherapy. The presence of
PAH should be assessed when planning an oxygen wean in
this patient population.
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Conclusions
There have been many advances in care of patients with early
and evolving BPD. There is a paucity of data regarding outpatient management of patients with established BPD and limited studies that assess such interventions beyond shortterm effects. A suggested dosing/weaning schedule of the
common medications used in out-patient therapy of patients
with established BPD have been shown in Table 1. Further
research is needed to improve our understanding of the role
of currently used treatments on outcomes in a stable patient
with established BPD.
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