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BACKGROUND: The role of vascular endothelial growth fac-
tor (VEGF) in the pathogenesis of retinopathy of prematurity
(ROP) has been clearly established. However, little is known
about temporal changes in circulating VEGF concentrations in
the preterm infant. The objective was to determine the longi-
tudinal serum concentrations of VEGF in relation to ROP.
METHODS: This study included 52 infants born at <31wk
gestational age (non-ROP n = 33, nonproliferative ROP n = 10,
treated for ROP n = 9). VEGF concentrations were analyzed in
blood samples collected at birth, at 3 d postnatal age, and then
weekly until at least a gestational age of 35wk.

RESULTS: VEGF concentrations at birth did not differ between
groups, independent of later ROP status. In contrast, VEGF
serum concentrations were significantly higher at first detec-
tion of ROP in infants who were later treated for ROP compared
to infants without ROP. At the time of laser therapy, serum VEGF
concentrations did not differ between groups.
CONCLUSION: Circulatory concentrations of VEGF, in infants
who later developed severe ROP, were elevated at the time
when ROP first was detected but not at the time when cur-
rent treatment most often occurred. This supports the need for
further studies of circulating VEGF in relation to the timing of
ROP treatment.

Retinopathy of prematurity (ROP) is a sight-threatening
neovascular retinal disease affecting very preterm infants.
The complex pathogenesis behind ROP occurs in two phases:
in the first phase, vessel growth ceases resulting in ischemia
and in the second stage, vascular proliferation occurs. The reti-
nal vascular network begins to develop around the 14th wk of
gestation and is fully vascularized around 40wk of gestation
(1). Thus, the lower the GA at birth, the less vascularized the
retina and the higher the risk for poor retinal vascular growth
and therefore the higher the risk of proliferative ROP.

The pathology of ROP has been studied in animal models
and in humans (2-4). Phase I (delayed growth and destruc-
tion of already formed retinal vessels) is associated with
hyperoxia and suppression of oxygen-regulated growth

factors such as vascular endothelial growth factor (VEGF)
and loss of growth factors normally provided by the in utero
environment. In the second phase, the peripheral now avas-
cular retina matures, but with increased metabolic demand
and no blood supply, there is retinal hypoxia which drives
increased expression of oxygen-regulated growth factors
such as VEGF, resulting in uncontrolled neovascularization
(5). In neonates, proliferative ROP usually occurs from 31
to 44 wk of PMA (6). Several risk factors for ROP have been
identified (2-4), including unregulated oxygen supplemen-
tation (which suppresses normal vascular growth) and low
birth weight and GA (resulting in a very unvascularized
retina as a starting point) (4). The role of VEGF in the patho-
genesis of ROP has been clearly established (7,8).

Little is known regarding local and systemic VEGF con-
centrations in the preterm neonate. Prior studies examining
VEGF concentrations at birth have detected no difference in
VEGF concentrations in cord blood between preterm and
term infants (9), or between preterm infants who later devel-
oped ROP and those who did not develop this disease (10).
In addition, no significant differences in VEGF concentrations
were found over time or between infants with or without later
development of ROP (11). Higher concentrations of VEGF
were found in cord blood serum and in serum from neonates
compared to concentrations found in adults (12).

Local VEGF concentrations measured in the vitreous and
subretinal fluid of eyes undergoing surgery for retinal detach-
ment at late stages of ROP were elevated in ROP eyes com-
pared to eyes undergoing surgery for congenital cataract or
eyes with acute retinal detachment (13-15), and VEGF con-
centrations correlated with vascular activity (defined as dila-
tation and tortuosity of the posterior pole retinal vessels and
neovascularization) (13,14). Decreased concentrations of
serum VEGF were found after both local laser and intraocular
anti-VEGF treatment for ROP; however, the decrease in VEGF
concentrations were less pronounced after laser treatment (16).

The aims of this study were to analyze longitudinal concen-
trations of serum VEGF in preterm infants and to relate VEGF
concentrations to ROP status.
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Table 1. Demographic and morbidity data

All No ROP Nonproliferative ROP Treated for ROP Pvalue
Number 52 33 10 9
GA in weeks, Md (min; max) 26.5(23.0;30.6) 27.4(24.3;30.6) 25.1(23.4;26.4) 24.1(23.0;27.1) <0.001
Boys/girls, n (%) 27/25(52/48) 16/17 (48/52) 7/3(70/30) 4/5 (44/56) NS?
AGA/SGA, n (%) 39/13(75/25) 29/4(88/12) 4/6 (40/60) 6/3(67/33) <0.01°
Single/twin, n (%) 27/25(52/48) 16/17 (48/52) 7/3(70/30) 4/5 (44/56) NSs?
Birth weight in grams, Md (min; max) 850(348;1,716) 970(592;1,716) 625 (348;796) 638 (460; 854) <0.001
Birth weight,_, Md (min; max) —-0.78 (-5.00; 0.89) —0.69 (—4.66; 0.89) —2.30(~5.00; 0.60) —0.72(-3.16;0.39) NS
BPD, n (%) 38(73) 22(67) 9(90) 7(78) NS?
NEC, n (%) 1(1.9) 0(0) 1(10) 0(0) NS?
IVH, n (%) 14(27) 8(24) 2(20) 4(44) NS®
PDA, n (%) 11(21) 2(6.1) 4(40) 5(56) 0.001°
Preeclampsia (n) 11(21) 7(21) 2(20) 2(22) NS?

AGA, appropriate for gestational age; BPD, bronchopulmonary dysplasia; HC, head circumference; IVH, intraventricular hemorrhage; Md, median; NEC, necrotizing enterocolitis; PDA,
patent ductus arteriosus; ROP, retinopathy of prematurity; SDS, SD score; SGA, small for gestational age.
*Statistical analyses across the three groups were performed with the chi-squared test for frequencies.

RESULTS
Clinical data at birth and morbidity data of the study popula-
tion are shown in Table 1.

VEGF Concentrations in Cord Blood

At birth, VEGF plasma concentrations in cord blood did
not correlate with GA, weight, or weight standard deviation
score (weight, ). In addition, plasma concentrations of VEGF
in cord blood were analyzed for correlations with later ROP
development (no ROP, nonproliferative ROP, or ROP requir-
ing treatment). No correlations were found between VEGF
concentrations at birth and later ROP status; median (95% CI
for median) concentrations in cord blood were 20.2 (7.2-36.1)
pg/ml, 32.4 (2.1-73.1) pg/ml, and 29.6 (6.2-89.8) pg/ml in
infants with no ROP, nonproliferative ROP, and treated for
ROP, respectively (Figure 1).

Temporal Changes in VEGF Concentrations in Serum

Longitudinal serum concentrations of VEGF from 27 to
40wk PMA according to PMA and ROP status are shown
in Figure 2. Median (95% CI for median) VEGF concentra-
tions are presented for each separate week from 23 to 40 wk
PMA in Table 2. Infants requiring treatment for ROP had sig-
nificantly higher median VEGF serum concentrations at 34,
35, and 36wk PMA than infants without ROP. Differences
between infants with no ROP and those requiring ROP treat-
ment remained significant at PMA 34 and 35wk after adjust-
ment for GA at birth. Cohen’s effect values were d = -0.35, d =
-0.44, and d = —0.39 at PMA 34, 35, and 36 weeks, respectively,
suggesting a moderate practical significance. Median (range)
PMA at first diagnosis of early proliferative ROP was 34 (32-
35) wk, 35 (33-38) wk when ROP stage 3 was identified, and
39 (34-40) wk at the time of laser therapy (Figure 2). These
results indicate significantly elevated VEGF serum concen-
trations in infants requiring treatment for severe proliferative
ROP compared to infants without any ROP, from the first sign
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Figure 1. VEGF concentration in cord blood in infants without ROP, with
nonproliferative ROP, and infants with proliferative ROP and later treated
for severe ROP. There were no significant differences according to ROP
status. Open circles represent values classified as outliers. ROP, retinopathy
of prematurity; VEGF, vascular endothelial growth factor.

of ROP up to the time point just before ROP laser therapy, but
not at the time of laser therapy.

In Figure 3, longitudinal VEGF serum concentrations for
the nine infants treated for ROP are shown. Seven infants
showed elevated VEGF serum concentrations prior to or at
the time when ROP first was diagnosed (A, B, C, D, E, F, and
G). One infant (H) did not follow this pattern. Instead VEGF
concentrations were low prior to treatment, and maximum
VEGF concentration was found after treatment. This child
was born at GA 24wk and had the lowest birth weight,
(—3.16) of all treated infants. For one infant (I), ROP screen-
ing data until treatment, and serum samples between PMA
31 and 37wk were missing, leaving eight individuals for
evaluation.
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DISCUSSION

In this study, we investigated the longitudinal concentrations
of serum VEGF in extremely preterm infants with respect to
the development of ROP. At birth and in early postnatal life,
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Figure 2. Mean (+ SE) VEGF concentrations in infants without ROP (solid
line), with nonproliferative ROP (dashed line), and treated for ROP (dotted
line). Arrows indicate the median time of the first sign of ROP (ROP), when
stage 3 ROP was detected (ROP 3), and the time of laser therapy (Tx). *P

< 0.05 treated for ROP vs. infants without ROP, **P < 0.01 treated for ROP
vs. infants without ROP. ROP, retinopathy of prematurity; VEGF, vascular
endothelial growth factor.

VEGF serum concentrations varied broadly and were not cor-
related with later ROP status. However, at first ROP diagno-
sis, VEGF serum concentrations were significantly higher in
infants who were later treated for severe proliferative ROP. In
contrast, at the time of laser treatment, serum VEGF concen-
trations were the same in infants with and without ROP. These
results provide information about systemic longitudinal VEGF
concentrations in relation to ROP development.

To our knowledge, this is the first study in which serum
VEGF concentrations have been followed in very preterm
infants, from birth to PMA 40 wk, and related to ROP develop-
ment. Currently, data on the natural temporal pattern of cir-
culating VEGF after preterm birth is lacking. The results are
important, given that during fetal life, VEGF, which is criti-
cal in normal angiogenesis, is expressed in most tissues and
that decreased concentrations of circulating VEGF have been
found, both after the conventional laser treatment and after
the recently introduced off-label use of anti-VEGF treatment
for ROP (16-18). In these previously reported studies, concen-
trations were persistently low for at least 60 d after treatment,
independent of the method used; however, Kong et al. (16)
reported that the decrease in VEGF serum concentrations after
laser treatment was about half the decrease after anti-VEGF
treatment.

Although VEGF serum concentrations in this study were
highly variable between study subjects, group mean concentra-
tions were higher in infants treated for ROP, at the time when
ROP was first diagnosed, than at corresponding time in infants
without any stage of ROP. In addition, individual VEGF data, for

Table 2. Median VEGF serum levels by PMA in infants with no ROP (n = 33), nonproliferative ROP (n = 10), and treated for ROP (n=9)

PMA Pvalue non-ROP

(weeks) No ROP n Nonproliferative ROP n Treated for ROP n vs. treated for ROP  Effect size
23 —_ — 1,667 1 1,375 1 — —
24 2,249 (1,313-10,990) 3 2,768 (945-4,590) 2 1,895 (374-5,174) 8 0414 -0.25
25 1,602 (69-2,675) 6 1,246 (256-2,133) 9 1,067 (347-4,395) 6 1.000 0.00
26 412(223-1,012) 12 1,057 (123-1,944) 1 915 (338-8,568) 7 0.176 -0.31
27 1,579 (846-3,651) 18 1,317 (72-4,331) 8 1,035 (607-3,084) 9 0.504 -0.13
28 993 (434-2,057) 19 1,381 (498-2,853) 9 989 (226-3,801) 7 0.931 -0.02
29 1,290 (720-2,516) 28 1,375 (467-5,489) 9 1,319 (87-6,087) 8 0.594 -0.09
30 1,273 (422-2,760) 24 1,180 (294-3,103) 8 1,583 (262-4,504) 5 0.686 -0.07
31 1,424 (464-2,221) 30 973 (765-3,005) 9 2,021 (328-3,459) 8 0.452 -0.12
32 1,206 (595-2,299) 27 1,237 (239-4,024) 8 1,687 (508-4,587) 7 0.624 -0.08
33 1,427 (829-2,017) 30 1,031 (266-4,188) 8 2,190 (812-7,353) 7 0.187 -0.22
34 1,076 (537-1,316) 30 837(508-3,092) 1 1,768 (538-6,463) 8 0.032 -0.35
35 1,058 (694-1,557) 28 824 (302-2,728) 9 2,139(1,116-7,729) 8 0.009 -0.44
36 817 (422-1,390) 21 1,266 (802-3,084) 9 1,835 (700-3,574) 7 0.041 -0.39
37 605 (58-2,540) 11 928 (285-3,841) 7 1,261 (252-2,657) 5 0.282 -0.27
38 581 (240-1,923) 5 1,532(136-3,913) 5 1,352 (94-1,750) 6 0.465 -0.22
39 492(276-1,178) 5 1,844 (186-3,552) 6 1,332(230-5,080) 7 0.465 -0.21
40 758 (330-1,040) 44 1,512(228-3,332) 4 1,361 (245-3,279) 6 0.176 -0.25

Data are presented as median (95 % confidence interval for median) VEGF in pg/ml. P values < 0.05 are marked in bold.
PMA, postmenstrual age; ROP, retinopathy of prematurity; VEGF, vascular endothelial growth factor.
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Figure 3. VEGF serum concentrations for each individual infant treated for ROP. Arrows indicate the time of the first sign of ROP and the time of laser
therapy (Tx). ROP, retinopathy of prematurity; VEGF, vascular endothelial growth factor.

most infants treated for ROP, showed high VEGF serum con-
centrations during the nonproliferative phase of ROP but not
during the proliferative stage (when ROP treatment occurred).

The role of VEGF in the development of ROP has been
established in a number of oxygen-induced animal models for
ROP, some with a period of constant hyperoxia, followed by
relative hypoxa (8) and some with fluctuating oxygen concen-
trations (19). In these models, in phase I of ROP, VEGF mRNA
expression is decreased in the retina with constant exposure
to hyperoxia, with concomitant suppression of retinal vessel
growth (20), whereas with exposure to oxygen fluctuations,
increased retinal VEGF mRNA expression was seen at the stage
when retinal vascularization still was incomplete and before
the peak of pathologic vasoproliferation (5,21). These findings
together with our data support that the proliferative phase of
ROP may be initiated earlier than was previously thought and
that antiangiogenic or angiogenic factors other than VEGF
may be important players during the vasoproliferative phase
(5,21). Increased understanding of growth factor regulation in
relation to timing of ROP progression can be useful in predict-
ing outcomes and optimal timing of treatment.

Copyright © 2016 International Pediatric Research Foundation, Inc.

It is not possible to draw longitudinal vitreous samples
for VEGF to correspond to serum VEGF measurements.
Therefore, the biological relevance of systemic VEGF concen-
trations for the development of ROP is speculative. However,
blood drawing is a convenient way to examine VEGF longi-
tudinal data and is likely to reflect local levels to some degree
since we know that anti-VEGF antibody injected locally can
be measured systemically for months (16). We believe that the
results of the present study add important information to our
understanding of the biology underpinning the development
of ROP.

Pieh et al. investigated longitudinal VEGF concentrations in
pooled plasma samples from 63 infants of GA 23-32wk (11).
In contrast with our results, no substantial differences in VEGF
concentrations between patients with ROP and without ROP
or over time were found (11). In the same study, a subgroup of
infants was analyzed for VEGF plasma concentrations at PMA
32 and 36 wk; no differences were detected between infants
with and without later development of ROP. Here, longitu-
dinal VEGF protein patterns were similar in all groups until
PMA 34wk. From this time point until PMA 36wk, infants
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with proliferative ROP had higher VEGF concentrations than
infants without ROP and with nonproliferative ROP. However,
there are differences between these two studies. In the pres-
ent study, all values were obtained from individual samples
that were collected weekly, and infants were divided into
three groups (non-ROP, nonproliferative ROP, and prolifera-
tive ROP). In the study by Pieh et al. (11), two to five samples
taken within a mean of 7 d were pooled before analysis, and
the infants were categorized as no ROP or ROP, which may
explain the inconsistency in results.

This study has some limitations. First, VEGF serum concen-
tration in cord blood and postnatal concentrations from the
third postnatal day were analyzed using different Luminex
assays. Both assays were from Bio-Rad, but the included ana-
lytes differed between assays, and hence the reagents came
from different batches. The different analyte setups yielded
different background values between assays, which had a sub-
stantial impact on absolute values. For multiplex assays, it is
recommended that all analyses be run using the same batches
of antibodies and beads and that all preanalytical and ana-
Iytical conditions remain constant throughout all analyses,
which could not be done in this study. As a consequence,
VEGF concentrations in cord blood were not included in our
longitudinal analyses and were not compared as absolute val-
ues with postnatal samples. Second, serum concentrations of
VEGEF reflect not just circulating VEGF but also VEGF from
platelets. A different correlation and less scatter of values may
have resulted from measurements of plasma VEGF concentra-
tions. Third, this study was small, with few infants developing
ROP. Our results therefore need to be validated in larger study
groups. An ongoing clinical trial (CARE-ROP, ClinicalTrials.
gov Identifier: NCT02134457) is addressing the relationship
between VEGF concentrations and ROP status.

The main finding in this study is that longitudinal VEGF
concentrations in the circulation differ at specific periods
according to ROP status. In this pilot study, we found elevated
VEGF concentrations in infants treated for ROP, at PMA 34-
36wk, a period corresponding to the development of ROP, but
not at the later periods during which ROP treatment usually
takes place.

METHODS

Ethical Considerations

The study protocol was approved by the Regional Ethical Review
Board in Lund, Sweden, and the study was performed in accordance
with the Declaration of Helsinki. Written informed consent was
obtained from all parents.

Study Population

This study was conducted as a prospective longitudinal cohort study
in infants born at Lund University Hospital, Lund, Sweden, between
January 2005 and May 2007, which previously has been described in
detail (22). Pregnant women admitted to Lund University Hospital
with a risk of delivery before 31 gestational weeks were identified and
enrolled before delivery after written informed consent from both
parents were obtained. All pregnancies were dated by ultrasound at
17-18 gestational weeks. Inclusion criteria were a GA < 31 wk at birth,
antenatal informed consent from both parents, and absence from
major congenital anomalies. Sixty-four infants were enrolled in the
study. Twelve infants did not complete the study, nine infants died,
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and three parents of infants declined continued participation, leaving
52 infants for evaluation of longitudinal serum concentrations.

Neonatal data on gender, GA at birth, birth weight, Apgar score,
patent ductus arteriosus (requiring medical or surgery treatment),
bronchopulmonary dysplasia, necrotizing enterocolitis, and intraven-
tricular hemorrhage were obtained from the infants records. bron-
chopulmonary dysplasia was defined as need of supplemental oxygen
at a PMA of 36 wk. Severe intraventricular hemorrhage was defined
in the presence of intraventricular hemorrhage grade 3 and/or paren-
chymal hemorrhagic infarction, and necrotizing enterocolitis was
defined by clinical and radiological criteria.

Growth Measurements

Standardized measurements of weight were performed within 24h
after birth. Standard deviation score for weight (weight ) was cal-
culated from an intrauterine growth curve based on uitrasonically
estimated fetal weights in Scandinavia (23).

ROP Examinations

ROP was classified according to the International Classification (24)
and subdivided into stage 1 (demarcation line), stage 2 (ridge), stage
3 (ridge with extraretinal fibrovascular proliferation), stage 4 (sub-
total retinal detachment), and stage 5 (total retinal detachment).
Each child was classified according to the most advanced ROP stage
observed. Proliferative retinopathy was defined as ROP stage > 3 and
nonproliferative ROP as stages 1 and 2. The infants were examined
according to a routine protocol that consisted of dilated eye fundus
examinations once or twice per week, depending on the severity of
the disease, from the chronological age of 5-6 wk until retinas were
fully vascularized. After pupillary dilatation with 1% cyclopentolate,
the eyes were examined via indirect ophthalmoscopy by a trained
pediatric ophthalmologist. Thirty-three infants were classified as
non-ROP, 10 infants were classified as having nonproliferative ROP,
and 9 infants were classified as having proliferative ROP and were
later treated with laser for ROP. The international recommendation
was used for ROP treatment and was based on the following criteria:
the stage of ROP, the zone in which ROP was detected, and whether
plus disease was detected (25). All treated children had ROP stage 3
(zone IT and III) with plus disease.

Blood Sampling and Quantitative VEGF Analyses

Atbirth, cord blood plasma was collected from 49 infants. For longitudi-
nal analyses, blood serum sampling was performed before enteral feed-
ing from 52 infants at 72h and at 7 d postnatal age and thereafter weekly
until at least a PMA of 35wk. Complete data, i.e., cord plasma samples
and longitudinal serum samples for analyses of VEGE and ROP data
were available for 39 infants. After centrifugation, samples were stored at
—80 °C until assayed. All samples were diluted 1:4 before analysis.

VEGF plasma concentrations in cord blood were measured in
duplicate using a human Luminex xMAP assay including VEGF (Bio-
Rad Laboratories, Hercules, CA) according to the manufacturer’s
protocol. The lowest level of quantification was 1.88 pg/ml. Samples
under the quantification limit were set to half this value (0.94 pg/ml).
The inter-assay coeflicient of variation was 15.05% at 38.18 pg/ml.
The mean intra-assay coefficient of variation between duplicates was
5.47%. Beads and antibodies within the assay were from the same
batches, and all plates were run by the same operator.

Serum from blood samples collected from 3 d postnatal age and
forward was assayed with another human Luminex xMAP assay
including VEGF (Bio-Rad Laboratories). The lowest level of quan-
tification was 1.93 pg/ml. The inter-assay coefficient of variation
for VEGF was 14.36% at 291 pg/ml. An internal control sample was
analyzed in 2-10 replicates in each run with a mean intra-assay coef-
ficient of variation of 9.98%. Beads and antibodies within the assay
were from the same batches, and all but three plates were run by the
same operator. Luminex multiplex assays only detect free VEGE

Statistical Analysis

Statistical analyses were performed using the program package IBM
SPSS Statistics 20 for Microsoft Windows (IBM, Armonk, NY).
Kruskal-Wallis or chi-squared tests were used for analyses of more
than two groups. The Mann-Whitney U-test was used for analyses of

Copyright © 2016 International Pediatric Research Foundation, Inc.



L]
ROP and serum concentrations of VEGF ‘ Art|CIes

independent groups, and the Wilcoxon signed rank test was used for
analyses of two paired samples. Effect size was calculated by Cohen’s
d. Spearman rank order test was used for correlation analyses. Cord
blood samples were not included in longitudinal data analyses after
birth as cord blood analyses were performed on plasma samples, and
longitudinal analyses were performed on serum samples. In addition,
a substantial number of cord blood samples were missing, and cord
blood samples and samples collected after birth were analyzed with
different assay setups. P values < 0.05 were considered significant for
all analyses.
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