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Purrosk. Retinopathy of prematurity (ROP) can lead to blindness. Arachidonic acid (ARA)
and docosahexaenoic acid (DHA) regulate retinal inflammation and angiogenesis. The
aim of this study was to investigate red blood cell membrane (RBCM) ARA and DHA in
preterm infants.

MetHoDps. This prospective observational study divided infants into groups by ROP sever-
ity and RBCM ARA and DHA means and terciles.

Resurrs. Although the mean & SD RBCM ARA was different between groups (no ROP,
17.9% + 0.7%, vs. type 2 ROP, 17.4% + 0.8%, vs. type 1 ROP, 16.7% =+ 1.0%; P < 0.001),
the mean RBCM DHA was similar (P = 0.161). Infants with type 1 ROP were more likely
to be in the lowest ARA and DHA terciles than in the highest (ARA, 44% vs. 5.6%; DHA,
22% vs. 5.6%). ARA and DHA declined over the first month of life in all ROP groups. At
week 1, ARA was lower in the type 1 and type 2 ROP groups compared with the no-ROP
group (18% =+ 2% and 19% =+ 3% vs. 21% =+ 2%, respectively; P < 0.05 for all). At week
2, DHA and ARA were lower in the type I ROP group compared with the no-ROP group
(3% £ 1% vs. 4% £ 1%, P = 0.03 and 16% =+ 1% vs. 19% + 1%, respectively; P < 0.01).
A RBCM ARA% > 17 was associated with a 45% reduction in any ROP. As the estimated
4-week ARA% mean increased by 1%, the odds of ROP decreased by 70% (odds ratio =
0.30; 95% confidence interval, 0.1-0.7).

Concrusions. Infants with severe ROP have lower ARA and DHA levels than infants with-
out ROP. ARA and DHA may act synergistically to protect against ROP.
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R etinopathy of prematurity (ROP) is hallmarked by aber-
rant retinal neovascularization and is a common cause
of blindness and neurodevelopmental disabilities in very
low birth weight (VLBW) infants (birth weight < 1500 g).}2
Extremely low birth weight infants (birth weight < 1000
g) are at highest risk for ROP, with rates as high as 50%
to 70%.3~> Other well-known risk factors for ROP include
gestational age < 30 weeks, fetal growth restriction, hyper-
oxia, prolonged supplemental oxygen exposure, chronic
lung disease, and growth failure® If left untreated, ROP
can progress to retinal detachment, visual impairment, and
blindness.!*”7-® Despite advances in neonatal and ophthal-
mology care, ROP treatment is not without morbidities. Reti-
nal ablation with photocoagulation is associated with stra-
bismus, amblyopia, and optic atrophy.” Furthermore, anti-
vascular endothelial growth factor (VEGF) treatment results
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in detectable systemic anti-VEGF levels that have theoretical
deleterious effects on developing organs.!%1!

The polyunsaturated fatty acids (PUFAs) arachidonic acid
(ARA, w-6 PUFA) and docosahexaenoic acid (DHA, w-3
PUFA) may play a role in ROP development and progres-
sion.’?”* During the third trimester of pregnancy, the
placenta preferentially transfers ARA and DHA from the
pregnant individual to the fetus. This process is known as
biomagnification.!> VLBW infants are born before biomag-
nification.!® Postnatally, VLBW infants depend on parenteral
nutrition and intravenous lipid emulsions (ILEs) that fail
to match in utero accretion rates for ARA and DHA. ARA
and DHA continue to decline after VLBW infants transition
to fortified human milk or preterm formula.'® As a result,
VLBW infants quickly develop a persistent ARA and DHA
deficiency.'®
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ARA and DHA play a critical role in retinal and brain
development.!? In the outer rod segment of the eye, ARA
and DHA compose 8% and 50% to 60% of the total fatty acid
content, respectively.’>"!7 ARA and DHA are metabolized to
oxylipins, bioactive molecules that regulate inflammation,
angiogenesis, vasoreactivity, and oxidative stress. Fish oil-
containing ILEs, a rich source of DHA and eicosapentaenoic
acid (an w-3 PUFA), are associated with a decrease in ROP
severity and the need for treatment.'®! In a randomized
controlled trial in Sweden, enteral ARA and DHA supple-
mentation was associated with a 50% decrease in severe
ROP.?

Hence, this study aimed to investigate the relationship
between ROP and ARA and DHA in the red blood cell
membrane (RBCM) in a cohort of infants at risk for ROP. We
hypothesized that, compared to infants without ROP, lower
RBCM ARA% and DHA% would be associated with ROP. To
test this hypothesis, we investigated RBCM ARA and DHA
means, terciles, and trajectories in infants with type 1 ROP
or type 2 ROP and infants without ROP.

METHODS
Study Participants

This Health Insurance Portability and Accountability Act—
compliant and Institutional Review Board (IRB)-approved
prospective observational study was conducted at Mattel
Children’s Hospital and Santa Monica Hospital (University
of California, Los Angeles). Verbal informed consent was
obtained from a parent or legal guardian. All parents and
legal guardians were provided with an IRB-approved infor-
mational sheet. Inclusion criteria for this study included
any infant screened for ROP between 2015 and 2020.
ROP screening criteria were consistent with the American
Academy of Pediatrics guidelines, according to which the
following infants should be screened for ROP: (1) infants
born at a gestational age < 30 weeks, (2) infants with birth
weight < 1500 g, or (3) any preterm infant deemed high risk
for ROP by the clinical care team.?! Infants were screened
at the recommended intervals by a board-certified ophthal-
mologist (IT), who determined ROP stage, zone, presence of
plus disease, and need for and type of treatment.

Infants were excluded if they only had one blood sample
available for RBCM PUFA analysis, were transferred to
another institution, or were discharged from the University
of California, Los Angeles, or lost to follow-up either prior to
40 weeks postmenstrual age (PMA) or documented complete
vascularization of the retina, whichever occurred first. The
remaining infants were grouped according to: (1) ROP type,

IOVS | November 2022 | Vol.63 | No. 12 | Article 23 | 2

defined by the Early Treatment of Retinopathy of Prema-
turity protocol*?; (2) ROP treatment (no treatment or need
for treatment, including retinal ablation or anti-VEGF); (3)
RBCM ARA and DHA status using the mean ARA and DHA
over the first 4 weeks after birth; and (4) RBCM ARA and
DHA terciles. Based on the Early Treatment of Retinopathy
of Prematurity criteria, participants were classified as having
no ROP, type 2 ROP, or type 1 ROP (Fig. 1). Type 1 ROP is
a severe ROP that should be treated. Type 2 ROP is a mild
ROP that is observed and treated if the ROP develops into
type 1 ROP.*

Standard Nutritional Practices

After admission to the neonatal intensive care unit, VLBW
infants received parenteral nutrition with a glucose infusion
rate of approximately 4 to 6 mg/kg/min and 2 to 2.5 g/kg/d
of amino acids. Glucose infusion rates were advanced daily
by 1 to 2 mg/kg/min to a goal of 11 to 14 mg/kg/min. Amino
acids were increased by 0.5 to 1 g/kg/d to a goal of 3.5
to 4.5 g/kg/d. ILEs were prescribed within the first 12 to
48 hours of birth for all subjects. Subjects received either
100% soybean oil (Intralipid; Fresenius Kabi, Bad Homburg,
Germany; # = 35) or a multicomponent ILE with 15% fish
oil (SMOF; Fresenius Kabi; # = 21). Subjects enrolled in the
study prior to September 2015 received 100% soybean oil.
In September 2017, a multicomponent ILE with 15% fish
oil was available at our institution and prescribed to infants
deemed high risk for long-term parenteral nutrition depen-
dence, including: (1) preterm infants with a birth weight <
1 kg and (2) infants with acquired or congenital gastroin-
testinal disorders. ILEs were generally initiated at 0.5 to 1
g/kg/d and advanced by 0.5 to 1 g/kg/d to a maximum dose
of 3 g/kg/d depending on serum triglyceride concentrations.
Enteral feeds were started at 10 to 20 mL/kg/d and advanced
by 10 to 30 mL/kg/d to a goal of 150 to 160 cc/kg/d. Pasteur-
ized donor human milk was provided to all VLBW infants if
mother’s milk was not available. All feeds were fortified with
a bovine product to 24 kcal/oz when the infant reached 80
to 120 mL/kg/d of enteral feeds.

Blood Samples and PUFA Analysis

Blood samples (0.5-1 mL) were collected at the same time
as routine clinically indicated laboratory blood draws. Blood
samples were collected weekly while infants were receiving
parenteral nutrition, and 1 week after parenteral nutrition
cessation. If a subject received a packed red blood cell trans-
fusion, sample collections were delayed for at least 48 hours.

Type 1 ROP

Type 2 ROP

* Should be treated

» Zone | any stage of ROP
with plus disease

» Zone | Stage 3 ROP
without plus disease

» Zone |l Stage 2 or 3 ROP
with plus disease

» Observe and only undergo
treatment if progresses to
Type 1 ROP

» Zone Il Stage 1 or 2 ROP
without plus disease

« Zone Il Stage 3 ROP
without plus disease

Ficure 1. Early Treatment of Retinopathy of Prematurity classification.?
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Only blood samples from the first month after birth were
included in this analysis. Due to the high risk for anemia
and blood sampling limitations, not all subjects had samples
at all time points.

PUFAs were expressed as percent of total fatty
acids. The RBCM PUFA content was quantified using
gas chromatography-mass spectrometry.?> After collection,
samples were centrifuged for 7 minutes at 4000 rpm to sepa-
rate the red blood cells from plasma. Samples were then
stored at —80°C for future use. The red blood cell (RBC) frac-
tions (0.2 mL) were later lysed with water and then washed
with phosphate-buffered saline. The RBCM was recovered
by centrifugation at 20,000g for 20 minutes. Gas chromatog-
raphy (5890A Series II; Agilent Technologies, San Diego,
CA, USA) was used to separate fatty acids and measure the
percentage of PUFAs in the RBCM samples. Quantification
was based on (1) recovery of a known quantity of the tride-
canoic acid as an internal standard (Nu-Chek Prep, Elysian,
MN, USA) and (2) the response ratio of fatty acid standards
(Nu-Chek Prep).?t

Demographic and Clinical Data

Demographic and clinical data were collected via medi-
cal record review. Clinical data collected included sepsis
(defined as a positive blood culture and need for intra-
venous antibiotics for >5 days), necrotizing enterocoli-
tis (defined as Bell’s stage II or greater),?® chronic lung
disease (defined as the need for supplemental oxygen at
36 weeks PMA),?> and whether or not an infant received
a red blood cell transfusion in the first month of life. Full
feeds were defined as 100 kcal/kg/d of enteral nutrition or
per oral ad libitum, whichever occurred first. A research
electronic data capture (REDCap) database was used for
data management.?® Weight, length, and head circumference
were measured by the bedside nurse at birth, and respective
z-scores were calculated.?’

Statistical Analyses

Patient characteristics and study variables were summarized
by groups (no ROP, type 2 ROP, or type 1 ROP) using mean
+ SD or frequency (percentage) unless otherwise noted.
Comparisons among groups were carried out using one way-
ANOVA for continuous variables or the x? test for categori-
cal measures. For patients with ROP, comparisons between
the groups who received no treatment versus those who did
receive treatment were assessed using the #-test or x2 test,
as appropriate. Similarly, we compared groups who had no
ROP versus any ROP (type 1 or type 2). PUFAs were summa-
rized over the first 4 weeks of life by group using medians
and quartiles.

For RBCM ARA% or DHA%, we tested for group differ-
ences over time using linear mixed-effects models with terms
for ROP, time, and an interaction variable (ROP*time with
a random patient effect). From these mixed-effects models,
each subject’s 4-week RBCM ARA% and DHA% average were
estimated and were used for additional analyses, specifi-
cally classification and regression tree (CART) and logistic
regression models. From these averages, we constructed cut-
points (using means, medians, or terciles) and determined if
these cut-points were associated with groups using the x?
test. We used a CART modeling framework to determine a
specific cut-point and then calculated sensitivity, specificity,
positive predictive value, and negative predictive value. We
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correlated average values and patient characteristics such
as gestational age using the Pearson correlation coefficient.
Logistic regression models were constructed to investigate if
the 4-week means were associated with ROP and gestational
age. Statistical analyses were carried out using SPSS Statistics
28 (IBM, Chicago, IL, USA) and SAS 9.4 (SAS Institute, Cary,
NC, USA). P < 0.05 was considered statistically significant.

REsuLrs
Demographics and Hospital Course

Seventy-two subjects were eligible for the study; 16 subjects
were excluded (two subjects had inadequate blood samples,
nine were transferred to another institution, three were
discharged or lost to follow-up, and two died prior to 40
weeks PMA) (Fig. 2). Table 1A outlines the demographic and
patient-related hospital course data for the three groups (no
ROP, type 2 ROP, type 1 ROP). Among the patients, 19.6% (n
= 11) developed severe ROP (type 1 ROP group), 37.5% (n =
21) developed mild ROP (type 2 ROP group), and 42.9% (n
= 24) did not develop ROP (no-ROP group). Of the infants
with ROP, 46.9% (n = 15) were treated for ROP (Fig. 2).
As expected, the type 1 ROP group was more premature at
birth, required more days of mechanical ventilation, and was
more likely to have chronic lung disease than the type 2 ROP
group and no-ROP group (P < 0.001 for all). Accordingly, the
type 1 ROP group had a longer mean £ SD hospital stay than
the type 2 ROP group and no-ROP group (124 + 37 days vs.
94 + 25 days vs. 74 £ 32 days, respectively; P < 0.001) (Table
1A). Similar results were observed when the subjects who
were treated for ROP were compared to subjects who were
not treated for ROP (Table 1B) along with infants with any
ROP and infants without ROP (Supplementary Table S1).

Nutritional Status of ROP Groups

The type 1 group required more days of parenteral nutri-
tion compared to the Type 2 ROP and no ROP groups (47

72 Patients Screened

for ROP
Excluded
n=16
T 1 T 2
ype ype NO ROP
(More Severe) (Less Severe)
n=24
n=11 n=21
Treated Treated
n=11 n=4
Not Treated
n=17

Ficure 2. Consort diagram.
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TasLe 1A. Demographics and Hospital Data

No ROP (n = 24) Type 2 ROP (n = 21) Type 1 ROP (n = 11) P

Gestational age (wk), mean £ SD 30 +£ 2 27 £ 2 24 + 1 <0.001
Birth weight (kg), mean + SD 1.3 £ 03 0.9 + 0.3 0.6 £ 0.2 <0.001
z-Scores, mean + SD

Birth weight —0.0 + 1.8 —0.4 + 1.4 —-0.8 + 1.2 0.5

Birth length —-0.7 £ 1.7 -05 £ 1 —-0.6 £ 14 0.9

Head circumference —-05 £ 1.5 —-0.3 £ 1.0 —-0.8 £ 1.0 0.6
Cesarean section, 7 (%) 19 (79) 18 (86) 7 (64) 0.4
Male, 7 (%) 13 69 10 (48) 6 (55) 0.9
5-minute APGAR, mean + SD 8+1 7 £ 2 6+ 2 0.001
Antenatal steroid, 7 (%) 19 (83) 20 (95) 8 (73) 0.2
Chorioamnionitis, 7 (%) 0 (0) 2 (10 2(18) 0.1
Small for gestational age, n (%) 6 (25) 4(19) 327 0.8
Day of life of first feed, mean £+ SD 4+5 4+ 4 7 £ 10 0.5
Day of life of full feeds, mean + SD 21 £ 17 27 £ 14 50 £ 22 0.001
Type of first feed (breast milk), 7 (%) 24 (100) 21 (100) 11 (100) —
Days on parenteral nutrition, mean £+ SD 20 + 18 24 + 17 47 £ 26 0.001
Early-onset sepsis, 7 (%) 0 (0) 105 0 (0) 0.6
Late-onset sepsis, 7 (%) 2(8 3 (10) 3 (30) 0.05
Necrotizing enterocolitis, stage 1I, 7 (%) 3 (13) 3 (14) 5 (45) 0.1
Chronic lung disease, n (%) 521D 16 (76) 8 (73) <0.001
Days on ventilator, mean + SD 14 + 16 23 + 13 44 + 23 <0.001
Interventricular hemorrhage, 7 (%) 7 (29) 10 (33) 7 (63) 0.1
Length of stay (d), mean + SD 74 £ 32 94 + 25 124 + 37 <0.001
RBC transfusion in first month of life, n (%) 13 (54) 17 (81) 11 (100) 0.08

Comparisons between groups were carried out using one-way-ANOVA or the x? test. Chronic lung disease was defined as supplemental
oxygen at 36 weeks PMA?5; early-onset sepsis was defined as a positive culture before 72 hours of life and 5 days of intravenous/intramuscular
antibiotics; late-onset sepsis was defined as positive blood culture after 72 hours of life and 5 days of intravenous/intramuscular antibiotics;
necrotizing enterocolitis was defined as Bell’s stage II or higher?4; small for gestational age was a birth weight less than the 10th percentile;
and full enteral nutrition was defined as 100 kcal/kg/d of enteral nutrition or ad libitum feeding, whichever occurred first.

Tasre 1B. Demographics and Hospital Data

No Treatment (n = 17) Treatment (z = 15) P

Gestational age (wk), mean + SD 27 £ 2 25 + 2 0.03
Birth weight (kg), mean + SD 0.9 + 0.2 0.6 + 0.2 0.001
z-Scores, mean + SD

Birth weight —0.1 &£ 09 01.0 £ 1.5 0.03

Birth length —-0.3 +£ 0.7 —-0.8 + 1.7 0.008

Head circumference —0.2 £ 0.8 —09 + 1.2 0.8
Cesarean section, 7 (%) 15 (88) 10 (67) 0.2
Male, n (%) 6 (35) 10 (67) 0.07
5-minute APGAR, mean + SD 7.4 + 2.1 59 + 1.8 0.04
Antenatal steroid, 7 (%) 17 (100) 11 (73) 0.04
Chorioamnionitis, 7 (%) 2(12) 2(13) 1
Small for gestational age, 7 (%) 2(12) 5(33) 0.21
Day of life of first feed, mean + SD 4+5 6+9 0.3
Day of life of full feeds, mean + SD 27 + 14 44 + 22 0.01
Type of first feed (breast milk), 7 (%) 16 (94) 15 (100) —
Days on parenteral nutrition, mean £ SD 22 £ 15 43 + 26 0.007
Early-onset sepsis, n (%) 1 (6) 0 (0) 1
Late-onset sepsis, 72 (%) 1(6) 5 (33) 0.08
Necrotizing enterocolitis, stage 11, 7 (%) 1(6) 7 (47) 0.01
Chronic lung disease, n (%) 14 (82) 10 (67) 0.4
Days on ventilator, mean + SD 23 + 13 39 £+ 23 0.03
Interventricular hemorrhage, 7 (%) 7 (41) 10 (67) 0.1
Length of stay (d), mean + SD 74 + 32 94 + 25 0.007
RBC transfusion in first month of life, 7 (%) 14 (82) 14 (93) 0.6

Comparison between groups by #-test or the x? test. Chronic lung disease was defined as supplemental oxygen at 36 weeks PMA??; early-
onset sepsis was defined as a positive culture before 72 hours of life and 5 days of intravenous/intramuscular antibiotics; late-onset sepsis
was defined as positive blood culture after 72 hours of life and 5 days of intravenous/intramuscular antibiotics; necrotizing enterocolitis was
defined as Bell’s stage II or higher?4; small for gestational age was a birth weight less than the 10th percentile; and full enteral nutrition was
defined as 100 kcal/kg/d of enteral nutrition or ad libitum feeding, whichever occurred first.
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-o- NO ROP
-+« Type 2 ROP
-#- Type 1 ROP

Week

FIGURE 3.
ANOVA was used for comparisons among groups.

+ 26 days vs. 24 £+ 17 days vs. 20 + 18 days, respectively;
P = 0.001) and ILE days (48 £ 32 days vs. 20 + 13 days
vs. 18 £+ 15 days, respectively; P < 0.001). As a result, the
days to reach full feeds were prolonged in the type 1 ROP
group compared with the type 2 ROP group and no-ROP
group (50 £ 22 days vs. 27 + 14 days vs. 21 + 18 days,
respectively; P < 0.001). However, there were no differences
in calories (kcal/kg/d) provided by parenteral nutrition in
the first 4 weeks after birth when the three groups were
compared (P > 0.05 for all). Similarly, there was no differ-
ence in ILE dose (g/kg/d) over the first 4 weeks after birth
between the groups (Fig. 3).

Growth was similar when the three groups were
compared. Mean weight (—0.9 = 0.8 vs. —1.0 £ 0.6 vs. —0.9
+ 0.7; P = 0.849) and length (—0.6 + 1.1 vs. —0.7 £ 0.6 vs.
—1.1 £ 0.8; P = 0.338) z-score changes from birth to 30 days
after birth were comparable among the no-ROP, type 2 ROP,
and type 1 ROP groups, respectively. Likewise, weight (—0.7
+ 1.2 vs. —0.9 £ 1.0 vs. —0.8 = 1.6; P = 0.936) and length
(—=0.3 £ 1.4vs. —0.7 £ 0.8 vs. —0.9 & 1.4; P = 0.3606) z-score
changes from birth to hospital discharge were comparable
among the no-ROP, type 2 ROP, and type 1 ROP groups,
respectively.

Mean RBCM ARA and DHA Percentages With
ROP Risk

The 4-week mean £ SD RBCM ARA% was different when the
three groups were compared (no-ROP, 17.9% =+ 0.7%; type 2
ROP, 17.4% + 0.8%; type 1 ROP, 16.7% =+ 1.0%; P < 0.001).
In contrast, the 4-week mean RBCM DHA% was similar (no-
ROP, 3.9% + 1.0%; type 2 ROP, 3.7% =+ 0.9%; type 1 ROP, 3.3%
+ 1.1%; P = 0.161) (Figs. 4A, 4B). Among the 32 patients
with ROP, 17 were not treated and 15 were treated. We
observed no significant differences in the mean RBCM ARA%
when these groups were compared (not treated, 17.4% =+
0.6%; treated, 16.8% + 1.1%; P = 0.059) and RBCM DHA%
(not treated, 3.7% =+ 1.0%; treated, 3.4% + 1.0%; P = 0.426).
Figures 4C and 4D show the percentage of subjects with type
1 ROP, type 2 ROP, and no ROP by mean RBCM ARA and
DHA terciles. A stepwise increase in ARA tercile was asso-
ciated with an increased percentage of infants with no ROP
and a decrease in infants with severe type 1 ROP. Forty-four
percent of infants with type 1 ROP were in the lowest tercile

ILE dose over time in weeks for subjects with type 1 ROP, type 2 ROP, or no ROP. Data are represented as a mean (SD). One-way

for ARA, whereas only 5.6% of infants with type 1 ROP were
in the highest tercile for ARA (P = 0.012) (Fig. 4C). Likewise,
22% of the infants with type 1 ROP were in the lowest tercile
for DHA and only 5.6% of infants with type 1 ROP were in
the highest tercile for DHA. However, this was not statisti-
cally significant (P = 0.338) (Fig. 4D).

The rates of any ROP in four groups of infants were
further evaluated by comparing (1) infants with both low
RBCM ARA% and DHA%, (2) infants with low ARA% but
high DHA%, (3) infants with high ARA% but low DHA%, and
(4) infants with both high ARA% and DHA%. High and low
groups were delineated by the median ARA% and DHA%
(17.6% and 3.6%, respectively). The incidence of ROP was
71%, 73%, 64%, and 31% in these four groups, respectively.
The incidence of ROP was statistically different when these
four groups were compared (P = 0.017 by rank-based x?
test).

Using CART analysis, a cut-off of point of 17% for the
mean RBCM ARA% was used to distinguish ROP from no
ROP. Eighty-five percent of infants with any ROP had mean
ARA < 17%. Of those 85% with any ROP, half of the infants
had type 1 ROP. In contrast, only 48% of infants had any
ROP with a mean ARA > 17%. Of those 48% with any ROP,
only 25% had type 1 ROP (P = 0.02) (Fig. 5). This model/cut-
point produced a specificity of 91.3%, sensitivity of 37.5%,
positive predictive value of 85.7%, and negative predictive
value of 51.2%.

RBCM ARA and DHA Percentages Over Time in
ROP Groups

Median (interquartile range [IQR]) values for RBCM PUFA
percentages over time are presented in Table 2 and
Figure 6. In general, ARA and DHA declined over time in
all three groups despite an increase in the essential fatty
acids linoleic acid and «-linolenic acid. However, this ARA
and DHA decline was more marked in the type 1 ROP group.
When compared to infants without ROP, infants with type 1
ROP had a significantly lower ARA at week 1 (P = 0.03) and
week 2 (P < 0.001). This was also seen for infants with type
2 ROP compared to infants with no ROP at week 1 (P =
0.03) and week 2 (P = 0.01).

Using a mixed-effects model approach, lower RBCM
ARA% was associated with time (estimate —1.26%/wk; 95%
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m NOROP
Bl Type 2 ROP
E Type 1 ROP

Il NO ROP
I Type 2 ROP
I Type 1 ROP

Percentage

Low Medium High
Mean RBCM DHAY% Tercile

Ficure 4. (A, B) Mean RBCM ARA and DHA; analysis was performed using one-way ANOVA. (C, D) RBCM ARA and DHA terciles for
subjects with type 1 retinopathy of prematurity (ROP), type 2 ROP, or no ROP. The RBCM mean for ARA% and DHA% for each group was
calculated by using a mixed-effects model with analysis by x? test.

Ficure 5. Classification and regression tree (P = 0.02, XZ test).

YES

’ ARA % >17

RBCM NO

n=41
Any ROP 48% (n=20)

Type 1 ROP (n=5)
Type 2 ROP (n=15)

No ROP (n=21)

n=14
Any ROP 85% (n=12)

Type 1 ROP (n=6)
Type 2 ROP (n=6)
No ROP (n=2)

confidence interval [CI], —1.57 to —0.95; P < 0.001) and a lower RBCM DHA% was associated with time (estimate
ROP group (type 1 ROP vs. no ROP estimate —2.32%; 95% —0.25%/wk; 95% CI, —0.36 to —0.13; P < 0.001). However,
CI, —4.40 to —0.24; P = 0.027 and type 2 ROP vs. NO DHA was not associated with ROP (type 1 ROP vs. no ROP
ROP estimate —1.52%; 95% CI, —3.11 to 0.07; P = 0.058). estimate —0.55%; 95% CI, —1.59 to 0.49; P = 0.292 and type
However, the interaction between ROP and time was not 2 ROP vs. no ROP estimate —0.16%; 95% CI, —0.99 to 0.67;
statistically significant (P = 0.452). Using a similar approach, P =0.701).
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TasLe 2. RBCM PUFAs During the First 4 Weeks of Age

Week 3, Median (IQR) Week 4, Median (IQR)

Week 2, Median (IQR)

Week 1, Median (IQR)

Baseline, Median (IQR)

No ROP

Type 1

Type 2

Type 1 No ROP

Type 2

(n =10)
11.9 (9.5-13.2)

No ROP

(n=11)

Type 1
(n=28)

No ROP Type 2
(n = 20)

Type 1

No ROP Type 2

(n=19)

Type 1
(n

Type 2

(n=4)

17.9
(12.0-24.0)

(n=28)
2.4 (9.8-17.9)

(n = 6)
13.7

(n=6)
17.5 (12.0-24.7)

(n = 14)

(n=6)

(n = 14)
11.7° (8.8-14)

1)

(n=4)

4.5 (4.1-5.0)

=1)

(n

13.8
(11.2-14.6)

16.8"
(12.7-20.6)

11.4
(9.5-15.2)

12.1
(9.9-13.6)

18.1 (17.4-19)

6.2
(12.7-20.6)

1

8.4
(6.7-10.5)

20.7

6.0

35

LA

11.5-17.7)

1

14.6
(13.4-17.0)

0.4 (0.2-0.9)

16.5
(14.8-17.8)

0.3 (0.2-0.5)

14.8 (13.6-17.6)

17.0
(15.3-17.6)

0.2 (0.1-0.3)
3.1 (2.3-3.9)
0.6 (0.4-1.1)

17.1
(16.2-18.4)

0.2 (0.1-0.4)
3.8 (2.6-4.8)
0.4 (0.4-0.5)

15.5
(14.9-16.7)

0.3 (0.2-0.6)
3.1" (1.7-3.6)

17.7
(17.1-18.9)

0.3 (0.2-0.4)
3.5 (2.8-4.4)
0.7 (0.4-0.7)

*

17.3

19.5°
(17.6-19.9)

0.33 (0.2-0.6)

21.9 225

21.3

ARA

(14.9-17.4)
0.3 (0.1-0.4)

(16.4-19.5)
0.4" (0.3-0.7)

(19.0-22)
0.2 (0.1-0.3)
4.4 (3.4-5.1)

(19.5-24)
0.1 (0.1-0.3)
4.9 (3.9-5.3)

0.3 (0.2-0.6)
2.5(1.8-3.9)
0.4 (0.3-0.9)

0.2 (0.1-0.3)

0.04
2.2
0.1

ALA

DHA

2.5 (1.3-4.2)
0.5 (0.3-2.0)

3.7 (2.3-4.1)

3.7 (3.4-4.4)
0.4 (0.4-1.4)

4.0 (2.9-4.6)
0.4 (0.3-0.5)

3.6 (2.2-5.0)

3.8 (3.2-4.7)

4.4
0.3

1.0 (0.4-1.7)

0.6 (0.2-0.7)

0.3 (0.2-0.5) 0.6 (0.4-0.7) 0.7 (0.3-0.9)

0.5 (0.3-1.4)

EPA

Comparison between groups using Wilcoxon rank-sum test. LA, linoleic acid; ALA, a-linolenic acid; EPA, eicosapentaenoic acid.

*P < 0.05 versus no ROP.
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Multivariable Modeling of RBCM ARA and DHA
Percentages by Gestational Age and Time

Because gestational age is associated with ROP, we corre-
lated mean RBCM PUFA percentages with gestational age.
The mean ARA and change in ARA over the first 4 weeks
after birth were positively correlated with gestational age
(r = 0.45, P < 0.001 and r = 0.42, P = 0.002, respectively)
(Fig. 7). This association was not observed for DHA (r = 0.14,
P =0.302 and » = 0.14, P = 0.312, respectively). Univariate
regression analysis demonstrated that, as the estimated 4-
week mean RBCM ARA% increased by 1%, the odds of ROP
decreased by 70% (odds ratio [OR] = 0.30; 95% CI, 0.13-0.72;
P = 0.007). In a multivariate model, mean ARA% was no
longer associated with ROP (OR = 0.70; 95% CI, 0.25-1.98;
P = 0.496) when gestational age was included. However,
gestational age was still associated with ROP (OR = 0.47;
95% CI, 0.30-0.73; P < 0.001). For every percent increase in
DHA in the RBCM, the odds of developing any ROP were
decreased by 36% (OR = 0.64; 95% CI, 0.36-1.14; P = 0.13).
However, this was not statistically significant (Table 3).

DiscussIoN

The major objective of this study was to determine the asso-
ciation between RBCM ARA% and DHA% and ROP risk in
preterm infants. We found that in the first 4 weeks after
birth, infants with any ROP and infants with more severe
ROP, including those requiring treatment, had lower RBCM
ARA and DHA status over the first month of life compared
to infants who did not develop ROP or treatment-requiring
ROP. Although lower RBCM ARA was independently asso-
ciated with increased risk of severe ROP, the combination
of a higher ARA and DHA was associated with less severe
ROP. Specifically, infants with a RBCM ARA > 17.6% and
DHA > 3.6% were less likely to develop ROP than infants
with a RBCM ARA% and DHA% less than these thresholds.
A RBCM ARA > 17% appeared to offer some protection
against ROP severity. This model had a specificity of 91.3%.
In other words, this cut-off has a high likelihood of identify-
ing an infant without ROP. However, the sensitivity was low
at 37.4%. Studies with larger samples sizes are needed to
validate these results and assess whether these thresholds
could be used in clinical practice as a tool to guide ROP
surveillance or PUFA supplementation to prevent ROP.

Our study highlights the importance of both ARA and
DHA in the developing retina. ARA and DHA are among
the most prevalent fatty acids in the human retina.?® ARA
and DHA are derived from the essential fatty acids linoleic
acid (w-6 PUFA) and «-linolenic acid (w-3 PUFA), respec-
tively. Humans lack the enzymes A12-desaturase and A15-
desaturase. These enzymes are responsible for inserting a
cis double bond at the w-6 and w-3 positions; hence, linoleic
acid and «-linolenic acid must be provided via a dietary
source. Despite an increase in the RBCM percentage of the
essential fatty acids, downstream ARA and DHA declined in
all three groups in this study. Although these findings are
consistent with other studies,'®?%3° our study emphasizes
that this decline was more notable in VLBW infants with
type I ROP.

In the retina, ARA and DHA have important biolog-
ical functions. ARA and DHA are key components in
photoreceptor cell structure and mediate vascular signal-
ing, inflaimmation, and immunity’®> In human retinal
pigment epithelial cells, DHA induced endogenous antiox-
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Ficure 7. Mean RBCM ARA percentage and gestational age (Pear-
son correlation coefficient » = 0.45; P < 0.001).

idants and promoted autophagy?' In an animal model
of oxygen induced retinopathy, supplementation with
arginine-glutamine reduced pathologic neovascularization
and increased retinal DHA and neuroprotectin levels.>? In
another study, fat-1 mice and mice supplemented with DHA
were protected against neovascularization via suppression of
tumor necrosis factor-a..!* The fat-1 transgenic mouse gener-
ates w-3 PUFAs from w-6 PUFAs. As a result, these mice are
exposed to an abundance of w-3 PUFAs.

The mechanisms linking ARA and DHA to ROP have yet
to be fully elucidated. When cells are activated by cytokines
or hormones, ARA and eicosapentaenoic acid are metabo-
lized to a subset of oxylipins known as eicosanoids, which
includes prostaglandins, prostacyclins, thromboxanes, and
hydroxyeicosatetraenoic acids. Compared to eicosapen-

TaBLe 3. Univariate and Multivariable Logistic Regression for the
Outcome of Any ROP

OR (95% CI) P
Univariate model
Mean RBCM ARA% 0.30 (0.13-0.72) 0.007
Mean RBCM DHA% 0.64 (0.36-1.14) 0.13
Multivariate model
Mean RBCM ARA% 0.70 (0.25-1.98) 0.496
Gestational age (wk) 0.47 (0.30-0.73) <0.001

Mean RBCM ARA percentage and DHA percentage were esti-
mated using a linear mixed-effects model.

taenoic acid-derived eicosanoids, ARA-derived eicosanoids
are considered to be more potent inducers of inflamma-
tion, vasoconstriction, and coagulation. DHA, a product of
eicosapentaenoic acid, is metabolized to docosanoids, which
include resolvins, protectins, and maresins, which assist with
inflammation resolution. However, labeling ARA as “pro-
inflammatory” and eicosapentaenoic acid and DHA as “anti-
inflammatory” may be too simplistic. Although ARA-derived
prostaglandin E, and prostaglandin I, promote acute inflam-
mation, ARA-derived lipoxin A4 and hydroxy fatty acids
help mount a “secondary” response characterized by pro-
resolution and anti-inflammatory activities.>®

ARA and DHA have been implicated in a variety of adult
and pediatric disorders.?*?*:34-37 In a study of 88 preterm
infants with a gestational age of <30 weeks, decreased
whole-blood ARA concentrations were associated with an
increased risk of late-onset sepsis, and decreased whole-
blood DHA concentrations were associated with chronic
lung disease. A correlation between these PUFAs and any
ROP was not observed.?” However, in this study, the outcome
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was based on the presence of any ROP, which includes
both severe and less severe ROP.* Studies investigating DHA
supplementation with or without ARA have demonstrated an
association with ROP.'3* In a meta-analysis of four random-
ized controlled trials, the pooled relative risk for treatment-
requiring ROP or ROP > stage 3 in neonates supplemented
with a fish oil-containing ILE was 0.47 (95% CI, 0.24-0.90)
compared to a soybean oil-based ILE2* In our study, 21
subjects received a multicomponent ILE with 15% fish oil
and 35 received a 100% soybean oil ILE. However, after
adjusting for gestational age, the risk for ROP was not signif-
icantly different (P = 0.198).

Studies investigating enteral DHA supplementation in
VLBW infants have reported conflicting results. In a random-
ized controlled trial of 1273 infants born before 29 weeks of
gestation, subjects received enteral DHA (60 mg/kg/d) or
a control soy product until 36 weeks PMA. DHA supple-
mentation was associated with an increased risk of chronic
lung disease (relative risk [RR] = 1.13; 95% CI, 1.02-1.25; P
= 0.02). The ROP incidence between the two groups was
comparable (RR = 0.96; 95% CI, 0.61-1.50; P = 0.85).>> In
another study, Bernabe-Garcia et al.*® randomized infants
with a birth weight of 1000 to 1500 g to either enteral DHA
(75 mg/kg/d) or oleic sunflower oil for 2 weeks. Although
the overall ROP risk was similar when the two groups were
compared (RR for DHA = 0.79; 95% CI, 0.49-1.27; P = 0.33),
there was a reduction of stage 3 ROP in the DHA group
compared to the control group (adjusted OR = 0.10; 95%
CI, 0.011-0.886; P = 0.04).

In a multicenter trial randomized controlled trial known
as the Mega Donna Mega trial, 206 Swedish neonates with
a gestational age < 28 weeks were randomized to receive
either an enteral oil containing ARA (100 mg/kg/d) and DHA
(50 mg/kg/d) or no intervention starting at 3 days of life and
continuing through 40 weeks PMA. The PUFA-supplemented
group demonstrated a 50% reduction in severe ROP. In this
same study, serial molar percentages of phospholipid ARA
and DHA were measured in 178 subjects over the first 28
postnatal days. A higher DHA mean was associated with
a decrease in ROP severity, even after adjusting for birth
weight and gestational age (adjusted OR = 0.66; 95% CI,
0.46-0.93).3® In contrast, in our study of 72 subjects, the
mean RBCM ARA%, not DHA%, was negatively associated
with ROP severity. Moreover, an estimated increase in the
mean RBCM ARA by 1% was associated with a decreased
odds of ROP (OR = 0.30; 95% CI, 0.13-0.72). However, when
accounting for gestational age, this finding was no longer
statistically significant. Of note, in our study, ARA, not DHA,
was highly sensitive to gestational age, one of the strongest
predictors of ROP.

The major limitation of our study is that it is a single-
site study with a small sample size. We were unable to
account for specific group differences—namely, birth weight
and chronic lung disease, which are well-known risk factors
for ROP* However, the incidence of ROP in this study
(57%) was comparable to the reported incidence in other
cohorts, which has ranged from 53% to 76%.37> We were
also limited by the amount of blood that could be drawn for
research purposes. As a result, PUFAs could not be measured
at each time point for each subject. Specifically, the number
of samples shortly after birth were limited. In contrast to our
study that measured RBCM PUFAs over the first month of
life, Pallot et al.“° measured the RBCM ARA-to-DHA ratio at
approximately 12 hours of life in preterm infants. The RBCM
ARA-to-DHA ratio was positively associated with gestational
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age in infants who developed ROP, indicating that in utero
PUFA status may play a role in the later development of ROP.

All subjects received parenteral nutrition and human
breast milk (either maternal milk or donor breast milk)
during the first 4 weeks of life. A preterm infant’s diet plays
a large role in determining their PUFA stores.*! In our study,
subjects received either 100% soybean oil ILE or a multi-
component of ILE with 15% fish oil. One-hundred percent
soybean oil contains the essential fatty acids linoleic acid
and a-linolenic acid but is devoid of ARA and DHA. A multi-
component ILE with 15% fish oil contains 30% soybean oil,
30% medium-chain triglycerides, 25% olive oil, and 15% fish
oil. As a result, in comparison to 100% soybean oil, this
multicomponent ILE contains a lower concentration of the
essential fatty acids but provides some DHA and ARA. More-
over, human milk PUFA composition varies as a result of
the mother’s genetics and diet.> However, delineating the
relative contribution of an ILE product and human milk on
subjects’ PUFA status and ROP was beyond the scope of this
study.

In this study, we used RBCM PUFA percentages, not
plasma concentrations, as a proxy for systemic ARA and
DHA levels. Although this does make it difficult to compare
our findings to other studies using plasma or whole blood,
we chose to measure RBCM PUFA content, as the RBCM may
be a better proxy for the lipid content in neuronal tissue.
Moreover, PUFAs in the plasma are more sensitive to dietary
changes compared to RBCM PUFAs.*344 Regardless, studies
have demonstrated that preterm infants exhibit decreased
levels of ARA and DHA in serum, plasma, and adipose tissue
over time. 374145 Although we delayed collecting blood for
research purposes for at least 48 hours after a red blood
cell transfusion, red blood cell transfusions likely altered the
calculated PUFA content of the erythrocytes.

In conclusion, our study indicates that ARA and DHA defi-
ciency may be a modifiable risk factor for ROP. Both ARA
and DHA sufficiency may be essential for ROP protection.
Further research is warranted to determine what ARA and
DHA ranges should be targeted and the optimal parenteral
and enteral ARA and DHA doses for VLBW infants.
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