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ABSTRACT. Retinal function was assessed by electrore-
tinogram in 32 neonates randomly assigned to formulas of
different -3 fatty acid content and in 10 infants fed human
milk. All neonates had a birth weight of 1000-1500 g and
were fed study diets from d 10 to 45 or discharge. Group
A received formula containing predominantly 18:2 w-6.
Group B received a balanced mix of 18:2 -6 and 18:3 «-
3. Group C was given a formula containing both essential
fatty acids and supplemented with marine oil to provide
22:6 w-3 content similar to that of human milk. The fatty
acid composition of plasma and red blood cell (RBC) lipids
were similar for all groups on entry but marked diet-
induced differences were found after feeding the study
diets. Group C was comparable to the human milk-fed
group, but group A had lower 22:6 »w-3 and «-3 long-chain
polyunsaturated fatty acids (LCPUFA) in plasma and RBC
membranes. Cone function was not affected by dietary
essential fatty acids. Rod electroretinogram thresholds
were significantly higher for group A relative to the human
milk-fed group and group C and significantly correlated
with RBC -3 LCPUFA (r = =0.63, p < 0.0001); 44% of
the variance could be explained by RBC and plasma -3
LCPUFA content. Rod electroretinogram amplitude was
significantly lower for group A relative to the human milk-
fed group and group C and related to plasma 22:6 «-3 (r

.= 0.55) and total -3 LCPUFA (r = 0.58) (both p <
0.0001); 42% of the variance was explained by plasma w-
3 LCPUFA, the ratio of w-6/w-3 LCPUFA in RBC, and
gestational age at birth. Our results support an essential
role for «-3 fatty acids in retinal development. (Pediatr
Res 28: 485-492, 1990)
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EFA deficiency has been well characterized in experimental
animals, in children fed skimmed milk, and in children and
adults receiving fat-free parenteral nutrition (1-3). Metabolism
of EFA, 18:2 w-6, 18:3 w-3, and the monounsaturated FA, oleic
acid, is illustrated in Figure 1 and has been reviewed recently by
us (4) and others (5, 6). The desaturation steps necessary for the
synthesis of DHA from 18:3 w-3 are slow and inefficient, sug-
gesting that this important coumpound may be required per se
(4, 7-9).

Fetal intrauterine accretion of EFA for the human have been
studied during the past decade. Direct analysis of 15 human
neonates from 22 wk gestational age to term indicated that
approximately 400 mg of w-6 and 50 mg of »-3 EFA per kg of
body weight were deposited daily during late gestation. On a
relative basis, brain and retinal phospholipids had the highest
content of LCPUFA (10). Levels of 18:2 w-6 and 18:3 «-3
remained stable in brain lipids during late gestation, whereas the
LCPUFA (20:4 «-6 and 22:6 w-3) exhibited the greatest rise.
Accretion of these FA also continued postnatally in human brain
tissue (11). Thus, a preterm infant will be deprived of critical
EFA intrauterine accretion and because of insufficient desaturase
activity may require preformed LCPUFA in addition to parent
EFA supplied by the diet.

Linoleic acid alone may be insufficient to fully satisfy EFA
nutrition during late fetal and early postnatal life. A possible
need for 18:3 w-3 and/or w-3 LCPUFA is suggested by the altered
FA pattern, abnormal visual function, and peripheral neuropathy
observed on an 18:3 w-3-free parenteral diet in a human (12).
Impaired visual development in newborn rhesus monkeys has
been correlated with a linoleate-rich, a-linolenate-poor diet and
with decreased accretion rates of w-3 LCPUFA in the developing
brain (13-15). Visual acuity, as measured by preferential looking
response, was reduced by 50% after 8 wk of age in w-3-deprived
primates compared with controls (13). The feeding of an artificial
formula with a high linoleate content may aggravate the effects
of low w-3 FA intake because linoleate competes with «-linole-
nate for A® desaturation (14). Nonhuman primates fed a similar
diet during prenatal and early postnatal life had a low plasma
phospholipid DHA content at birth and almost nondetectable
levels at 12 wk of age (13, 15). A direct correlation between brain
and RBC membrane phospholipid FA compositions also has
been demonstrated, suggesting that RBC lipid analysis may be
used to evaluate w-3 status of brain and retina (16).

ERG studies in the rat have shown that the a-wave of the
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Fig. 1. Metabolic pathways for elongation and desaturation for both
w-3 (18:3, a-linolenic acid) and w-6 series (18:2, linoleic acid) dietary
parent EFA. Elongation occurs in two carbon units and A-desaturases
(A6, A5, A4) introduce double bonds at carbons 6, 5, and 4 from carboxy
terminus. FA 20:3 -6, 20:4 w-6 (arachidonic acid), and EPA are precur-
sors of prostaglandins (PG) of 1, 2, and 3 series, respectively. DHA is of
critical significance in retinal and brain development. The product of
endogenous FA metabolism is 16:0; it can be elongated to 18:0 and
desaturated to 18:1 «-9 (oleic acid), which may also be derived from the
diet (4).

ERG, primarily related to photoreceptor function, is significantly
reduced by EFA deficiency (17). The experimental group fed an
18:2 w-6-enriched diet had partial improvement relative to the
group fed an EFA-deficient diet but was still 33% lower than the
w-3 FA-supplemented group (17). Another relevant animal study
showed superior learning capacity of rats fed soybean oil (18:2
w-6/18:3 w-3 = 6) compared with those fed safflower oil (18:2 w-
6/18:3 w-3 = 258) (18). The former had higher levels of DHA in
brain lipids, supporting the essential role of w-3 FA in this tissue.
Although the animal data are suggestive, no conclusive study
supports the need for w-3 FA in the human diet.

The VLBW infant has nearly absent peripheral adipose tissue
and decreased reserves of EFA. Studies of VLBW infants given
fat-free glucose-amino acid mixtures show evidence of EFA
deficit in plasma phospholipids by postnatal d 5 (19). The
problem of «-3 EFA deficit in infancy has not been fully ad-
dressed. However, considering that the elongation-desaturation
pathways are most likely limited in early life, the dietary supply
of long-chain w-3 PUFA will not match the intrauterine accretion
rates unless the VLBW infant receives human milk (9-11). Given
the composition of preterm breast milk, an intake of 200 mL/kg
provides the 1300-g neonate with 139 mg of total w-3 EFA
including 70 mg w-3 LCPUFA per day (20). This provision of
EFA and LCPUFA meets the daily needs based on the accretion
rates during development. Corn oil-based formula as compared
with human milk is lower in oleic acid, higher in 18:2 w-6, and
has very little w-3 FA. Soy oil-based formula provides ample 18:3
w-3 but contains no w-3 LCPUFA (4, 21).

The goal of our study was to evaluate whether w-3 FA are
essential for the developing retina in humans by measuring the
effect of dietary EFA on rod and cone function in VLBW
neonates early in postnatal life. The diets used served to test if
the 18:3 w-3, provided by replacing corn with soy oil in medium-
chain triglyceride/coconut/corn oil-based formula, was necessary
for optimal retinal development or if w-3 LCPUFA (EPA and
DHA) from marine sources were also required. The human milk-
fed group was considered normative because the w-3 FA supply
was adequate to meet accretion needs.

MATERIALS AND METHODS

Subjects. Newborns were eligible for the study if they had a
birth weight of 1000-1500 g that was appropriate for gestational
age, if they were able to receive enteral feedings (70-120 kcal/
kg), and if they were free of major neonatal morbidity by d 10.
Ten infants fed PTHM (their own mother’s milk) from birth

UAUY ET AL.

served as controls. Formula groups were matched by birth weight
(1000-1249 and 1250-1500 g) and sex. They were randomly
assigned by d 10 of life to one of three test diets that were
continued throughout the study until visual testing was com-
pleted at 36 wk postconception. Initial feedings before d 10
consisted of diluted standard premature formula or a small
volume of breast milk for the human milk group supplemented
by parenteral glucose and amino acids. Intravenous lipids were
allowed up to d 7 of life. Infants were excluded for the following
types of significant neonatal morbidity likely to influence feeding
or visual responses: respirator treatment for more than 7 d,
congenital infection, any major malformation, bowel resection,
and grade III or IV intracranial hemorrhage. Infants were also
excluded for maternal factors such as abnormal dietary patterns,
strict vegetarian or vegan diets, or metabolic disease that may
affect EFA status of mother or fetus. All infants were checked at
30-40 d by an ophthalmologist for degree of retinopathy of
prematurity. Those with retinopathy grade 3 or greater (likely to
produce lasting visual impairment) were not included in the
visual response evaluation (22). Care was taken to avoid sampling
blood within 48 h of blood transfusion. This time was considered
sufficient for a new equilibrium of plasma lipid FA composition.
The project was approved by the Institutional Review Board;
parents were informed on the nature of the study and written
consent was obtained in all cases. All infants received vitamin
and mineral supplements in accordance with the nursery routine
to meet present recommendations for VLBW infants including
taurine supplementation. Practices in our unit include providing
daily multivitamins drops (A, C, and D) and vitamin E, 25 [U
per day for 14 d after feedings are well tolerated. Iron-supple-
mented formula is given after 30 d of age.

VLBW neonates enrolled in this study from July 1987 to June
1989 were monitored daily by a research nurse. Volume of
intake, feeding tolerance, and weight were recorded daily. Length
and head circumference were measured weekly. Clinical care was
provided by the attending neonatologist and resident physicians
who were familiar with the study but blinded to diet group
assignment.

Diets. The human milk group received refrigerated or pre-
frozen (gently thawed) PTHM supplemented with a standardized
human milk fortifier (Enfamil, Mead-Johnson Bristol-Myers
Company, Evansville, IN) to assure comparable macro- and
micronutrient intake. Pooled composite samples of PTHM ob-
tained before feeding were stored at —70°C and analyzed for total
fat and FA composition on d 10, 20, and 30. The human milk-
fed group received a mean of 75% of their intake as PTHM
(range, 60-100%); formula C, containing LCPUFA of the w-3
series, was used as a supplement if mothers were unable to fully
provide for their infants’ need. Groups A, B, and C were fed
formulas adapted to the needs of VLBW neonates with a protein
content of 2.4 g/dL, whey:casein 60/40, carbohydrates 8.9 g/dL,
lactose:glucose polymers 40/60, fat 4.1 g/dL with varying
amounts of EFA. Full details of the FA composition of these
formulas as compared with PTHM are given in Table 1. Formula
A, low in all w-3 FA, corresponds to the fat composition of
Enfamil Premature (Mead-Johnson Bristol-Myers Co.) before
1987. Formula B contains ample 18:3 w-3 but no «w-3 LCPUFA.
Formula C, supplemented with 18:3 w-3 and marine oils, is high
in EPA and DHA. These formulations were specially prepared
for this study by Mead Johnson Nutritional Division (Evansville,
IN). All infants consumed study diets for at least 20 d and up to
35 d before blood sampling as determined by discharge criteria
(weight >1800 g).

The vitamin and mineral content of the milk formula met the
recommendations of the American Academy of Pediatrics for
low-birth-weight neonates. Vitamin E content was adjusted to
secure at least 2 mg of tocopherol per g of unsaturated FA in the
formula. This has been shown to prevent FA peroxidation in the
product for at least 24 mo.

ERG. Full-field ERG were obtained at 36 wk postconception
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Table 1. FA composition of study diets based on gas
chromatographic analysis (mean values g/ 100 g of lipid)

Formulat
Human
milk* A B G
6:0 2.4 25 2.5
8:0 1.4 28.3 28.3 28.4
10:0 32 10.4 10.4 10.4
12:0 4.7 10.5 10.5 10.8
14:0 8.0 34 34 4.0
16:0 19.2 6.1 5.8 6.4
18:0 8.9 1.3 2.1 1.7
18:1 w-9 35.5 11.8 10.3 10.7
18:2 w-6 12.7 242 20.8 20.4
18:3 w-3 0.8 0.5 2.7 1.4
w-6>Cl18 1.5 0 0 0.1
w-3>CI8 0.5 0 0 1.0%
Total w-6/w-3 11.4 48.4 T 8.5

* Representative d 20 breast-milk sample.

+ Formula A was based on medium-chain triglyceride/coconut/corn
oil blend, formula B on medium-chain triglyceride/coconut/soy blend,
and formula C on medium-chain triglyceride/coconut/soy/marine oil
blend.

i EPA content was 0.65% and DHA content was 0.35%, total -3 >
Cl8 was 1.0%.

from each infant. All recordings and analyses were conducted
without prior knowledge of diet group assignment. The pupil
was dilated using a mixture of cyclopentolate hydrochloride
(0.2%) and phenylephrine hydrochloride (1%). During the dark-
adaptation period (30 min), the infant was fed and typically fell
asleep. The infant was swaddled and placed in an isolette. A
head roll was used to stabilize neck and head posture. At the end
of the dark-adaptation period, two drops of proparacaine hydro-
chloride (0.5%) were instilled under dim red illumination to
topically anesthetize the cornea. Pupil size for each infant was
measured with a millimeter scale. A ground electrode was placed
on the forechead and a premature infant Burian-Allen bipolar
contact lens electrode filled with methylcellulose was placed on
the eye. Stimuli were delivered within a spherical diffusing dome
lowered over the isolette, The dome contained a small aperture
for viewing the infant under dim red illumination during the
session. Responses were obtained only when the pupil was clearly
visible within the contact lens electrode. A minimum of 20
responses for each stimulus condition were amplified (gain =
10 000; —3 decibel cutoff at 2 and 300 Hz) and recorded on FM
tape for subsequent computer analysis.

Responses were obtained in ascending order to an intensity
series of short-wavelength (Anax = 450 nm, half-bandwidth = 55
nm) stimuli that selectively stimulate the rod system. Subse-
quently, a series of responses was obtained to long-wavelength
(As0% curon = 605 nm) stimuli that predominantly stimulate the
cone system. Responses to long-wavelength stimuli were com-
puter-subtracted from responses to photopically-matched short-
wavelength stimuli to isolate rod responses at retinal illuminances
above 1.0 log scotopic troland-s, which otherwise produce mixed
rod and cone responses (23, 24). Responses to white flickering
stimuli (20-60 Hz) in the dark were amplified (gain = 200 000)
selectively at the stimulus frequency and subsequently computer
averaged (n = 50). The best-fit Naka-Rushton function (25) was
used to determine the relationship between rod peak-to-peak
amplitude and retinal illuminance. A nonlinear analysis was
used to determine the parameters of the Naka-Rushton function:

v I

Vmax

I+k

where V = rod peak-to-peak amplitude, V.. = maximum rod
peak-to-peak amplitude, 1 = retinal illuminance in scotopic
troland-s, and k = retinal illuminance at half maximum ampli-
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tude. Rod threshold (2.0-¢V criterion) was derived from the
Naka-Ruston parameters:

Log threshold = log k + 0.3 — log (Vax — 2)

Linear regression (peak-to-peak amplitude versus log photopic
retinal illuminance) was used to derive dark-adapted cone thresh-
old (2.0-uV criterion) for long-wavelength stimuli. CFF (0.3-pV
criterion), was determined from the high-frequency limb of the
function relating log amplitude to log temporal frequency.

FA composition. To evaluate the effect of the different dietary
supplies of EFA on plasma and membrane lipids, we measured
the FA composition of total plasma lipid and total RBC mem-
brane lipid. These indicators can be used to assess EFA status
and identify signs of excess or deficits in the diet. RBC membrane
phospholipds are correlated with changes in FA composition of
other membranes including brain (15, 16). Blood samples were
obtained by venipuncture from a small arm vein before random-
ization at 10 d of age and repeated at discharge (30-45 d of age).
Plasma was separated from the sample by centrifugation. Plasma
and packed RBC lipids were extracted using metha-
nol:chloroform as described by Bligh and Dyer (26). Lipid sam-
ples were analyzed immediately or stored in solvent containing
butylated hydroxytoluene (0.005%) as antioxidant at —20°C for
later chromatographic analysis. FA were saponified and meth-
ylated simultaneously with 14% boron trifluoride in methanol
(27). FA methyl esters were stored in antioxidant-containing
solvent and under nitrogen at —20°C until analysis. Separation
and quantification of FA methyl esters was done using flame
lonization detector capillary gas chromatography comparing
their retention time with authentic standards (28). We used a
Hewlett-Packard model no. 5890 gas chromatograph (Hewlett-
Packard Co., Palo Alto, CA) equipped with a 0.25-mm bore, 30-
m capillary column filled with SP-2330 stationary phase. Helium
at a flow of 1 mL/min was used as a carrier gas and the split
ratio was 9:1. Temperature programming for the chromatograph
consisted of 150° X 5 min, 4°/min to 220°, 220° X 8 min, 15°%/
min to 240°, 240° x 8 min, return to 150°, and equilibrate 1
min. The relative concentration of individual FA were expressed
as percent of total FA equal to or greater than six carbons for
diets and greater than 14 carbons for plasma and membrane
samples.

Integrated data from each gas chromatogram was filed and
stored on an IBM AT computer. A customized software package
developed to allow for semi-automated identification of FA
methyl esters served to ensure accurate peak identification. The
coded data were sorted and compiled into Lotus files for inspec-
tion and statistical analysis. Formula FA analysis by Mead-
Johnson confirmed in our laboratory used methodologies based
on procedures of the Association of Official Analytical Chemists
(29).

Data analysis. Results were analyzed using a one-way ANOVA
to evaluate the effect of diet (w-3 FA supply). Descriptive statistics
were computed for all dependent variables in the analysis. Com-
parisons among the diet groups were done using an « of 0.05;
significant main effects were analyzed post-hoc, using Newman-
Keuls multiple comparison procedure. Simple and multiple
regression were used to relate plasma and RBC membrane lipid
composition with indices of rod and cone function. Nonpara-
metric analysis of diet effects were also performed using nonpar-
ametric ANOVA and the x? test for rod threshold and maximum
amplitude.

RESULTS

A total of 123 mothers delivering babies weighing 1000-1500
g at birth were approached before discharge from the hospital to
obtain approval to enter their babies in the study; 68 approved
and signed consent forms. Forty-four of these infants met eligi-
bility criteria by the 10th d after birth and were effectively
enrolled in the study. Results from 42 patients were available at
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the time of this analysis because two of 44 patients were dropped
from the study due to medical complications (one for necrotizing
enterocolitis and one for patent ductus arteriosus requiring sur-
gery). Information on the 42 infants is presented in Table 2.
Comparability of subjects by diet group for the main intervening
variables was tested and is summarized. Subjects in the different
diet groups had comparable birth weight, length, gestational age,
weight at entry to the study, and gross energy intake throughout
the study. The weight and postconceptional age at the time of
visual testing were also similar. Information on the mean number
of days to reach 1800 g and anthropometry at 40 wk are also
provided for the study groups. The human milk group required
significantly longer time to reach 1800 g as compared with each
of the three formula groups (p < 0.05).

Responses from a dark-adapted infant at 36 wk postconception
to an ascending series of long-wavelength flashes are shown in
Figure 2a. The cone origin of these responses is evident from the
relatively short b-wave implicit times (time from stimulus to
positive peak). As is the case in adults, cone b-wave implicit time
does not vary with retinal illuminance. Amplitudes as a function
of retinal illuminance are plotted in Figure 2b along with the
best-fit regression line (solid line) and the mean adult function
(dotted line). A 2.0-uV criterion was used to determine cone
threshold from the best-fit regression line for each infant. Al-
though the slopes are clearly different, cone threshold in this
infant was within 0.3 log unit of mean adult values.

Cone responses to a series of flicker rates are shown for a
representative 36-wk-old infant in Figure 3a. Flicker rates less
than 20 Hz were not used because of possible rod intrusion. In
general, cone amplitude decreased systematically with increasing
flicker rate and was nondetectable by 60 Hz. Peak-to-peak am-
plitude is plotted in Figure 3b (open circles) along with the mean
adult function (dashed curve). CFF for each infant was defined
as the frequency producing a 0.3-pV amplitude (dotted horizon-
tal line). For this particular infant, CFF was 55 Hz. Mean £ SD
cone thresholds and CFF for each dietary group are shown in
Table 3. ANOVA showed no significant differences among
groups.

Responses from a dark-adapted 36-wk-old infant to a series of
short-wavelength flashes are shown in Figure 4a. The rod origin
of responses to flashes less than 1.19 log scotopic troland-s is
evident from the waveform, the prolonged b-wave implicit time,
and the decrease in b-wave implicit time with increasing retinal
illuminance. For responses of 1.19 log scotopic troland-s and
above, the rod component of the response was isolated by
computer-subtracting the response to a photometrically-matched
long-wavelength stimulus (24). Log amplitude is plotted as a
function of log retinal illuminance in Figure 4/ (open circles)
along with the best-fit Naka-Rushton function (solid curve).
Relative to the mean adult function (dashed curve), infants
showed much lower values of V. (maximum b-wave ampli-
tude) and much higher values of log k (measure of sensitivity).
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Rod threshold was determined from the Naka-Rushton function
as the retinal illuminance necessary to produce a 2.0-uV re-
sponse. Of 42 infants tested, 14 had nondetectable rod ERG or
rod responses over too limited a range for the Naka-Rushton
analysis (one in the PTHM-fed group, two in group C, four in
group B, and seven in group A). These infants were assigned
values for log k and rod threshold of 1.9 and 1.3 log scotopic
troland-s based on the maximum retinal illuminance available.
Log Vumax was then calculated from the Naka-Rushton function
as 1.0 log uV.

Results for parameters of the Naka-Rushton function are
shown in Figure 5. ANOVA revealed significant differences
among groups in log V. and rod threshold (Table 3). Rod b-
wave thresholds were significantly higher in the w-3 deficient
group (formula A) than in the groups receiving long-chain w-3
(human milk and formula C). Rod thresholds were virtually
identical in infants receiving EPA + DHA supplemented formula
(formula C) and human milk-fed infants. Similarly, maximum
amplitudes (log V..x) were lowest in infants given formula A,
which provided predominantly -6 FA, and highest in infants
fed human milk or long-chain w-3-enriched formula. Post-hoc
comparisons of V., for group B receiving solely 18:3 w-3 versus
the human milk-fed group gave a p value of <0.053, and for group
B versus C gave a p value of <0.06. Analysis of the data by
nonparametric ANOVA and x* test gave a p value of <0.02 for
rod threshold and maximum amplitude in the comparison of
diet groups. Differences among groups in log k did not reach
statistical significance.

The FA composition of plasma lipids on admission to the
study (d 10) was similar in the four study groups (data not shown)
except for a significant difference in oleic acid (18:1 w-9) content
in the group receiving human milk: 27 g/100 g of lipid versus 20
2/100 g in the three formula groups (ANOVA F =74, p <
0.001). FA composition of RBC lipids was similar in all four
groups on d 10 (data not shown).

The results for plasma lipids after 20-35 d of consuming study
diets are shown in Table 4. Significant diet effects were demon-
strable using ANOVA. The human milk-fed infants had a higher
monounsaturated FA and lower 18:2 w-6 content relative to all
formula-fed groups. Group C, receiving long-chain «w-3 PUFA,
was similar to the human milk-fed group except for higher
content of EPA, 22:5 w-3, and DHA. The w-3 FA-deficient group
A had significantly lower w-3 derivatives including a substantially
lower DHA level. This group also had the highest PUFA w-6/
PUFA w-3, LCPUFA w-6/w-3, and a significantly lower 22:6 w-
3/22:5 w-6 ratio. All are suggestive of w-3 LCPUFA insufficiency.
In addition, a significantly lower sum of «w-3 LCPUFA was
observed for group A. Group B had DHA values that were
intermediate between the deficient group and the groups receiv-
ing long-chain w-3 FA. Group B had the highest 18:3 -3 content
(ANOVA p <0.0001), yet the DHA content (the end product of
its elongation and desaturation) was lower than in group C. The

Table 2. Comparability of study groups (mean £ SD}

Study group
Human milk Formula A Formula B Formula C
Variable (n=10) (n=10) (n=10) (n=12) p
Birth wt (g) 1308 + 117 1340 + 106 1224 £ 92 1281 + 101 NS
Birth length (cm) 392+ 1.9 390+ 1.7 384+ 1.5 390+ 1.7 NS
Gestational age (wk) 304+ 1.1 309+ 1.6 296+ 1.6 307x1.2 NS
Entry wt (g) 1211+ 86 1295 £ 144 1173 £ 130 1241 £ 118 NS
Age at visual testing (wk) 36.1 1.7 35209 351+ 1.0 35309 NS
Wt at visual testing (g) 1944 + 265 1918 = 147 2036 + 200 1998 + 120 NS
Days to 1800 g (d) 351 £4.2*% 28247 33.7+6.2 30059 <0.05
Wt at 40 wk (g) 2998 + 463 3238 + 463 3160 + 325 3055 £ 506 NS
Length at 40 wk (cm) 48.0 = 2.8 49.6 = 1.2 48.6 £ 2 48.0x£2.2 NS
Head circumference at 40 wk (cm) 3504 1.8 349 +0.5 354+0.8 347+ 1.0 NS

* Human milk significantly different from the three formula groups using ANOVA.
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Fig. 2. a, Full-field ERG to long-wavelength stimuli from an infant
at 36 wk conceptual age. B-wave implicit time does not vary with retinal
illuminance (/og I), consistent with a cone origin for the responses.
Values to lefi of each response are retinal illuminance in log photopic
troland-s. b, Cone peak-to-peak amplitude as a function of retinal illu-
minance for the infant shown in a. Responses near threshold were linearly
related to log retinal illuminance (/og [); these responses were used to
derive cone threshold (2-xV criterion, solid line). The dashed line is the
mean adult function based on 15 subjects (24).
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Fig. 3. a, Full-field ERG to flickering stimuli in an infant at 36 wk
conceptual age. Numbers to lefi of each trace refer to flicker rate in
cycles/s (Hz). b, Cone amplitude as a function of flicker rate for the same
infant shown in a. The horizontal dotied line is the criterion amplitude
(0.3 pV) used to derive CFF. The dashed curveis the mean adult function.

interpretation of the product:precursor -3 conversion for
plasma is confounded by the direct provision of product in the
PTHM group and group C and the excess precursor provided in
group B.

The results for RBC membrane lipid analysis presented in
Table 5 parallel the diet-induced changes observed for plasma.
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The effects are less prominent as evidenced by lower F values.
Significant effects observed for group A, fed the deficient for-
mula, include a lower content of w-3 derivatives, higher w-6/w-3
PUFA and LCPUFA ratios, and a lower 22:6 w-3/22:5 w-6 ratio
compared with the other groups. The overall results for group C
were similar to those for the human milk group. Group A clearly
differed from the human milk and formula C groups in w-3
LCPUFA content. Group B had intermediate values that were
not statistically different from those of group C or the human
milk-fed infants.

The relationships between FA composition of plasma and
RBC lipids and the electroretinographic changes were explored
by simple and multiple linear regression analysis. Other con-
founding variables controlled by the defined entry criteria or by
randomization were also included in the multiple regression
models tested. Significant simple correlations were demonstrated
for log rod threshold and RBC 20:5 »-3 FA content (r = —0.51,
p<0.001),22:5 w-3 content (r=—0.52, p<0.001), v-3 LCPUFA
content (r = —0.63, p < 0.0001), and long-chain w-6/w-3 ratios
(r = 0.45, p < 0.006). The highest correlation with plasma lipid
FA content was seen for the sum of long-chain w-3 FA (r = 0.36,
p < 0.02). The multiple regression model that best explained the
variance in log rod threshold included RBC and plasma long-
chain -3 contents (p < 0.0001 and p < 0.03, respectively); the
resulting R square was 0.44 (F = 8.9, p < 0.0002).

The correlation analysis for log V..., revealed that it was related
positively to plasma 22:6 w-3 (r = 0.55, p < 0.0001) and plasma
long-chain w-3 FA content (r = 0.58, p < 0.0001) and negatively
to the RBC long-chain w-6/w-3 PUFA ratio (r = —0.40, p <
0.01). The multiple regression model that explained the highest
percent of variance in log V.. included plasma long-chain w-3
content, RBC long-chain w-6/w-3 PUFA ratio, and gestational
age at birth; the combined R square was 042 (F = 7.8, p <
0.0004). Birth weight, gestational age at birth, test weight, and
test age within the narrow time frame chosen for study were not
correlated individually to the measures of rod function evaluated
in this study. Cone function was not related to diet nor to the
FA composition of plasma or RBC lipids.

DISCUSSION

This controlled double-blind study provides clear evidence
that -3 FA are essential for optimal function of the developing
retina. Low-birth-weight human neonates are potentially vulner-
able to w-3 FA deficiency because formulas based on corn oil as
an EFA supply have low 18:3 w-3 and, at present, no commercial
formula in the United States contains long-chain w-3 derivatives,
Dietary requirements in low-birth-weight infants are relatively
high because of the fast accretion rates and absence of EFA
reserves.

Present nutritional recommendations for VLBW infants do
not include w-3 as EFA and merely indicate that 18:2 w-6 is the
EFA for the human neonate (30). The essentiality of w-3 FA in
the human can now be substantiated by: /) the altered retinal
function in low-birth-weight neonates fed an «-3-deficient diet
as reported presently; 2) the occurrence of altered FA composi-
tion of blood lipids in infants fed formula low in -3 FA (31,
32); and 3) the reported nonspecific visual changes and peripheral
neuropathy in a handful of chronically ill patients receiving
enteral or parenteral nutrition with low or absent w-3 FA supply
(33-35).

Abnormalities of retinal and brain function have been dem-
onstrated in animals fed w-3-deficient diets throughout the life
cycle (13, 15, 17, 18). The opportunity to evaluate this issue in
the human was afforded by the fact that standard low-birth-
weight infant formulas at the time of this study were based on
vegetable oils, usually medium-chain triglyceride/coconut/corn
oil blends that have low 18-3 -3 and relatively high 18:2 w-6.
The observation from the rhesus monkey studies and other in
vitro studies of microsomal EFA metabolism suggests that a high
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Table 3. Electroretinographic responses at 36 wk postconceptual age (mean = SD)*

. ANOVA
Human milk Formula A Formula B Formula C e RERT T
(n=10) (n=10) (n=10) (n=12) F P

Rod function

log threshold (scot td-s) 0.414 £ 0.59¢ 1.105 + 0.37% 0.739 + 0.64%" 0.410 £ 0.63¢ 3.390 <0.028

10g Vinas (V) 1.20 £ 0.14¢ 1.02 £ 0.05" 1.07 £ 0.13%" 1.20 + 0.17¢ 4.99 <0.005

log k (scot td-s) 1.25 £ 0.54 1.72 £0.31 143 £ 0.6 1.25 +0.55 1.94 <0.14
Cone function

log threshold (phot td-s) —0.11 £ 0.24 0.09 £0.15 0.04 +£0.03 —0.04 = 0.24 NS NS

CFF (Hz) 51566 48,5+ 5.6 489 £ 6.3 474 +6.9 NS NS

* Groups with different superscripts are significantly different (p < 0.05) using Newman-Keuls multiple comparison test. Scot td-s, scotopic

troland-seconds; phot td-s, photopic troland-seconds.
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Fig. 4. a, Full-field ERG to short-wavelength stimuli from a repre-
sentative infant at 36 wk conceptual age. Retinal illuminance (/og 1) to
the left of each trace is shown in log scotopic troland-s (scor td-sec). B-
wave implicit time decreases with increasing retinal illuminance, con-
sistent with rod function. Rod responses to stimuli higher than 1.0 log
scotopic troland-s were computer-isolated by subtracting responses to
photopically-matched stimuli. b, Log rod peak-to-peak amplitude as a
function of retinal illuminance (fog I) for the infant shown in a. Solid
curve is best-fit Naka-Rushton function with the exponent constrained
to 1.0. Dashed curve is average Naka-Rushton function from 15 normal
adult subjects (24).

20 B Human Milk n=10
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Fig. 5. Summary of rod ERG parameters for 42 infants at 36 wk
conceptual age derived from Naka-Rushton functions (mean + SD).
Significant diet group effects were found for threshold and Vi, ANOVA
p<0.03 and < 0.003, respectively. Formula A was significantly different
from human milk- and formula C-fed groups. Formulas A and B were
not significantly different from each other (Newman Keuls post hoc
testing). See Materials and Methods for description of Naka-Rushton
functions.

w-6/w-3 FA ratio further limits the desaturation of available 18:3
w-3 (8, 13, 15, 16). Teleologic evidence based on the FA com-
position of human milk also points to a requirement for w-3 FA,
including DHA, in early life (4, 19-21).

The need to provide preformed long-chain w-3 PUFA was also
a focus of this research. Present infant formulas contain trace
amounts of FA longer than 18 carbon atoms chain length. Studies
by several investigators have demonstrated lower DHA levels in
formula-fed infants relative to human milk-fed infants (4, 31,
32). The recommendation to supplement formulas with long-
chain »-3 FA has been suggested by us and others (4, 9, 36).
Carlson et al. (36) have used fish oil to enhance DHA content of
RBC lipids in low-birth-weight infants and obtained FA profiles
similar to infants fed human milk. We included a group fed a
formula containing not only 18:3 w-3 but also the long-chain
derivatives EPA and DHA from marine oils. The data reported
here suggest that this group is closest to human milk-fed infants
in terms of both retinal function and biochemical markers of w-
3 FA status. Recent work by Anderson et al. (9) using the w-3-
deficient newly hatched chick as a model clearly indicates that
18:3 w-3 as the sole source of w-3 FA is inadequate for the
biochemical development of the brain and retina. Dietary EPA
or DHA supplementation during repletion induced similar DHA
content of brain and retina. This study in chicks has possible
implications for the human because it supports a specific need
for long-chain w-3 FA in early life (9).

The electroretinographic data show a selective effect of w-3 FA
on rod function. Cones are minimally affected, although the
trends are similar. The pattern of development of the human
retina indicates that cones except for foveal cones are morpho-
logically more mature than rods at the time of birth. The latter
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Table 4. FA composition of total plasma lipids after consuming study diets (mean + SD, g/100 g lipids)*
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: ANOVA
Human milk Formula A Formula B Formula C
(n=10) (n=10) (n=10) (n=12) F il

Saturated 34.3+£25 36.8+59 33:9+.1.7 339+ 310 1.5 NS
Monounsaturated 249 + 4.4¢ 20.7 + 3.7% 18.9 + 2.0" 189+ 2.1° 8.2 <0.0001
PUFA «-9

20:3 0.16 £ 0.09 0.18 £0.09 0.14 + 0.07 0.15 = 0.07 0.54 NS
PUFA w-6

18:2 274 +£39¢ 314 £5.7 334 290 329 £2.5% 6.1 <0.002

20:4 62x1.9 5.7 2.0 59+1.3 57*13 0.2 NS

22:5 0.31 £ 0.09 0.41 £0.20 0.34 £ 0.16 0.26 £0.13 1.9 NS

w-6 LCPUFA 981 +2.6 9.1+29 93138 89+£19 0.3 NS
PUFA -3

18:3 0.50 £ 0.18¢ 051091 1.65 +0.43" 0.71 £0.16¢ 104 <0.0001

20:5 0.52 + 0.45¢ 0.09 = 0.08" 0.42 +£0.13¢ 1.32 £ 10.28" 38.1 <0.0001

22:5 0.36 £ 0.19¢ 0.15 £ 0.07" 0.47 £0.18¢ 0.66 +0.22° 15.3 <0.0001

22:6 1.44 + 0.55¢ 0.47 = 0.18" 1.14 £0.22¢ 2.25+£0.71¢ 227 <0.0001

w-3 LCPUFA 2.6 £0.9 1.0 £0.3" 22+04° 4.5+ 1.3 26.6 <0.0001
PUFA w-6/w-3 12.7 3.5 31.3%:12.38 10.9 £ 0.6 8.1+ 1.4 28.2 <0.0001
LCPUFA w-6/w-3 4.1+ 1.4¢ 10.2 + 3.9 4.2 +0.3¢ 2.0 £ 0.3¢ 30.1 <0.0001

Table 5. FA composition of RBC total lipids afier consuming study diets (mean + SD, g/100 g lipids)*

* Samples were taken 20-35 d after randomization as described in Materials and Methods. Groups with different superscripts are significantly
different ( p < 0.05) using Newman-Keuls multiple comparison test.

Human milk Formula A Formuia B Formula C AT
(n=10) (n=10) (n=10) (n=12) F p

Saturated 41472 43.5 = 10.0 452 + 6.7 426+ 5.7 0.5 NS
Monounsaturated 22.1 £5.0¢ 18.8 £ 5.4%* 15.3 +2.5% 169+ 1.7* 5.1 <0.002
PUFA «-9

20:3 0.24 = 0.20 0.48 = 0.31 041 = 0.30 0.31 =0.30 1.44 NS
PUFA w-6

18:2 9.8 +22° 12:6 %:3.5¢ 11.9 + 1.82* 11.8 +1.324 2.7 <0.05

20:4 11.8+4.2 12345 14346 139+3.2 0.9 NS

32:5 0.94 +0.79 1.41 £ 1.07 1.18 £ 0.52 1.14 £ 0.50 0.7 NS

w-6 LCPUFA 19.3+5.2 210 % 7.1 21.7£63 2L EGT 0.4 NS
PUFA w-3

18:3 0.09 £0.16 0.14 £ 0.16 0.15+0.15 0.05 = 0.07 1.4 NS

205 0.96 £ 1.16¢ 0.17 £ 0.24" 0.27 £ 0.374* 0.53 £ 0,374 3.1 <0.05

22:5 1.35 £ 0.69¢ 0.63 + 0.44" 1.05 + (.45« 1.52 £+ 0.63¢ 5.0 <0.005

226 2.69 + 1.05¢ 1.40 + 1.19" 2.88 + 1,15¢ 3.71 %= 1,70 5.6 <0.003

w-3 LCPUFA 6.85 + 2.30¢ 3.20 + 1.80° 5.26 + 1.95¢ 6.38 + 2.24¢ 6.2 <0.002
PUFA w-6/w-3 4.7 £ 1.6¢ 8.7 +2.8" 6.7 £ 1.5¢ 57x 1.4 8.3 <0.001
LCPUFA w-6/w-3 0 L 5.3+ 19" 4.3 0.7 3.6 +0.6“ 6.8 <0.001

* Samples were taken 20-35 d after randomization as described in Materials and Methods. Groups with different superscripts are significantly

different (p < 0.05) using Newman-Keuls multiple comparison test.

experience significant changes postnatally. We have recently
reported the differential functional maturation of cones and rods
in postnatal life (23).

Photoreceptor spectral and temporal characteristics were used
in our study to evaluate rod and cone function separately. We
used long- and short-wavelength stimuli after 30 min of dark
adaptation to elicit cone and rod responses, respectively. Spectral
stimuli have not been previously used to isolate rod responses in
preterm infants, although they are commonly used in clinical
electrophysiology. Achromatic flash ERG would have resulted
predominantly in a cone response and significant differences
may not have been detected among diet groups. The unique FA
composition of the photoreceptor outer segment suggests that
the DHA content in this specialized lipid membrane plays a
specific role in modulating phototransduction. Evidence from
other tissues suggests that nucleotide cyclase and ribosylation of
G proteins may be affected by FA composition of the membrane
(6, 37, 38). Further studies are needed to clarify the mechanism
by which EFA modify rod function in early life. The duration of
the rod photoreceptor effect and the potential impact of dietary

EFA on the maturation of the visual cortex are part of our
continuing research effort.

The effect of dietary EFA on the plasma lipid composition
serves to validate our dietary intervention. Compliance with diets
was not a problem because the feeding of the neonates was
carefully controlled. A specific quantity of formula was fed per
day. The formulas were manufactured in one batch under care-
fully standardized conditions; stability of the PUFA was en-
hanced by addition of a-tocopherol and monitored to assure that
peroxidation was minimal. The plasma FA patterns observed
parallelled the composition of the feeding. Further information
can be gained from examining the subclasses of plasma lipids;
specific results on phospholipids, triglycerides, cholesterol esters,
and FFA will be reported separately. The plasma data is concor-
dant with the design of the study, indicating that the w-3-deficient
group indeed had lower circulating levels of long-chain w-3
PUFA, including DHA.

These data also show clear evidence of w-6 sufficiency in all
groups, inasmuch as 18:2 w-6 and 20:4 «-6 were similar and
within normal limits; furthermore, 20:3 «-9, a biochemical
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marker of EFA deficiency (1-5, 19), was low in all groups,
confirming adequacy of w-6 EFA supply. As expected, EPA in
plasma was highest in the group fed marine oil, group C. It
appears that the metabolic conversion of EPA is under physio-
logic control because the EPA/DHA of the formula is higher
than that found in plasma of group C infants. The limitations of
compositional data should be considered in interpreting the
metabolic interrelations of the EFA and their derivatives. In vivo
studies of EFA metabolism using labeled precursors are needed.
The use of stable isotopes and the development of suitably
marked tracers to identify in vivo desaturation, elongation, and
oxidation are challenges for the future.

The RBC membrane composition was less affected by diet
than was the plasma after 20-35 d of feeding the test formulas.
This finding is explained by the fact that the RBC population
represents a combination of preexisting RBC and newly formed
ones. The degree of exchange of plasma and RBC membrane
FA is not fully known. Yet, phospholipids within the membrane
are constantly interchanged with plasma phospholipids and FFA.
Because the composition of membranes is more tightly regulated
and less diet sensitive than plasma lipids, these results could be
anticipated. It is of interest that the relative content of 18:3 w-3
in RBC lipids of group B shows no clear indication of enhanced
dietary supply. EPA content is higher in the human milk-fed
group and group C but does not appear to accumulate signifi-
cantly in the membrane lipids. This confirms the results of
Anderson ez al. (9) demonstrating active conversion of EPA to
DHA in early life; alternatively, EPA content of membranes may
be under physiologic regulation. The low w-3 LCPUFA, 18:3 w-
3-derived compounds, in group A are of interest because this
suggests that other membranes with high «-3 FA content and
fast turnover rates, such as rod outer segments, may exhibit
parallel changes. Studies in the rat indicate that diet-induced
changes in RBC membrane lipids are paralleled by the changes
in brain and other tissue (16). Thus, a low «-3 content and a
high long-chain w-6/w-3 PUFA ratio in RBC may serve as proxy
indicators of poor w-3 supply to the retina. This is supported by
the highly significant correlations found for the markers of w-3
FA status in plasma and RBC membranes with the indices of
rod function.

Our study clearly supports the view that -3 FA should be
considered essential nutrients in early life. The rod electroretin-
ographic responses suggest that the parent EFA, 18:3 -3, may
be insufficient to fully satisfy this requirement. Indeed, the results
indicate that a supply of long-chain «-3 PUFA was necessary to
sustain rod function similar to that found in the human milk-
fed group. The biochemical measurements provide further evi-
dence documenting the alterations induced by a low 18:3 w-3
diet.
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