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A B S T R A C T

Background: Excessive gestational weight gain (GWG) is related to increased offspring fat accrual, and increased fat mass (FM) is related to
obesity development. Prenatal DHA supplementation has been linked to lower levels of offspring FM; however, conflicting data exist.
Objectives: This study aimed to determine if there is a protective effect of prenatal DHA supplementation on offspring fat accrual and
adipose tissue deposition at 24 mo in offspring born to females who gain excessive weight compared with nonexcessive weight during
pregnancy. We also explored if the effect of DHA dose on FM differed by offspring sex.
Methods: Infants born to females who participated in the Assessment of DHA on Reducing Early Preterm Birth randomized controlled trial
(ADORE) were recruited. In ADORE, females were randomly assigned to either a high or low prenatal DHA supplement. Offspring body
composition and adipose tissue distribution were measured using dual-energy x-ray absorptiometry (DXA). GWG was categorized as
excessive or not excessive based on clinical guidelines.
Results: For total FM, there was a significant main effect for the DHA dose (P ¼ 0.03); however, the dose by GWG status was nonsignificant
(P ¼ 0.44). Therefore, a higher prenatal DHA dose was related to greater offspring FM (622.9 g greater) and unrelated to GWG status. When
investigating a DHA dose by sex effect, a significant main effect for DHA dose (P ¼ 0.01) was detected for central FM. However, no
interaction was detected (P ¼ 0.98), meaning that both boys and girls had greater central FM if their mother was assigned to the higher DHA
dose.
Conclusions: Greater prenatal DHA supplementation was associated with greater offspring FM and adipose tissue distribution at 24 mo. It
will be important to understand if these effects persist into childhood.
This trial was registered at clinicaltrials.gov as NCT03310983.
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Introduction

High rates of overweight and obesity in United States children
and adolescents [1] continue to be identified, necessitating an
understanding of targets and windows of opportunity for inter-
vention. During the first 1000 d, there is a rapid expansion in the
number and size of adipocytes [2,3], resulting in varying
amounts of adipose tissue. At birth, the differences in weight are
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largely due to variations in adipose tissue, because fat-free mass
(FFM) is relatively stable [4,5]. Excessive gestational weight gain
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GWG and offspring obesity development [11,12], diabetes, and
cardiovascular disease [13,14]. Therefore, mitigating the effect
of excessive GWG on offspring outcomes is critical.
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Increased maternal intake of PUFAs has been related to lower
offspring FM and central adiposity in cross-sectional studies
[15–18], whereas some have found no benefit [19]. It is hy-
pothesized that an n-3 PUFA like DHA influences adipocyte
development by preventing stem cells from maturing into adi-
pocytes [20–23], downregulating the expression of genes
involved in lipogenesis (fatty acid synthase, lipoprotein lipase,
and stearoyl-CoA desaturase-1), and upregulating the expression
of genes involved in β oxidation (acetyl Co-A oxidase) [24,25].
Although prenatal supplements are commonly consumed by
pregnant females, only 1.5% of pregnant females report taking a
prenatal supplement that includes DHA, totaling 1.18 g/mo for
DHA þ EPA, well below the recommended 6–9 g/mo [26] for
DHAþ EPA. DHA status is lower in United States females than in
other developed countries [27–29], with DHA red blood cell
(RBC) concentrations ranging from 4.3% to 5.0 % [28,30,31]
compared with �6% reported by others [32–34]. In the United
States, pregnant females and females of reproductive age
consume ~60 mg DHA per day [35,36] and synthesize very little
DHA (~40 mg) from α-linolenic acid (ALA; 18:3n-3) consumed
in other foods [37,38]. This falls well below the expert recom-
mendation of 200 mg/d of DHA during pregnancy, as no dietary
reference intake (DRI) exists [39].

Only 2 randomized clinical trials have evaluated the effect of
prenatal DHA supplementation on offspring adiposity using a
direct measure of body composition [40–42]. The DHA to
Optimize Mother Infant Outcome (DOMInO) trial found no
between-group differences in offspring body composition at 3
and 5 y [40] or 7 y [43]; however, they found increased central
adiposity at 3 y old only. Additionally, a follow-up of the
Copenhagen Prospective Studies on Asthma in Childhood
(COPSAC) found in offspring exposed to prenatal DHA supple-
mentation, a higher mean BMI from birth to 10 y old and a
higher odds ratio of being overweight and having increased body
fat at 10 y old [44]. These data suggest that prenatal DHA sup-
plementation may impact offspring central and total adiposity
during early childhood that is detected later in midchildhood.

To the best of our knowledge, no study has investigated if
DHA supplementation mitigates the risk of greater offspring
adiposity accrual associated with excessive GWG. Therefore, this
study aimed to determine if the prenatal dose of DHA (1000 mg/
d compared with 200 mg/d) interacted with GWG status
(excessive or not excessive) to influence total infant FM at 24 mo.
The secondary aim was to determine if the prenatal dose of DHA
interacted with offspring sex to influence infant central FM at 24
mo.
Methods

To answer the proposed research questions, offspring born to
females who were enrolled in the Assessment of DHA on
Reducing Early Preterm Birth randomized controlled trial
(ADORE; NCT02626299) were invited to enroll in the Growth
and Adiposity in Newborns Study (GAINS; NCT03310983). The
study methods for each trial are described below.
Study overview of the ADORE trial
The ADORE (HD083292; NCT0262299) study protocol [45]

and primary results [46] have been published. An overview of
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the study and methods are briefly discussed. The primary pur-
pose of the ADORE trial was to determine if high or low prenatal
DHA supplements (1000 mg/d or 200 mg/d, respectively)
influenced early preterm birth (<34 weeks of gestation). ADORE
was a randomized, double-blind, controlled phase III clinical
trial of DHA supplementation during the last 2 trimesters of
pregnancy. ADORE study enrollment occurred at 3 sites (Kansas
City, KS; Columbus, OH; and Cincinnati, OH), whereas the
GAINS study only enrolled offspring from Kansas City, KS. The
inclusion and exclusion criteria are listed in the ADORE protocol
[45]. Females aged �18 y and in their 12th to 20th week of
gestation were eligible for enrollment. At the Kansas City site,
489 pregnant participants were enrolled. The study was
approved by the HSC (00003455), and informed consent was
obtained before completion of any study activities.

Fatty acid analysis
Maternal blood taken at enrollment and birth and cord blood

were analyzed for red blood cell (RBC) phospholipid fatty acid
content. RBCs were separated from plasma and buffy coat by
centrifugation (3000 � g, 10 min; 4�C), frozen, and stored under
nitrogen at �80�C until analysis. Phospholipids from erythro-
cytes were isolated according to a modified Folch method [28],
fractionated by thin-layer chromatography, transmethylated
with boron trifluoride-methanol, and the resulting fatty acid
methyl esters (FAME) were separated and quantified using a gas
chromatograph (Varian 3900; Varian Inc.) with a capillary col-
umn (100 m; SP-2560, Sigma Aldrich) and a chromatography
workstation (Star 6.41; Agilent) for peak integration and analysis
[28]. Individual peaks were identified by comparison with
qualitative standards (PUFA 1 and PUFA 2; Sigma Aldrich), and a
preweighed standard mixture (Supelco 37 Component FAME
mix; Sigma Aldrich) was used to adjust fatty acids for area or
weight to calculate the final weight percent of total fatty acids.

Gestational weight gain
GWG was calculated by subtracting the self-reported pre-

pregnancy body weight from the last body weight measured in
the outpatient clinic (from the electronic medical record) before
delivery. In the clinic, body weight was measured in light
clothing with shoes removed. To accurately categorize weight
gain status, we accounted for gestational age at the last recorded
clinic visit. Using the recommended rate of weight gain range for
the third trimester [47], we calculated a personalized range for
each participant. The personalized range was used to classify
GWG according to the 2009 IOM GWG guidelines as excessive or
not excessive [47].

Maternal dietary intake
Maternal dietary intake was measured at enrollment. The

National Cancer Institute (NCI) Diet History Questionnaire II
(DHQ-II) food frequency questionnaire was completed by each
English-speaking non-Latina female. Data collected from the
DHQ-II was analyzed using Diet*Calc Analysis software to
generate dietary intake of nutrients and food groups. The DHQ-II
was not developed or validated in a population of Latina adults.
Therefore, to accurately assess and represent dietary intake in
our Latina population, 24-h dietary recalls were completed. A
trained research staff fluent in Spanish collected the recall in-
formation using the multiple-pass method. Spanish-speaking and
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English-speaking Latina females did not complete the DHQ-II
and instead completed 3 24-h dietary recalls, 2 during week-
days and 1 on the weekend. The recalls were entered into the
Nutrition Data System for Research (NDS-R, version 2017) for
macro- and micronutrient analysis.

Study overview of the GAINS proposal
Infants born to females who participated in the ADORE ran-

domized controlled trial (RCT) were invited to enroll in the GAINS
study (DK118220; NCT03310983). The GAINS study protocol has
been published [48]. The primary aim of GAINS was to determine
if the prenatal dose of DHA (1000 mg/d or 200 mg/d) interacted
with GWG (excessive or nonexcessive) to influence total infant FM
at 24mo. The secondary aimwas to determine if the prenatal dose
of DHA (1000 mg/d or 200 mg/d) interacted with sex (male or
female) to influence infant central FM at 24 mo. The study was
approved by the HSC (0000140895) and informed consent was
obtained before the completion of any study activities.

Anthropometrics
Body weight was assessed using a calibrated scale (Detetco

Scales) throughout the study duration. Length was measured
using an infant length board (Shorr Productions), and beginning
at 18 mo, standing height was measured using a wall-mounted
stadiometer (Accu-Hite; Seca Corp.). Subjects removed their
shoes and were centered on the stadiometer. Height was recor-
ded to the nearest 0.1 cm. Two measurements were taken, and
the average was recorded.

Dual-energy x-ray absorptiometry to measure total
body fat and adipose tissue distribution

Dual-energy x-ray absorptiometry (DXA, encore software
version 13.60; Prodigy) was used to measure body composition
and regional adipose tissue distribution. Using specific anatomic
landmarks as previously described [48], regions including the
arms, legs, and trunk were demarcated (arm fat, leg fat, and
trunk fat). Infants were placed in an immobilizer to prevent
movement and ensure body positioning to allow for the identi-
fication of landmarks and regions. One rater analyzed all scans
and determined if movement was detected that would have
invalidated the results. These scans were marked as unusable.
Calculations were completed for total FM, represented by total
body less head. Regional adipose tissue distribution was repre-
sented by the central (trunk) and peripheral (arms plus legs).

Dietary intake of the child
One multiple-pass 24-h dietary recall was administered to the

child’s caregiver and collected by trained research staff at each
visit to characterize energy and nutrient intake. The 24-h recalls
accurately estimate dietary intake [49,50] and contain less
reporting bias than diet records [49,51]. The recalls were
entered into NDS-R version 2017 for macro- and micronutrient
analysis. Specific details on the current method of infant feeding
were collected (e.g., breastfeeding, formula), and the introduc-
tion of solids was assessed at each study visit.

Power calculation
Details for the power calculation were provided in the GAINS

study protocol [48]. Briefly, a power calculation was completed
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to ensure an adequate sample size to address the primary aim: to
determine if the effect of GWG status (excessive or not excessive)
is modified by the prenatal dose of DHA (1000 mg/d or 200
mg/d) to influence total infant FM at 24 mo of age. The data used
for the power analysis was from pilot data in offspring exposed to
high or low prenatal DHA doses. The change in FM (g) was
assessed in early infancy, and a mean difference of �168
compared with 304 g was found between groups, with a
within-group standard deviation of 442 g. Based on the power
calculation, we found that a total sample size of 120 was required
to answer the primary aim, resulting in a power of 0.815.
Allowing for 20% attrition, the sample size increased to 150.
Statistical analysis
The primary aim was to determine if the prenatal dose of DHA

(1000 mg/d or 200 mg/d) interacts with GWG status (excessive
or not excessive) to influence total infant FM at 24 mo. Using
univariate analysis of covariance (ANCOVA), the primary anal-
ysis tested the DHA dose effect (high or low) in excessive GWG
compared with that in not excessive GWG. The secondary aim
determined if the prenatal dose of DHA interacts with offspring
sex to influence infant central FM at 24 mo. Using ANCOVA,
secondary analysis tested the DHA dose effect in males compared
with that in females. Both the primary and secondary aims
included testing for the following confounding variables to be
included in an adjusted model: maternal age, maternal race/
ethnicity, education, prepregnancy BMI, GWG, ever smoker,
marital status, parity, healthy eating index (HEI), prenatal RBC
ω-6 concentrations, maternal RBC DHA concentrations at
ADORE enrollment and delivery, offspring HEI, offspring sex
(aim 1 only), offspring age at the time of DXA scan, and offspring
gestational age at birth. Because of the limitations of the sample
size, we could not include all confounders in the adjusted model.
To determine which confounders to include in the adjusted
analysis, each confounder was individually added to the unad-
justed models (DHA dose, GWG status or offspring sex, and the
interaction) and was included by defining a significance level for
entry into the model of P < 0.1. All analyses were performed
using participants who completed the 24-mo study visit and had
usable total FM data from the DXA scan. Data of participants who
withdrew, were lost to follow-up, or did not have a usable scan
were treated as missing and excluded from the analysis. We used
PROC GLM in SAS 9.4 for all analyses.

The GAINS trial was powered using an analysis of variance
model for the continuous outcome of total FM. The model tested
the interaction between GWG status (excessive or not excessive)
and DHA dose (1000 mg/d or 200 mg/d), allowing us to inves-
tigate if the high dose supplement of DHA reduced infant FM
compared with the low-dose supplementation and specifically, if
this reduction was greater in offspring exposed to excessive
GWG. The original power was quoted as 81.5% [48]; however,
the power dropped to 52% with the attained sample size.
Results

Figure 1 presents the consort diagram for the ADORE and
GAINS studies, and Table 1 presents the participant character-
istics. Of the 489 ADORE participants who enrolled at KUMC
[46], 448 continued to be followed up at the time of delivery. Of
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FIGURE 1. Consort diagram. ADORE, Assessment of DHA on Reducing Early Preterm Birth randomized controlled trial; DXA, dual-energy x-ray
absorptiometry; FM, fat mass; GAINS, Growth and Adiposity in Newborns Study.
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the 448 ADORE females who could be enrolled in GAINS, 297
were screened for eligibility and 250 were enrolled (55.8%).
There were 124 females who enrolled and received 200 mg/d
DHA and 126 females who enrolled and received 1000 mg/d
DHA. Based on the a priori definition of adherence determined
by the ADORE study [46], 90.9% of the females with data
included in the primary aim were adherent.

Table 2 presents delivery and birth characteristics. Eleven
participants were missing either their prepregnancy BMI or their
last prenatal weight; therefore, their GWG status could not be
calculated. The observed rates of excessive GWG were 62.8%
(76/121) and 69.5% (82/118) for low- and high dose DHA,
respectively. A total of 52% of the offspring were male; newborns
had a mean gestational age of 38.8 wk (SD ¼ 1.4) and a mean
birth weight of 3347.4 g (SD ¼ 481.4). Table 3 provides
descriptive characteristics for offspring measurements at the 24-
mo visit by group randomization. No between-group differences
were found for any of the reported characteristics. There were
218 infants who completed a 24-mo visit; however, 16 parents
refused the DXA scan and 38 children were uncooperative,
resulting in 164 DXA scans available. For total FM, 100 scans
4

were unusable because of movement during the scan, resulting in
64 usable scans. Supplementary Table 1 compares the offspring
characteristics at the 24-mo visit for unusable or usable data. No
between-group differences were found for any characteristics. In
those with usable DXA data (n ¼ 64), Table 4 compares scans of
offspring characteristics at the 24-mo visit by DHA dose. The
DHA dose received was closely balanced for those with usable
data, with 48.4% receiving 200 mg/d and 51.6% receiving 1000
mg/d. For the 218 infants who completed a 24-mo visit, the
mean body weight was 12,684.6 g (SD¼ 1627.4) and 12,983.6 g
(SD ¼ 2071.2) for the low and high DHA doses, respectively. For
the 64 infants who had usable 24-mo total FM data, the mean
weights were 12,407.7 g (SD ¼ 1491.3) and 13,203.0 g (SD ¼
2092.3) for the low and high DHA doses, respectively. Offspring
in the high DHA dose group had higher total FM and FFM.

Table 5 presents offspring body composition estimates by DHA
dose and GWG status. All estimates presented in the tables are for
the adjusted models, including the covariates listed in the foot-
notes. There was no difference in results between the adjusted and
unadjustedmodels. For themodel examining total FM, there was a
significant main effect for the DHA dose (P ¼ 0.03); however, the



TABLE 1
Maternal baseline characteristics for GAINS enrollees

200 mg/d
N ¼ 124 (49.6%)

1000 mg/d N ¼ 126 (50.4%) Total
N ¼ 250

Age at ADORE enrollment, y 30.4 � 5.1 31.4 � 5.6 30.9 � 5.4
DHA mean % of RBC total fatty acids (SD) 6.5 (1.7) 6.1 (1.6) 6.3 (1.6)
Marital status, n (%)
Married/Partnered 92 (74.2) 95 (75.4) 187 (74.8)
Other1 32 (25.8) 31 (24.6) 63 (25.2)

Maternal race and ethnicity, n (%)
American Indian or Alaskan Native 1 (0.8) 0 (0) 1 (0.4)
Asian 0 (0.0) 5 (4.0) 5 (2.0)
Black or African-American 13 (10.5) 9 (7.1) 22 (8.8)
Hispanic 42 (33.9) 53 (42.1) 95 (38.0)
White 65 (52.4) 58 (46.0) 123 (49.2)
Biracial: Asian, White 1 (0.8) 0 (0) 1 (0.4)
Biracial: Black, White 2 (1.6) 0 (0) 2 (0.8)
Multiracial: Black, American indian, White 0 (0.0) 1 (0.8) 1 (0.4)

Maternal education, n (%)
Less than high school graduate 18 (14.5) 28 (22.2) 46 (18.4)
HS graduate or GED 19 (15.3) 21 (16.7) 40 (16.0)
Some college or tech school 23 (18.6) 21 (16.7) 44 (17.6)
Bachelor's degree obtained 45 (36.3) 30 (23.8) 75 (30.0)
Master's degree obtained 16 (12.9) 21 (16.7) 37 (14.8)
Doctorate 3 (2.4) 5 (4.0) 8 (3.2)

Family income, n (%)
<$15,000 17 (13.7) 18 (14.3) 35 (14.0)
$15,000–$24,999 18 (14.5) 20 (15.9) 38 (15.2)
$25,000–$49,999 24 (19.4) 29 (23.0) 53 (21.2)
$50,000–$99,999 26 (21.0) 21 (16.7) 47 (18.8)
$100,000–$149,999 23 (18.6) 25 (19.8) 48 (19.2)
>$150,000 16 (12.9) 11 (8.7) 27 (10.8)
Unknown 0 2 (1.6) 2 (0.8)

Ever smoker, yes n (%) 27 (21.8) 28 (22.2) 55 (22.0)
6 mo prior, yes n (%) 14 (11.3) 10 (7.9) 24 (9.6)
Current smoker, yes n (%) 3 (2.4) 4 (3.2) 7 (2.8)

Pregnancy history, n (%)
Primagravida 36 (29.0) 33 (26.2) 69 (27.6)
Prior preterm birth 19 (15.3) 14 (11.1) 33 (13.2)
Prior early preterm birth (<34 wk) 8 (6.5) 3 (2.4) 11 (4.4)
Parity, mean (SD) 2.5 (1.6) 2.8 (1.7) 2.7 (1.7)

N ¼ 120 N ¼ 121 N ¼ 241
Diet quality, HEI, mean (SD) 62.2 (10.1) 62.7 (11.2) 62.5 (10.7)

N ¼ 123 N ¼ 123 N ¼ 246
Prepregnancy BMI, kg/m2, mean (SD) 28.0 � 6.7 29.2 � 8.1 28.6 � 7.4
Normal weight, n (%) 46 (37.4) 41 (33.3) 87 (35.4)
Overweight, n (%) 41 (33.3) 34 (27.6) 75 (30.5)
Obese, n (%) 36 (29.3) 48 (39.0) 84 (34.2)

Abbreviations: ADORE, Assessment of DHA on Reducing Early Preterm Birth randomized controlled trial; BMI, bodymass index; HEI, healthy eating
index; RBC, red blood cell.
1 divorced (n ¼ 4), separated (n ¼ 3), unmarried/single (n ¼ 56).
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dose by GWG status was nonsignificant (P ¼ 0.44). This suggests
that a higher prenatal DHAdosewas related to higher offspring FM
(622.9 g greater), and this effect was found regardless of excessive
or not excessive GWG. We hypothesized that in offspring exposed
to excessive GWG, a high dose of prenatal DHA supplementation
would reduce infant FM compared with low-dose supplementa-
tion. However, we found higher FM in infants exposed to the high
prenatal DHA dose, with no difference based on GWG status.
Regarding adipose tissue distribution, a significantmain effect was
found for the DHA dose for central FM (P ¼ 0.003); however, the
dose by GWG status interaction was nonsignificant (P¼ 0.53). For
the covariates included in both models, an increase in age at the
DXA scan and Hispanic ethnicity of offspring resulted in higher
masses.
5

Table 6 presents offspring adipose tissue distribution esti-
mates by DHA dose and offspring sex. For central FM, 40 scans
were unusable because of movement during the scan, resulting
in 124 usable scans. A significant main effect for DHA dose (P
¼ 0.01) was detected; however, the dose by offspring sex
interaction was nonsignificant (P ¼ 0.98). This suggests that a
higher prenatal DHA dose was related to higher central FM,
and this was found in both boys and girls. All estimates pre-
sented in the tables are for the adjusted models, including the
covariates listed in the footnotes. There was no difference in
results between the adjusted and unadjusted models. For the
covariates included in both models, an increase in age at the
DXA scan and Hispanic ethnicity of offspring resulted in higher
masses.



TABLE 3
Offspring descriptive characteristics by group randomization

200 mg/d
N ¼ 109
(49.6%)

1000 mg/d
N ¼ 109
(50.4%)

Total
N ¼ 218

Age at visit, mo, mean
(SD)

24.4 (0.6) 24.3 (0.5) 24.3 (0.6)

Weight, g, mean (SD) 12684.6
(1627.4)

12983.6
(2071.2)

12834.1
(1864.3)

Length, cm, mean (SD) 86.0 (2.9) 86.2 (3.2) 86.1 (3.0)
Head circumference, cm,
mean (SD)

48.3 (1.5) 48.1 (1.4) 48.2 (1.5)

Weight percentile 55.5 (30.5) 61.4 (28.1) 58.4 (29.4)
Weight for length
percentile

63.6 (29.1) 68.2 (27.7) 65.9 (28.4)

N ¼ 102 N ¼ 103 N ¼ 205
Abdominal
circumference, cm,
mean (SD)

47.0 (3.7) 47.8 (3.8) 47.4 (3.8)

Skinfolds, mm, mean (SD) N ¼ 104 N ¼ 108 N ¼ 211
Peripheral 11.8 (2.5) 11.7 (2.6) 11.7 (2.6)
Central 10.3 (2.6) 10.5 (2.6) 10.4 (2.6)

TABLE 4
Usable DXA offspring descriptive characteristics by group

200 mg/d
N ¼ 31
(48.4%)

1000 mg/d
N ¼ 33
(51.6%)

Total
N ¼ 64

Age at visit, mo, mean
(SD)

24.2 (0.3) 24.3 (0.5) 24.3 (0.4)

Weight, g, mean (SD) 12407.7
(1491.3)

13203.0
(2092.3)

12817.8
(1855.6)

Length, cm, mean (SD) 85.5 (3.3) 86.5 (3.4) 86.0 (3.4)
Head circumference, cm,
mean (SD)

48.0 (1.2) 48.2 (1.5) 48.1 (1.4)

Weight percentile 49.7 (30.3) 63.8 (29.7) 57.0 (30.3)
Weight for length
percentile

62.4 (26.4) 70.2 (28.1) 66.4 (27.3)

Abdominal
circumference, cm,
mean (SD)

46.6 (3.9) 48.5 (3.6) 47.6 (3.8)

Skinfolds, mm, mean (SD)
Peripheral 11.5 (2.8) 12.2 (2.6) 11.9 (2.7)
Central 9.7 (2.7) 11.1 (2.5) 10.4 (2.7)

Percentage body fat, %,
mean (SD)

29.2%
(3.6%)

31.1%
(5.8%)

30.2%
(4.9%)

Fat mass, g, mean (SD) 3024.3
(669.2)

3479.6
(1239.3)

3259.0
(1022.7)

Lean mass, g, mean (SD) 7045.6
(855.6)

7295.7
(1011.7)

7174.6
(934.9)

Peripheral fat mass, g,
mean (SD)

1953.1
(407.3)

2183.6
(704.0)

2071.9
(586.7)

Trunk fat mass, g, mean
(SD)

1071.2
(286.5)

1295.9
(551.3)

1187.1
(454.2)

TABLE 2
Maternal delivery and offspring birth characteristics

200 mg/d
N ¼ 124
(49.6%)

1000 mg/d
N ¼ 126
(50.4%)

Total
N ¼ 250

Labor type, n (%)
Spontaneous 25 (20.2) 27 (21.4) 52 (20.8)
Augmented 19 (15.3) 12 (9.5) 31 (12.4)
Induced 60 (48.4) 76 (60.3) 136 (54.4)
No labor/scheduled c-
section

20 (16.1) 11 (8.7) 31 (12.4)

Delivery type, n (%)
Vaginal 91 (73.4) 97 (77.0) 188 (75.2)
C-section 33 (26.6) 29 (23.0) 62 (24.8)

GDM diagnosis, n (%) 21 (17.0) 29 (23.0) 50 (25.0)
N¼121 N¼118 N¼239

GWG, kg, mean (SD) 13.4 (6.6) 13.8 (8.4) 13.6 (7.5)
Excessive GWG, n (%) 76 (62.8) 82 (69.5) 158 (66.1)

N ¼ 120 N ¼ 122 N ¼ 242
Mother’s prepregnancy DHA
Mean % RBC1

8.0 (1.7) 10.5 (3.1) 9.2 (2.8)

Preterm birth, n (%) 11 (8.9) 6 (4.8) 17 (6.8)
Gestational age at birth, wk,
mean (SD)

38.63
(1.51)

38.92
(1.35)

38.77
(1.43)

NICU admission, n (%) 12 (9.7) 9 (7.1) 21 (8.4)
Infant sex, male, n (%) 62 (50.0) 68 (54.0) 130 (52.0)
Infant birth weight, g, mean
(SD)

3303.7
(505.1)

3390.3
(454.7)

3347.4
(481.4)

Infant birth length, cm, mean
(SD)

50.3 (2.6) 50.5 (2.2) 50.4 (2.4)

N ¼ 124 N ¼ 124 N ¼ 248
Infant head circumference,
cm, mean (SD)

34.0 (1.6) 34.2 (1.5) 34.1 (1.5)

Abbreviations: ADORE, ADORE, Assessment of DHA on Reducing Early
Preterm Birth randomized controlled trial; GDM, gestational diabetes
mellitus; GWG, gestational weight gain; RBC, red blood cell.
1 P < 0.001, as ADORE participants were given different levels of

DHA per day.

TABLE 5
Estimated offspring body composition by group randomization and
GWG status

200 mg/d
(N ¼ 31)

1000 mg/d
(N ¼ 281)

Net
difference
1000 vs.
200 mg/d

P

Aim 1: Fat mass, g, mean (95% CI)2

Treatment 3050.7
(2697.3,
3404.1)

3673.6
(3248.6,
4098.7)

622.9
(66.9,
1178.9)

0.03

GWG 0.44
Not excessive
(n ¼ 22)

2874.3
(2346.7,
3402.0)

3708.5
(3013.9,
4403.1)

834.2
(-329.1,
1197.4)

Excessive (n ¼
37)

3227.1
(2745.5,
3708.6)

3638.7
(3175.5,
4101.9)

411.6
(-456.0,
1279.3)

Central fat mass, g, mean (95% CI)2 rowhead
Treatment 1085.3

(934.3,
1236.2)

1377.3
(1195.8,
1558.8)

292.0
(54.6,
529.5)

0.02

GWG 0.53
Not excessive
(n ¼ 22)

1009.8
(784.4,
1235.1)

1374.0
(1077.3,
1670.6)

364.2
(�132.6,
860.9)

Excessive (n ¼
37)

1160.8
(955.1,
1366.4)

1380.6
(1182.8,
1578.5)

219.8
(�150.7,
590.4)

Abbreviations: 95% CI, 95% confidence interval; DXA, dual-energy x-
ray absorptiometry; GWG, gestational weight gain.
1 5 participants were missing their gestational weight gain; thus,

could not defined.
2 Covariates included: offspring ethnicity and age at DXA scan.
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Discussion

This study aimed to understand if fetal exposure to a high
dose of prenatal DHA supplementation can mitigate the effects of
6



TABLE 6
Estimated trunk fat mass distribution by offspring sex

200 mg/d
(N ¼ 59)

1000 mg/d
(N ¼ 65)

Net difference
1000 vs. 200
mg/d

P

Aim 2: Central fat mass, g, mean (95% CI)1

Treatment 1073.1
(973.1,
1173.2)

1252.2
(1157.3,
1347.2)

179.1
(43.3, 314.9)

0.01

Infant sex 0.98
Female (n ¼
58)

1095.5
(944.6,
1246.4)

1276.4
(1140.8,
1412.0)

180.9
(�83.8,
445.6)

Male (n ¼
66)

1050.7
(917.3,
1184.1)

1228.1
(1096.4,
1359.7)

177.3
(�70.0,
424.7)

Abbreviations: 95% CI, 95% confidence interval; DXA, dual-energy x-
ray absorptiometry.
1 Covariates included: offspring ethnicity and age at DXA scan.
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excessive GWG on offspring adiposity measured at 24 mo. We
found that offspring exposed to a high dose of prenatal DHA
supplementation had higher total FM, and this effect was inde-
pendent of GWG status. Furthermore, exposure to a high dose of
prenatal DHA supplementation was related to higher central FM,
and this effect was also independent of GWG status. The second
aim sought to understand if there were differences in regional
adipose tissue distribution based on DHA dose and offspring sex.
A higher prenatal DHA dose was related to higher central FM,
and this was found independent of offspring sex. Therefore, our
data suggest that fetal exposure to high dose prenatal DHA
supplementation was related to increased FM and central FM.

Cross-sectional studies, studies using indirect measures of
body composition (e.g., weight, length, and BMI), and RCTs
investigating prenatal and postnatal supplementation have
found mixed results for the benefit of DHA supplementation on
offspring body composition [15–19,52,53]. However, only 2
follow-up studies have investigated the effect of only prenatal
DHA supplementation (no postnatal) on offspring fat accrual
using a direct method of body composition assessment [40,41].
The DOMInO trial provided 800 mg/d DHA (compared with
control vegetable oil) during the second and third trimesters of
pregnancy, with the initial aim to assess maternal depressive
symptoms and offspring cognition [54]. The follow-up study
measured offspring body composition using bioelectrical
impedance in early childhood. No between-group difference in
body composition was found in offspring aged 3 and 5 y old [40]
or at 7 y old [43]. The DOMInO trial did find a negative effect of
prenatal DHA supplementation on waist-to-hip ratio measured at
3 y old and insulin resistance measured at 5 y old [40]; however,
an increased waist-to-hip ratio was not detected at the 5-y [40]
or 7-y visits [43].

The COPSAC trial compared 2.4 g of fish oil supplementation
(compared with control olive oil), which included 37% of DHA
(888 mg/d DHA), starting at 24 weeks of gestation through de-
livery. Offspring BMI was reported from birth to 10 y old, and
body composition and metabolic risk score were assessed at 10 y
old. The trajectory of BMI from infancy to 10 y old was greater in
the supplemented group, with an inflection of BMI at ~6 y old
such that the increase of BMI in the supplemented group
7

increased at a greater rate, suggesting a fetal programming ef-
fect. At 10 y old, children in the supplemented group had a
higher mean BMI and a higher odds ratio of being overweight.
These changes corresponded to an increase in the percentage
body fat and total FM assessed at 10 y, suggesting a shift in body
composition to a higher proportion of adiposity. A metabolic risk
score was calculated that showed a significant difference be-
tween groups, with a more adverse metabolic profile in the
offspring given prenatal DHA supplementation.

Our findings of increased offspring adiposity were contrary to
our hypothesis but similar to results found in the DOMInO and
the COPSAC trials. The DOMInO trial also found a negative effect
of prenatal DHA supplementation on offspring central adiposity
measured at 3 y [40]; however, in the DOMInO trial, this dif-
ference was no longer detected at the midchildhood visits [40,
43]. Using data from the KUDOS prenatal DHA supplementation
trial, our group found that exposure to a higher prenatal DHA
dose (600 mg/d) was related to higher offspring FFM measured
at 5 y old [55]; however, data on body composition during in-
fancy and toddlerhood was not available for this cohort. In the
COPSAC trial, adiposity was greater in offspring exposed to
supplementation from birth to 10 y old. It may be that a higher
dose of prenatal DHA is programming an overall bigger offspring
size. Data from the GAINS and COPSAC trials suggests that the
greater size results in a shift in body composition, with greater
accrual in adiposity, which contradicts findings from the 5 y old
KUDOS trial . It will be important to follow the GAINS cohort to
understand if there is a relationship between exposure to a high
dose of prenatal DHA supplement and an increase in offspring
FM, FFM, or adipose tissue distribution, as increases in these
outcomes have different relationships with disease risk [56,57].
However, data from COPSAC suggest that the programming of a
bigger size results in greater fat accrual and a more adverse
metabolic profile.

Notably, although the birth weights in GAINS for the low and
high DHA groups were similar (3303.7 and 3390.3 g, respec-
tively) at 24 mo, offspring born to females from the high DHA
group weighed 822 g more than the low DHA group. This may
suggest that offspring exposed to a high dose of prenatal DHA
supplementation experienced faster growth than the low-dose
group. A strong predictor of higher rates of FM accrual is rapid
infant weight gain [58]. In the DOMInO trial, the high DHA
group and control group had similar weights at birth and at 3-,
5-, and 7-y visits, suggesting similar growth rates between the
groups. However, in the COPSAC trial, offspring born to females
in the supplemented group had higher overall BMI z-scores from
birth to 10 y old. Data on the growth rate of the KUDOS cohort
has not been published. Therefore, differences found between
the cohorts may be explained by the differences in growth rates.
Additionally, rapid infant weight gain can interact with maternal
obesity to further increase offspring adiposity [59]. The mean
prepregnancy BMI of the DOMInO sample was 26.2 kg/m2 with
an upper end of 30.5 kg/m2. In the ADORE cohort, the mean
prepregnancy BMI was greater with a higher upper range (28.6�
7.4 kg/m2), resulting in 34.2% of the sample having an obese
prepregnancy BMI. The DOMInO trial also had lower rates of
gestational diabetes mellitus (GDM) (5.2% compared with
11.3%). In contrast, in the COPSAC trial, the mean prepregnancy
BMI of the supplemented group was relatively lean (24.8 � 4.4
kg/m2), and the rates of GDM were not reported. Maternal risk
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factors related to increased offspring adiposity and rapid infant
weight gain include maternal obesity and fetal exposure to GDM
[60–62]. Therefore, the differences in weight change between
GAINS and DOMInO trials, potentially driven by differences in
maternal characteristics that prenatal DHA exposure may not be
able to mitigate, may explain the differences in findings between
the 2 studies. It will be important to explore the drivers of rapid
weight gain in these cohorts in relation to adiposity accrual in
future studies.

There are strengths and limitations of this study to consider. A
strength is leveraging the follow-up of an NIH-funded RCT with a
robust dataset including the measurement of many covariates.
The use of DXA, a sophisticated body composition technique, is
also a strength. Many prior studies relied on body weight for
length or BMI measurements as surrogate markers of adiposity.
BMI in adults is related to clinical outcomes; however, the pre-
dictive value and usefulness in infants, children, and adolescents
is less clear [63]. The use of BMI in infants, children, and ado-
lescents is complicated by inter-individual variability among
children for periods of rapid growth for which BMI cannot
distinguish changes in FM or lean mass. In infants and children,
there is a 2-fold range of variation in fatness for a given BMI
value [64]. The use of DXA allows for the assessment of body
composition across infancy, childhood, and adulthood using the
same technique and allows for the distinction of adipose tissue
distribution, an important driver of disease risk and develop-
ment. Use of the same body composition technique is important
because there are differences in body composition values when
using different techniques [65,66]. Therefore, it is important to
use the same body composition methodology across all time
points. It will be important to understand if the GAINS results
change as the population ages. There are also some limitations to
consider. Although we exceeded our recruitment goal of N¼ 150
with the enrollment of 250 participants into GAINS, acquiring
usable total body DXA scans in toddlers proved to be challenging.
We could obtain 124 (75.6%) usable trunk scans and 64 (39%)
usable total body scans, resulting in a high rate of missing data
for total FM.We anticipated a 20%missing data rate for total FM;
however, our missing data rate for total FMwas 61%, resulting in
lower power than originally anticipated. Therefore, work is
needed to develop protocols to improve DXA full-body scan
acquisition in infants and toddlers. The ADORE trial only pro-
vided supplements during the prenatal period. Therefore, this
analysis cannot provide evidence to inform the impact of pre-
natal and postnatal supplementation. Results from the Impact of
Nutritional Fatty Acids during Pregnancy and Lacatation on
Early Human Adipose Tisue Development (INFAT) study re-
ported on the impact of prenatal and postnatal DHA supple-
mentation, along with the reduction of n-6 fatty acids in the diet,
and found no effect on offspring adiposity in infancy or at 5 y old
[67,68]; however, this study population was at low risk for
offspring obesity development, including a low maternal pre-
pregnancy BMI and high maternal education.

In conclusion, the results of this study suggest that exposure
to a high dose of prenatal DHA supplementation was related to
greater offspring weight, including greater total FM at 24mo. We
also found that independent of offspring sex, higher prenatal
DHA was related to greater offspring central adipose tissue
deposition. This is the third study to find a relationship between
prenatal DHA supplementation and increased offspring
8

adiposity. It will be important to understand if our findings
persist into childhood and if DHA exposure is related to obesity
risk and development.
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