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Abstract: The objective of this secondary analysis was to identify maternal characteristics that modified
the effect of maternal supplements on newborn size. Participants included 1465 maternal-newborn
dyads in Guatemala, India, and Pakistan. Supplementation commenced before conception (Arm 1)
or late 1st trimester (Arm 2); Arm 3 received usual care. Characteristics included body mass
index (BMI), stature, anemia, age, education, socio-economic status (SES), parity, and newborn sex.
Newborn outcomes were z-scores for length (LAZ), weight (WAZ), and weight to length ratio-for-age
(WLRAZ). Mixed-effect regression models included treatment arm, effect modifier, and arm * effect
modifier interaction as predictors, controlling for site, characteristics, and sex. Parity (para-0 vs.
para >1), anemia (anemia/no anemia), and sex were significant effect modifiers. Effect size (95% CI)
for Arm 1 vs. 3 was larger for para-0 vs. >1 for all outcomes (LAZ 0.56 (0.28, 0.84, p < 0.001); WAZ 0.45
(0.20,0.07, p < 0.001); WLRAZ 0.52 (0.17, 0.88, p < 0.01) but only length for Arm 2 vs. 3. Corresponding
effects for para >1 were >0.02. Arm 3 z-scores were all very low for para-0, but not para >1. Para-0
and anemia effect sizes for Arm 1 were > Arm 2 for WAZ and WLRAZ, but not LAZ. Arm 1 and 2
had higher WAZ for newborn boys vs. girls. Maternal nulliparity and anemia were associated with
impaired fetal growth that was substantially improved by nutrition intervention, especially when
commenced prior to conception.

Keywords: nulliparous; newborn anthropometry; preconception; maternal nutrition
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1. Introduction

Maternal characteristics have a major role in determining placental function and consequently
fetal growth [1]. Notable among these characteristics are maternal anthropometric measures of
malnutrition such as underweight [2,3]. Others include parity, age, socio-economic status (SES),
education, stress, inflammation, anemia, and reduced utero—placental blood flow [1]. All of these
and other environmental factors may affect the placental, and hence the fetal, supply of nutrients
either by impacting maternal nutrition or/and by reducing utero—placental blood flow. In low-resource
populations, dietary diversity and quantity are frequently limited, and maternal anthropometric
indicators of both short- and long-term under-nutrition are common [4,5]. In these circumstances, the
available maternal nutrient supply to the placenta is also likely to be the primary factor determining
the placental and fetal supply of nutrients. Nutritional inadequacy in utero may result in a ‘fetal
programming effect’” with longer-term effects on offspring growth [3,6]. Maternal anthropometric
measures in these populations are strongly associated with fetal growth assessed by measures of
newborn size [7]. Specifically, maternal underweight is associated with multiple measures of newborn
size including low birth weight. Short maternal stature also increases the risk of low birth weight
and small-for-gestational-age (SGA) infants [8-11]. Maternal anemia is associated with higher risks of
low birth weight and preterm birth [12]. A strong association between maternal parity and adverse
newborn outcomes, including impaired fetal growth, has been well recognized in populations in Asia,
Africa, and Latin America [13], with the highest odds of adverse outcomes being for nulliparous
women <18 years of age. Socio-economic status (SES) also has a direct association with infant growth
at one year but may only have an indirect effect on birth length through maternal anthropometry [14].
Maternal education is strongly associated with socio-economic status and newborn size [15].

However, there is less information on whether baseline maternal characteristics can modify
the effects of nutrition supplements. One relatively recent meta-analysis of the effects of maternal
gestational multi-micronutrient supplements in undernourished populations documented greater
birth weight increases with higher maternal baseline BMI in 11 out of 12 studies [16]. An even more
recent pooled analysis for 12 trials of maternal multi micronutrients in low-income sites revealed very
similar results for maternal BMI <18.5 kg/m? vs. BMI >18.5 kg/m?, with modest reductions in relative
risks for low birth weight for both subgroups [17]. Secondary analyses for the preconception food
supplement trial in the slums of Mumbai indicated a progressively greater decrease in the relative risk
of low birth weight with increasing maternal BMI [18] but this contrasted, for example, with effects
observed with trials of protein-energy supplements [19,20]. As with maternal anthropometry, there are
more data for the association of maternal anemia with newborn size than for maternal baseline anemia
as a moderator of the effect of maternal nutrition supplements on fetal growth.

Similarly, documentation of the association between parity and the changes in newborn
anthropometry in response to maternal nutrition interventions has been less consistent among
trials. A meta-analysis including 15 trials of multi micronutrients revealed only a small pooled effect of
parity on reduction of newborn low birth weight or SGA with the effect for nulliparous women slightly
larger than multiparous women [17]. In a maternal food-based trial commencing preconception,
mean birthweight was substantially higher for parous than for nulliparous mothers receiving food
supplements [18]. The effects of young maternal age may have collinearity with those of nulliparity but
do not explain the effects of the latter [21]. The effects of parity on the newborn outcomes of mothers
receiving lipid-based nutrition supplements or multiple micronutrients plus a high lipid food have
been quite variable. Trials in Bangladesh and Malawi have revealed no association between parity
and newborn anthropometric outcomes [22,23]; however, overall effect sizes were negative or very
modest in these studies. A trial in Burkina Faso found a greater effect of the maternal supplements
for multiparous women [24]. The combined parity effects of maternal lipid nutrient supplement for a
comparable study in Ghana were equally modest; however, the pre-designated nulliparous subgroup
had major effect sizes from the maternal nutrition supplement for birth weight and length [25].
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A primary focus of the Women First Preconception trial was on changes in newborn anthropometry
associated with maternal nutrition supplements, especially with those commenced prior to
conception [26]. Also reported have been newborn outcome data limited to those participants
in the three Women First sites who had gestational age determined by first trimester ultrasound [26-29].
Maternal underweight is common in two of these three Women First sites included in this paper,
specifically in those located in India and Pakistan [5]. Maternal stunting is outstandingly common
in the Guatemala site [30]. Maternal stunting rates also remain high in the sites located in S. Asia
where the combination of maternal stunting and underweight aggravates the risk of retarded fetal
growth [5,27,29]. Maternal anemia is also a major concern in S. Asia. The purpose of this secondary
analysis was to determine the extent to which maternal baseline characteristics modified the newborn
length and weight responses to the interventions in the Women First Preconception trial.

2. Materials and Methods

2.1. Study Design

This study was a secondary analysis of data from the Women First Preconception trial [26,31].
In this trial, participants were randomized to one of three arms. Arm 1 commenced the nutrition
intervention at least 3 months prior to conception; Arm 2 received the same intervention commencing
at the end of the first trimester; Arm 3 (control) received no trial supplement. The participants were
women of childbearing age (16-35 years) who were members of low-resource, small-town, rural
communities in Chimaltenango, Guatemala, Thatta, Sindh Province, Pakistan, and Belagavi, Karnataka,
India. Those enrolled were all expecting to conceive within the following eighteen months and
had screening hemoglobin (Hb) >8 g/dL. Apart from the screening Hb, participating women were
unselected with respect to their long- or shorter-term nutritional status as determined by stature and
BMLI. Included in the current analysis were the maternal-newborn dyads who had gestational age
determined from crown-rump length measurements of gestational age in the first trimester and had
newborn anthropometric measures completed within 48 h of delivery [26] Maternal characteristics
evaluated were maternal stature, BMI, anemia status at baseline (defined as Hb <12 g/dL), parity, age,
SES, and education. Newborn sex was also included in the regression analysis. Newborn outcome
measures were length-for-age z-score (LAZ), weight-for-age z-score (WAZ), and weight to length
ratio-for-age z-score (WLRAZ) based on INTERGROWTH-21st fetal growth standards [32,33].

Differences were documented by trial arms, and effect sizes were compared for Arm 1 vs. Arm 3;
Arm2vs. Arm 3; and Arm 1 vs. Arm 2. The three Women First sites with first trimester measurements of
gestational age were included in these analyses: Guatemala, India, and Pakistan [26]. Recruitment and
enrollment began in December 2013 and the final delivery occurred in March 2017.

2.2. Ethical Approval

The project was approved by the Colorado Multiple Institutional Review Board, University
of Colorado, the local or/and national ethics committees for each of the three research sites:
Guatemala—Comite de Etica Universidad Francisco Marroquin 034-14; India—Institutional Ethics
Committee on Human Subjects Research, KLE Society’s JNMC Institutional Ethics Committee on
Human Subjects Research MDC/IECHSR/2013-14/A25; Pakistan—Aga Khan University Ethical
Review Committee 2753-CHS-ERC-13. Each board was registered with US Office of Human
Research Protection and had Federal-wide Assurance in place. Written informed consent was
obtained from all participants prior to study participation. The study protocol is available online:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4000057/.

2.3. Statistical Analyses

Mixed-effect regression models of neonatal anthropometry (i.e., z-scores of weight, length,
and weight to length ratio) were conducted using SAS PROC GLIMMIX (SAS, Cary, NC, USA).
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Models included treatment arm, effect modifier, and a treatment arm by effect modifier interaction
to test for differential intervention impact. Each model included study site and cluster, which were
included as random effects. The following variables were included as control variables: nulliparity,
no formal education, age <20 years, low maternal body mass index (BMI) (BMI <18.5 kg/m?),
anemia (Hb <12 g/dL), low SES, and newborn sex. Maternal stature had no effect on the final model.
Analyses were conducted for each site individually and with the sites combined. Data described in the
manuscript will be made publicly and freely available upon request without restriction at the National
Institute of Child Health and Human Development Data and Specimen Hub (DASH, accession number
pending).

3. Results

One thousand four hundred and sixty-five maternal-newborn dyads were included in this analysis
(Figure S1 Consort Diagram). Of the potential effect modifiers listed in Table 1, maternal nulliparity
and anemia emerged as significant maternal characteristic effect modifiers for the newborn outcomes
for combined sites.

Table 1. Maternal characteristics, newborn sex, and risk factors by site.

Characteristic All Guatemala India Pakistan
(n = 1465) (n =493) (n = 515) (n = 457)
Maternal age, years 232+4.11 242 +44 220+3.4 23.6+4.1
20 296 (20) 2 75 (15) 131 (25) 90 (20)
20+ 1169 (80) 418 (85) 384 (75) 367 (80)
Maternal stature, cm 149.6 + 6.5 1455 +4.8 151.2+5.8 152.1 + 6.6
Stunted 3 737 (50) 405 (82) 200 (39) 132 (29)
Not stunted 727 (50) 87 (18) 315 (61) 325 (71)
Maternal weight, kg 483+9.3 53.7+9.7 45.7 + 8.0 455+74
Maternal body mass index (BMI)  21.7 + 4.4 25.3+4.2 199 £3.2 19.7 £ 3.0
Low BMI 4 368 (25) 4(1) 196 (38) 168 (37)
Normal/high BMI 1096 (75) 488 (99) 319 (62) 289 (63)
Parity
=0 304 (21) 31 (6) 132 (26) 141 (31)
>1 1161 (79) 462 (94) 383 (74) 316 (69)
Baseline hemoglobin (Hb)
Anemia (Hb <12 g/dL) 855 (59) 59 (12) 470 (91) 326 (72)
No anemia (Hb >12 g/dL) 595 (41) 422 (88) 44 (9) 129 (28)
Household SES °
Low SES 315 (22) 52 (11) 49 (10) 214 (47)
Average/high SES 1150 (79) 441 (89) 466 (90) 243 (53)
Maternal education
No formal education 461 (31) 35 (7) 40 (8) 386 (84)
Formal education 1004 (69) 458 (93) 475 (92) 71 (16)
Newborn sex
Male 723 (49) 249 (51) 263 (51) 211 (46)
Female 742 (51) 244 (49) 252 (49) 246 (54)

1 Mean =+ SD (all such values). 2 1 (%) (all such values). 3 Stunted defined as <—2 SD height-for-age z-scores (HAZ).
This is 147.9 cm for 15 years, 148.9 cm for 16 years, 149.5 cm for 17 years, 149.8 cm for 18 years and 150 cm for 19+
years. * Low BMI defined as <18.5 kg/m?. 3 The socio-economic status (SES) tally provides the number of indicators
available from the following list: electricity, improved water source, sanitation, man-made flooring, improved
cooking fuels, and household assets. Low SES is defined as having <2 SES indicators present.

The distribution of nulliparous women varied by site with a very low percentage for Guatemala
(Table 1). Nulliparous women had higher baseline percentages of age <20 years, no formal education,
low BMI, anemia, and low SES. The percentage stunted was lower in nulliparous subjects and their
mean height was higher, though mean weight was lower (Table 2).
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The effect of treatment on newborn length-for-age and weight-for-age depended on parity.
Significant (p < 0.05) treatment arm x parity interactions for length- and weight-for-age z-scores
(p =0.031 and p = 0.038, respectively) were found for combined sites (Table 3, Figures 2 and 3).
Among nulliparous women, those in Arm 1 or 2 had newborns with significantly longer length than
those receiving usual care (Arm 3). Arm 1 was associated with higher infant birth weights than
either Arm 2 or 3; no significant differences were found for parous women. Although the treatment x
parity interaction was not statistically significant at p < 0.05 for weight to length ratio-for-age z-score
(p = 0.064), the pattern of differences appears to be similar to the findings for weight, with nulliparous
women in Arm 1 having newborns with higher weight- and weight to length ratio-for-age z-scores
than those in either Arm 2 or 3 (Table 3, Figures 1 and 3). In subgroup analyses of nulliparous subjects
alone, low baseline BMI vs. normal/high BMI was associated with more favorable effect sizes (Table S1.
Descriptive subgroup analysis by parity and BMI). For nulliparous women in individual sites, the
largest adjusted mean differences were for Arm 1 vs. Arm 3. (Table 4).
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Table 2. Maternal characteristics, newborn sex, and risk factors by parity and anemia for combined sites.

Characteristic All Parity =0 Parity >1 p-Value Anemia No Anemia p-Value
(n = 1465) (n =304) (n =1161) (n = 855) (n = 595)

Maternal age, years 232+411 20.2+3.2 24.0+3.9 <0.001 22.7 +3.9 239+43 < 0.001
<20 296 (20) 2 153 (50) 143 (12) <0.001 195 (23) 99 (17) 0.004
20+ 1169 (80) 151 (50) 1018 (88) 660 (77) 496 (83)

Maternal stature, cm 149.6 + 6.5 150.8 + 6.2 1493 £ 6.5 <0.001 151.1 +6.3 1475+ 6.2 < 0.001
Stunted 3 737 (50) 120 (39) 617 (53) <0.001 332 (39) 394 (66) < 0.001
Not stunted 727 (50) 184 (61) 543 (47) 523 (61) 201 (34)

Maternal weight, kg 483+9.3 463+ 84 489+94 <0.001 459 £ 8.0 51.7 +£10.0 < 0.001

Maternal body mass index (BMI) 21.7+44 20.4 + 3.7 22.0+4.5 <0.001 20.1+3.4 23.8 +4.7 < 0.001
Low BMI 4 368 (25) 108 (36) 260 (22) <0.001 295 (35) 72 (12) < 0.001
Normal/high BMI 1096 (75) 196 (64) 900 (78) 560 (66) 523 (88)

Baseline hemoglobin (Hb)

Anemia (Hb <12 g/dL) 855 (59) 210 (69) 645 (56) <0.001
No anemia (Hb >12 g/dL) 595 (41) 93 (31) 502 (44)

Parity
Parity = 0 210 (25) 93 (16) <0.001
Parity >1 645 (75) 502 (84)

Household SES °
Low SES 315 (22) 77 (25) 238 (21) 0.068 205 (24) 108 (18) 0.008
Average/high SES 1150 (79) 227 (75) 923 (80) 650 (76) 487 (82)

Maternal education
No formal education 461 (31) 129 (42) 332 (29) <0.001 324 (38) 135 (23) <0.001
Formal education 1004 (69) 175 (58) 829 (71) 531 (62) 460 (77)

Newborn sex
Male 723 (49) 151 (50) 572 (49) 0.900 419 (49) 296 (50) 0.781
Female 742 (51) 153 (50) 589 (51) 436 (51) 299 (50)

Groups were compared using chi-square tests for categorical variables and t-tests for continuous variables. ! Mean + SD (all such values). % 1 (%) (all such values). 3 Stunted defined
as <—2 SD height-for-age z-scores. This is 147.9 cm for 15 years, 148.9 cm for 16 years, 149.5 cm for 17 years, 149.8 cm for 18 years and 150 cm for 19+ years.  Low BMI defined as <18.5
kg/m?. 3 The socio-economic status (SES) tally provides the number of indicators available from the following list: electricity, improved water source, sanitation, man-made flooring,
improved cooking fuels, and household assets. Low SES is defined as having <2 SES indicators present.
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Table 3. Regression results of neonatal anthropometry by parity: combined sites.

Arm1 Arm 2 Arm 3 Parity x Arm Arm1vs. Arm 3 Arm 2vs. Arm 3 Arm1vs. Arm 2
Outcome Adjusted Mean Adjusted Mean Adjusted Mean Interaction Adjusted Mean p-Value Adjusted Mean p-Value Adjusted Mean p-Value
(95% CI) (95% CI) (95% CI) (p-Value) Difference Difference Difference
(95% CI) (95% CI) (95% CI)

Length-for-age z-score

Parity >1 —0.68 (-0.79, —0.56) —0.65 (-0.76, —0.54) —0.81 (-0.93, —0.69) 0.031 0.13 (-0.01, 0.28) 0.072 0.16 (0.02, 0.30) 0.024 —-0.03 (-0.17, 0.11) 0.691

Parity =0 —0.68 (-0.88, —0.49) —0.84 (-1.05, -0.62) —-1.24 (-1.47,-1.01) 0.56 (0.28, 0.84) <0.001 0.40 (0.11, 0.69) 0.007 0.16 (-0.11, 0.43) 0.254
Weight-for-age z-score

Parity >1 —0.83 (-0.93, -0.73) —0.84 (-0.94, —0.75) —0.96 (-1.06, —0.87) 0.038 0.13 (0.00, 0.26) 0.046 0.12 (-0.00, 0.25) 0.056 0.01 (-0.12, 0.14) 0.883

Parity =0 —-0.96 (-1.12, -0.79) -1.26 (-1.45, -1.07) —-1.41(-1.61,-1.21) 0.45 (0.20, 0.70) <0.001 0.15(-0.12, 0.41) 0.273 0.30 (0.06, 0.54) 0.013
Weight to length ratio-for-age z-score

Parity >1 —-1.11 (-1.26, —0.96) -1.13 (-1.27, -0.99) -1.29 (-1.44, -1.15) 0.064 0.18 (0.00, 0.37) 0.047 0.17 (-0.01, 0.34) 0.066 0.02 (-0.16, 0.20) 0.837

Parity =0 -1.35 (-1.59, -1.10) -1.80 (-2.07, -1.53) —-1.87 (-2.16, —1.58) 0.52 (0.17, 0.88) 0.004 0.07 (-0.30, 0.44) 0.710 0.45 (0.11, 0.79) 0.009

Regression model controls for site, study arm, parity, age <20 years, anemia (hemoglobin <12 g/dL), low body mass index (BMI <18.5 kg/m?), no formal education, newborn sex, and low
household socioeconomic status (SES). The SES tally provides the number of indicators available from the following list: electricity, improved water source, sanitation, man-made flooring,
improved cooking fuels, and household assets. Low SES is defined as having <2 SES indicators present. CI, confidence interval.
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Table 4. Regression results of neonatal anthropometry by parity: individual site data.

Outcome Arm1 Arm 2 Arm 3 Parity x Arm Arm1vs. Arm 3 Arm 2vs. Arm 3 Arm1vs. Arm 2
Adjusted Mean Adjusted Mean Adjusted Mean Interaction Adj L}Sted Mean Ad]l,}sted Mean Adj lfSted Mean
(95% CI) (95% CI) (95% CI) (p-Value) Difference p-Value Difference p-Value Difference p-Value
(95% CI) (95% CI) (95% CI)
Guatemala

Length-for-age z-score

Parity >1 —0.84 (-1.03, —0.66) -0.67 (-0.85, —0.49) -0.90 (-1.08, —0.71) 0.219 0.05 (-0.14, 0.25) 0.598 0.23 (0.03, 0.42) 0.022 -0.17 (-0.37, 0.02) 0.078

Parity = 0 —0.92 (-1.43, -0.42) -1.27 (-1.79, -0.74) —0.84 (-1.46, —0.23) —0.08 (-0.85, 0.69) 0.843 -0.42 (-1.21, 0.36) 0.290 0.35(=0.35, 1.04) 0.330
Weight-for-age z-score

Parity >1 —0.71 (-0.86, —0.56) -0.61 (-0.75, —0.46) -0.81 (-0.97, -0.66) 0.420 0.10 (-0.08, 0.28) 0.279 0.21 (0.03, 0.38) 0.021 —0.11 (-0.28, 0.07) 0.228

Parity =0 —0.91 (-1.36, —0.45) -1.04 (-1.51, -0.56) —0.75 (-1.31, —0.20) -0.15 (-0.85, 0.55) 0.666 —0.28 (-0.99, 0.43) 0.434 0.13 (-0.51, 0.77) 0.688
Weight to length ratio-for-age z-score

Parity >1 —0.84 (-1.06, —0.63) -0.72 (-0.93, -0.51) -1.00 (-1.23, —0.78) 0.518 0.16 (-0.10, 0.42) 0.228 0.28 (0.02, 0.54) 0.032 —0.12 (-0.38, 0.14) 0.358

Parity = 0 ~1.17(-1.83,-051)  -1.24(-1.93,-055)  —0.91 (-1.71, -0.10) —0.26 (~1.28, 0.75) 0.613 —0.34 (-1.37, 0.70) 0.522 0.08 (~0.85, 1.00) 0.872
India

Length-for-age z-score

Parity >1 —0.63 (—0.86, —0.40) —-0.57 (-0.79, —0.36) —-0.79 (-1.03, —0.55) 0.270 0.17 (-0.08, 0.42) 0.190 0.22 (-0.02, 0.46) 0.075 —0.05 (-0.29, 0.19) 0.678

Parity =0 —0.73 (-1.04,-043)  —099(-1.33,-0.65)  —1.27 (-1.62, —0.91) 0.53 (0.11, 0.96) 0.013 0.27 (-0.17, 0.71) 0.224 0.26 (=0.14, 0.67) 0.203
Weight-for-age z-score

Parity >1 -1.12 (-1.32, -0.92) -1.14 (-1.33, -0.95) -1.30 (-1.50, —1.09) 0.101 0.18 (-0.05, 0.41) 0.125 0.15 (-0.06, 0.37) 0.167 0.02 (-0.20, 0.24) 0.829

Parity =0 —-1.14 (-1.40, -0.87) -147 (-1.77,-1.17) -1.79 (-2.11, -1.47) 0.65 (0.27, 1.04) 0.001 0.32 (-0.08, 0.72) 0.116 0.33 (-0.03, 0.70) 0.073
Weight to length ratio-for-age z-score

Parity >1 -1.68 (=1.96, —1.40) -1.71 (-1.97, -1.45) -1.90 (-2.19, -1.62) 0.041 0.23 (-0.09, 0.55) 0.167 0.20 (-0.11, 0.50) 0.210 0.03 (-0.28, 0.34) 0.853

Parity = 0 —1.60 (-1.98,-1.22)  —2.19(-2.61,-1.77)  —2.59 (=3.04, —2.14) 0.99 (0.45, 1.54) 0.000 0.40 (0.17, 0.96) 0.167 0.60 (0.08, 1.11) 0.023
Pakistan

Length-for-age z-score

Parity >1 —046(-0.71,-022)  —0.69 (-0.92, —0.45)  —0.69 (~0.94, —0.44) 0.037 0.22 (~0.09, 0.54) 0.167 0.00 (=0.31, 0.31) 0.991 0.22 (=0.09, 0.53) 0.158

Parity =0 —-0.49 (-0.82, -0.17) —0.53 (-0.90, —0.16) -1.27 (-1.64, —0.89) 0.77 (0.31, 1.24) 0.001 0.74 (0.24, 1.23) 0.003 0.04 (-0.42, 0.49) 0.875
Weight-for-age z-score

Parity >1 —0.68 (-0.88, —0.47) —0.84 (-1.03, —-0.64) —0.81 (-1.02, -0.61) 0.500 0.13 (-0.14, 0.41) 0.334 —0.03 (-0.29, 0.24) 0.850 0.16 (-0.10, 0.42) 0.236

Parity =0 —0.90 (-1.17, -0.63) —1.24 (-1.55, -0.93) —-1.31 (-1.63, —1.00) 0.41 (0.02, 0.81) 0.041 0.07 (-0.35, 0.49) 0.740 0.34 (-0.05, 0.73) 0.084
Weight to length ratio-for-age z-score

Parity >1 —0.88 (-1.15, —0.60) —-1.08 (-1.34, -0.82) —-1.08 (-1.35, —0.80) 0.718 0.20 (-0.17, 0.57) 0.291 —0.01 (-0.37, 0.35) 0.967 0.21 (-0.15, 0.57) 0.258

Parity = 0 139 (-1.76,-1.03)  -1.85(-227,-143)  —1.64(-2.07, -1.21) 0.24 (—0.30, 0.79) 0.374 —0.21 (=079, 0.36) 0.465 0.46 (~0.07, 0.99) 0.088

Regression model controls for study arm, parity, age <20 years, anemia (hemoglobin <12), low body mass index (BMI, <18.5 kg/m?), no formal education, newborn sex, and low household
socioeconomic status (SES). The SES tally provides the number of indicators available from the following list: electricity, improved water source, sanitation, man-made flooring, improved
cooking fuels, and household assets. Low SES is defined as having <2 SES indicators present. CI, confidence interval.
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Figure 1. Adjusted mean (95% confidence interval) weight to length ratio-for-age z-scores (WLRAZ)
of neonatal outcomes by treatment arm and parity. Horizontal line at WLRAZ -2 depicts weight to
length deficit for diagnosis of wasting. Circles indicate parity = 0; Triangles indicate parity >1.
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Figure 2. Adjusted mean (95% confidence interval) length-for-age z-scores (LAZ) of neonatal outcomes
by treatment arm and parity. Horizontal line at LAZ —1 depicts a length deficit that has predicted a
high risk of stunting at two years. Circles indicate parity = 0; Triangles indicate parity >1.
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Figure 3. Adjusted mean (95% confidence interval) weight-for-age z-scores (WAZ) of neonatal
outcomes by treatment arm and parity. Horizontal line at WAZ —1.28 corresponds to the 10th% WAZ
(small-for-gestational age). Circles indicate parity = 0; Triangles indicate parity >1.

Treatment arm x maternal baseline anemia (Hb <12 g/dL) interactions were significant for all
three outcomes (Table 5). Compared with usual care (Arm 3), both Arms 1 and 2 were associated
with significantly higher infant length-, weight-, and weight to length ratio-for-age z-scores among
women with anemia; Arm 1 had a larger effect than Arm 2 for WAZ (p = 0.028) and WLRAZ (p = 0.022).
No significant differences were observed across treatment arms among women who were not anemic.
For individual sites, effect moderator (maternal anemia at baseline) x treatment arm interactions were
present for LAZ in Pakistan and for all three outcomes in Guatemala with corresponding significant
effect sizes for Arm 1 vs. 3 (Table 6).
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Treatment effects also varied significantly by newborn sex for newborn weight (p = 0.028) with
marginally significant results for weight to length ratio-for-age z-score (p = 0.052) and length-for-age
z-score (p = 0.071). Male newborns of women in Arms 1 and 2 had better outcomes for LAZ and WAZ
than male newborns of control mothers (Arm 3). No significant treatment effects were observed for
female newborn (Table S2. Regression results of neonatal anthropometry by newborn sex: combined
sites). Newborn sex data were included in the final model.

No other maternal characteristics included in Table 1 exhibited significant moderator x treatment
arm interactions. However, data for these characteristics were included in the final regression model.
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Table 5. Regression results of neonatal anthropometry by anemia: combined sites.

Outcome Arm 1 Arm 2 Arm 3 Anemia Arm 1vs. Arm 3 Arm 2 vs. Arm 3 Arm 1vs. Arm 2
x Arm Interaction ; ; ;
Adjusted Mean Adjusted Mean Adjusted Mean (p-Value) Adj L}Sted Mean Ad]l,}sted Mean Adj lfSted Mean
(95% CT) (95% CI) (95% CT) Difference p-Value Difference p-Value Difference p-Value
(95% CI) (95% CI) (95% CI)

Length-for-age z-score

-Anemia —0.76 (=0.92, —0.60) —0.73 (-0.89, —0.57) —0.79 (-0.95, —0.63) 0.037 0.03 (-0.17, 0.23) 0.759 0.06 (=0.13, 0.26) 0.535 —0.03 (-0.23, 0.17) 0.758

+Anemia —-0.72 (-0.86, —0.58) -0.77 (-0.91, —-0.63) -1.08 (-1.23, -0.93) 0.36 (0.19, 0.53) <0.001 0.31(0.15, 0.48) <0.001 0.05 (-0.11, 0.21) 0.564
Weight-for-age z-score

-Anemia —0.96 (-1.10, —0.82) —0.91 (-1.04, -0.77) —0.94 (-1.08, —0.80) 0.007 —0.02 (-0.20, 0.16) 0.846 0.03 (-0.14, 0.21) 0.699 —0.05 (-0.23, 0.12) 0.559

+Anemia —0.97 (-1.08, —0.85) -1.13 (-1.24, -1.01) —-1.32 (-1.45, -1.20) 0.36 (0.21, 0.51) <0.001 0.20 (0.05, 0.34) 0.010 0.16 (0.02, 0.31) 0.028
Weight to length ratio-for-age z-score

-Anemia -1.33 (-1.53, -1.13) -1.26 (-1.46, -1.07) -1.30 (-1.50, -1.10) 0.009 -0.03 (-0.29, 0.22) 0.785 0.03 (-0.21, 0.28) 0.790 -0.07 (-0.31, 0.18) 0.585

+Anemia -1.30 (-1.47, -1.13) -1.54 (-1.71, -1.36) -1.77 (-1.95, -1.59) 0.47 (0.26, 0.68) <0.001 0.23 (0.02, 0.44) 0.029 0.24 (0.04, 0.44) 0.022

Regression model controls for site, study arm, parity, age <20 years, anemia (hemoglobin (Hb) <12 g/dL), low body mass index (BMI, <18.5 kg/m?), no formal education, newborn sex, and
low household socioeconomic status (SES). The SES tally provides the number of indicators available from the following list: electricity, improved water source, sanitation, man-made
flooring, improved cooking fuels, and household assets. Low SES is defined as having <2 SES indicators present. -Anemia includes participants with Hb >12 g/dL; + Anemia includes
participants with Hb <12 g/dL. CI, confidence interval.
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Table 6. Regression results of neonatal anthropometry by anemia: individual site data.

14 of 19

Arm1 Arm 2 Arm 3 Anemia x Arm Arm 1vs. Arm 3 Arm 2 vs. Arm 3 Arm 1vs. Arm 2
Adjusted Mean Adjusted Mean Adjusted Mean Interaction Adj ".I:ftEd Mean Ad]]’.l:fted Mean Ad]lf:fted Mean
©95% CI) ©95% CI) ©95% CI) p-Value Difference p-Value Difference p-Value Difference p-Value
(95% CD (95% CD (95% CID
Guatemala
Length-for-age z-score
-Anemia 095 (-1.17,-0.74)  —0.74(-0.96,-053)  —0.92 (~1.13, -0.70) 0.042 —0.04 (~0.24, 0.16) 0.716 0.17 (=0.03, 0.37) 0.089 —02)(0—1(;.41, 0.040
+Anemia —0.67 (-1.06, —0.27) —-0.99 (-1.39, -0.58) —-1.35 (-1.81, -0.89) 0.68 (0.12, 1.24) 0.018 0.36 (-0.20, 0.92) 0.209 0.32(-0.19, 0.83) 0.218
Weight-for-age z-score
-Anemia —0.87 (~1.05, —0.69) —0.72 (~0.89, —0.54) —0.87 (-1.06, —0.69) 0.022 —0.00 (~0.19, 0.18) 0.985 0.15 (-0.03, 0.33) 0.092 —0.16 (~0.34, 0.02) 0.091
+Anemia —0.50 (-0.84, -0.15) —0.80 (-1.15, -0.45) —1.24 (-1.65, -0.82) 0.74 (0.23, 1.25) 0.005 0.44 (-0.07, 0.95) 0.093 0.30 (~0.16, 0.76) 0.196
Weight to length ratio-for age z-score
-Anemia -1.09 (-1.35, -0.83) —-0.91 (-1.17, -0.65) -1.11 (-1.38, -0.85) 0.050 0.02 (-0.25, 0.29) 0.870 0.20 (-0.06, 0.47) 0.126 —0.18 (-0.45, 0.08) 0.176
+Anemia —0.55 (=1.06, —0.04) —0.90 (-1.41, -0.39) -1.55 (-2.15, —0.95) 1.00 (0.26, 1.75) 0.008 0.65 (-0.09, 1.39) 0.085 0.35 (-0.32, 1.02) 0.306
India
Length-for-age z-score
-Anemia —0.63 (-1.12, -0.15) —0.84 (-1.33, —-0.35) -1.08 (-1.70, —0.45) 0.842 0.44 (-0.34,1.22) 0.265 0.24 (-0.54,1.02) 0.554 0.21 (-0.46, 0.88) 0.545
+Anemia —-0.71 (-0.89, —0.54) —-0.73 (-0.90, —0.56) —-0.96 (-1.15, -0.78) 0.25 (0.03, 0.48) 0.028 0.23 (0.01, 0.45) 0.037 0.02 (-0.20, 0.24) 0.868
Weight-for-age z-score
-Anemia -1.30 (-1.73, -0.87) -1.26 (-1.70, —0.83) -1.41 (-1.97, -0.85) 0.821 0.11 (-0.60, 0.82) 0.755 0.15 (=0.56, 0.86) 0.687 -0.03 (-0.64, 0.58) 0.916
+Anemia -1.14 (-1.29, -1.00) -1.27 (-1.42, -1.13) —1.47 (-1.62, -1.31) 0.32(0.12,0.53) 0.002 0.20 (-0.01, 0.40) 0.056 0.13 (-0.07, 0.33) 0.203
Weight to length ratio-for age z-score
-Anemia ~1.99 (-2.59, —1.39) —1.85 (-2.46, —1.24) ~1.98 (-2.76, -1.19) 0.592 —0.02 (-1.01, 0.98) 0.975 0.12 (-0.87, 1.12) 0.805 —0.14 (-0.99, 0.71) 0.746
+Anemia —1.65 (-1.86,-1.45)  —1.88(-2.08,-1.67)  —2.12(~2.34,-1.90) 0.47 (0.18, 0.76) 0.001 0.25 (-0.03, 0.53) 0.085 0.22 (—0.06, 0.50) 0.117
Pakistan
Length-for-age z-score
-Anemia —0.29 (-0.65, 0.07) —0.76 (-1.12, -0.41) —0.43 (-0.78, —0.08) 0.032 0.14 (-0.35, 0.63) 0.575 -0.33 (-0.81, 0.15) 0.177 0.47 (-0.02, 0.97) 0.061
+Anemia —0.69 (—0.93, —0.46) —0.76 (-0.99, —0.52) —1.19 (-1.45, —0.94) 0.50 (0.19, 0.81) 0.002 0.4 (0.12, 0.75) 0.006 0.06 (~0.24, 0.36) 0.676
Weight-for-age z-score
-Anemia —0.77 (-1.08, —0.47) -1.06 (-1.36, —0.77) —0.70 (-1.00, —0.41) 0.088 -0.07 (-0.49, 0.35) 0.746 -0.36 (-0.77, 0.05) 0.085 0.29 (-0.13, 0.71) 0.175
+Anemia —-0.89 (-1.08, —-0.70) —-1.08 (-1.28, -0.89) —1.24 (-1.45, -1.04) 0.35(0.09, 0.61) 0.010 0.16 (-0.11, 0.43) 0.240 0.19 (-0.06, 0.45) 0.143
Weight to length ratio-for age z-score
-Anemia -1.21 (-1.61, —0.80) -1.52(-1.92, -1.13) -1.00 (-1.39, —0.60) 0.095 -0.21 (-0.78, 0.36) 0.468 -0.53 (-1.09, 0.03) 0.063 0.32 (=0.25, 0.89) 0.270
+Anemia 117 (-142,-091)  -143(-1.69,-1.18)  —1.57 (-1.85,—1.30) 0.40 (0.04, 0.76) 0.029 0.14 (-0.23, 0.50) 0.458 0.27 (-0.08, 0.61) 0.134

Regression model controls for study arm, parity, age < 20 years, anemia (hemoglobin (Hb) <12), low body mass index (BMI, <18.5 kg/mz), no formal education, newborn sex, and low
household socioeconomic status (SES). The SES tally provides the number of indicators available from the following list: electricity, improved water source, sanitation, man-made flooring,
improved cooking fuels, and household assets. Low SES is defined as having <2 SES indicators present. -Anemia includes participants with Hb >12 g/dL; + Anemia includes participants
with Hb <12 g/dL. CI, confidence interval.
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4. Discussion

Of the maternal characteristics examined, nulliparity and maternal anemia at baseline were the
only significant effect modifiers when controlled for all other potential modifiers examined and for
each other. Positive effects for newborn length-, weight-, and weight to length ratio-for-age z-score
were greatest for nulliparous women who started nutrition supplements at least three months prior
to conception (Arm 1 vs. 3). For Arm 1 newborns of nulliparous women, the LAZ was in excess
of % SD higher than for Arm 3. For weight- and weight to length ratio-for-age z-scores > —1, these
positive effects were also greater for the preconception arm compared to the arm commencing the
same supplements in the first trimester of pregnancy (Arm 1 vs. 2). Details of the interactions between
nulliparity and treatment arm did vary by site. For India, this interaction was significant for weight to
length ratio-for-age z-scores and for Pakistan for LAZ. The percentage of <20 years of age was much
greater among nulliparous than among parous women and the prevalence of maternal undernutrition
(BMI <18.5 kg/m?) was higher in the nulliparous than parous women. However, neither the interaction
of maternal age nor BMI x treatment arm was significant, though the addition of maternal BMI (but
not maternal stature) had a minor impact on the final regression model.

The presence of maternal anemia at baseline modified the treatment effect for all three outcomes.
For weight and weight to length ratio, these improvements were significantly greater for Arm 1
(commencing prior to conception) vs. Arm 2 (commencing early in gestation). Our results were
reminiscent of those for a lipid nutrient supplement plus multiple micronutrient trial in rural Burkina
Faso [24], except in that trial, the benefits of the supplement were only apparent for parous women.
As in that trial, no treatment effect on birth length or weight was found for non-anemic mothers.
In both studies, the interventions provided only 20 mg iron/day in contrast to a pregnancy trial of lipid
nutrition supplements in Ghana in which a control arm received 60 mg iron daily [25]. In that study,
maternal Hb and iron status were lower in the treatment arms [34].

The deficit in newborn length and weight for the offspring of nulliparous control mothers (Arm 3)
is much greater than the minor deficits in newborn length and weight for the parous control mothers.
Moreover, the greater vulnerability of fetal growth for nulliparous women was highly responsive to
the nutrition intervention, especially the preconception arm. One potentially relevant relationship
that has emerged from the Women First data is that that maternal nutrition supplements are most
effective and perhaps only effective when fetal growth is quite severely compromised. Two indicators
of impaired fetal growth responsive to maternal nutrition supplements are nulliparity and maternal
baseline anemia. This relationship is illustrated in Figures 1-3, in which the deficits in newborn z-scores
are much greater for the nulliparous women in Arm 3 (controls) than for the parous women in Arm 3.
The relatively large effect sizes for LAZ in Arm 1 and 2, especially the former, for the nulliparous
women reduced the mean deficits to better than —1 z-score for LAZ, a deficit which portends a relatively
high risk of stunting at 2 years of age [35]. Likewise, the effects of the preconception intervention were
sufficient to improve the mean birth weight above that for small-for-gestational age, a well-established
risk factor for stunting at 2 years of age [36].

Though maternal nulliparity and anemia have both been found to be maternal phenotypes alerting
to the high risk of fetal growth retardation and to the substantial benefits of early attention to adequate
nutrition, this does not preclude potential fetal benefits from early attention to maternal nutrition
for women who do not have these phenotypes. The failure of maternal nutrition supplements to
benefit the relatively small deficits in LAZ and WAZ at birth for parous and non-anemic (prior to
conception) subjects in this cohort suggest that these relatively minor deficits may not be responsive
to improvement in maternal nutrition, and additional environmental factors should be considered.
In this regard, it is noted that the maximal improvements in these z-scores for nulliparous subjects
with maternal nutrition supplements commenced prior to conception did not result in higher mean
z-scores than those of the parous women (Figure 1). Both were comparable to mean deficits in z-scores
for resource poor populations globally [37,38].
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Weight to length ratio-for-age z-score is one continuous newborn outcome measure for Arm 1, in
which the mean for nulliparous women did not improve to a value better than minus one. Though the
magnitude of the improvement in WLRAZ for Arm 1 was comparable to that for LAZ and WAZ, the
z-score deficit for Arm 3 was greater. Indeed, mean WLRAZ at -2 for Arms 2 and 3 corresponds to
the cut-off for wasting. These low mean WLRAZ, even for Arm 1, suggest that further improvement
in the duration, quality, or quantity of maternal supplements may still confer additional benefits on
fetal growth. In this trial, further improvement in WLRAZ would be of special value in India where
this z-score was outstandingly low. A corollary of this discussion is that a null or limited response to
maternal nutrition interventions may be attributable to the population having only minor deficits at
birth and thus having limited capacity to respond.

A weakness of this secondary analysis is the omission of the Democratic Republic of the Congo
site for which gestational age data are not available. For this analysis, we concluded that the value
of gestational age outweighed the inclusion of a fourth site. A further weakness is the paucity of
nulliparous data for the site in Guatemala, where the relationship of newborn measures of fetal growth
to maternal baseline anemia indicates that at least a subgroup of participants benefited from the
maternal nutrition supplements.

Positive aspects of this analysis included the identification of maternal subgroups for which fetal
growth benefited from the maternal nutrition supplements and clearly documented the considerable
extent to which deficits in fetal growth can be corrected by improved maternal nutrition, especially if
fetal growth deficits are relatively severe and improvements are commenced for a substantial period
prior to conception. These results reinforce the need for more extensive nutrition research, policies,
and interventions directed to women of childbearing age who are not mothers, with special attention
to nulliparous women [39,40] and to women with anemia.

5. Conclusions

Maternal characteristics, as exemplified by nulliparity and by anemia in this randomized controlled
trial, can have a major effect on fetal growth as measured with newborn anthropometry. A common
characteristic of newborns who benefitted from maternal nutrition interventions is the severity of fetal
growth deficits that, at least in this trial, could be predicted by nulliparity and by maternal anemia.
The results of this secondary analysis provided further weight to the conclusion that maternal nutrition
interventions are more effective in terms of birth weight if commenced sometime prior to conception.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/10/2534/s1:
Figure S1: CONSORT diagram for Women First Maternal Preconception Nutrition Trial, including participants
from Guatemala, India, and Pakistan. Overall screening, random assignment, gestational age availability and
obtainment of primary outcome by treatment arm. ! Percentage of those randomly assigned. Excludes women
who became pregnant <3 months into the study. The women who had eligible pregnancies may have had delivery
data obtained or they may have exited the study before delivery. > GA at birth is defined as the age at the time of
the ultrasound based on the ultrasound plus time until birth if the ultrasound was done between 6 weeks + 0 day
and 13 weeks + 6 days and the GA at birth was between 24 weeks + 0 day and 42 weeks + 6 days. If the ultrasound
was not conducted during the GA previously mentioned, then the GA at birth is missing. 3 Primary outcome was
obtained for live newborns with 3 length measurements taken within 48 h of delivery. Among women, primary
outcome obtained from >1 infants of the woman. CONSORT, Consolidated Standards of Reporting Trials; GA,
gestational age; MTP, medical termination of pregnancy.; Table S1: Descriptive subgroup analysis by parity and
body mass index (BMI); Table S2: Regression results of neonatal anthropometry by newborn sex: combined sites.

Author Contributions: Conceptualization, KM.H. and N.FK.; Data curation, A.G., L.F, SM.D., S.A.A,, M.S.S.
and V.H.; Formal analysis, C.M.B. and EM.M.; Funding acquisition, KM.H. and N.EK_; Investigation, L.F., SM.D.,
S.A.A., MSS., VH. and UK,; Methodology, KM.H., CM.B,, EMM,, JEW,, AG, LE,SS.G.,SMD,O.P,SAA,
R]J.D,RLG,MK.-T,MSS., VH,, UK. and N.EK,; Project administration, ] EW., LE, SM.D., S.A.A,, M.S.S. and
V.H.; Supervision, KM.H., EM.M., A.G,,S5.G., O.P, R].D., RL.G. and N.EK,; Validation, CM.B. and EM.M.;
Writing—original draft, KM.H.; Writing—review and editing, KM.H., CM.B., EM.M,, .LEW. and N.EK.

Funding: This research was funded by The Bill and Melinda Gates Foundation OPP1055867 and the Eunice
Kennedy Shriver NICHD and the Office of Dietary Supplements, NIH U10 HD 076474.


http://www.mdpi.com/2072-6643/11/10/2534/s1

Nutrients 2019, 11, 2534 17 of 19

Acknowledgments: We would like to acknowledge Vanessa R. Thorsten for ensuring the quality of individual
data in this dataset.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

Dimasuay, K.G.; Boeuf, P; Powell, T.L.; Jansson, T. Placental responses to changes in the maternal environment
determine fetal growth. Front. Physiol. 2016, 7, 12. [CrossRef]

Baptiste-Roberts, K.; Salafia, C.M.; Nicholson, W.K; Duggan, A.; Wang, N.Y.; Brancati, FL. Gross placental
measures and childhood growth. J. Matern. Fetal Neonatal Med. 2009, 22, 13-23. [CrossRef] [PubMed]

Wu, G.; Bazer, EW.; Cudd, T.A.; Meininger, C.].; Spencer, T.E. Maternal nutrition and fetal development.
J. Nutr. 2004, 134, 2169-2172. [CrossRef] [PubMed]

Lander, R.L.; Hambidge, K.M.; Westcott, ].E.; Tejeda, G.; Diba, T.S.; Mastiholi, S.C.; Khan, U.S.; Garces, A.;
Figueroa, L.; Tshefu, A.; et al. Pregnant Women in Four Low-Middle Income Countries Have a High
Prevalence of Inadequate Dietary Intakes That Are Improved by Dietary Diversity. Nutrients 2019, 11, 1560.
[CrossRef]

Hambidge, K.M.; Krebs, N.E; Garces, A.; Westcott, J.E.; Figueroa, L.; Goudar, S.S.; Dhaded, S.; Pasha, O.;
Aziz Ali, S.; Tshefu, A.; et al. Anthropometric indices for non-pregnant women of childbearing age differ
widely among four low-middle income populations. BMC Public Health 2017, 18, 45. [CrossRef] [PubMed]

Fall, C.H. The fetal and early life origins of adult disease. Indian Pediatr. 2003, 40, 480-502.

Kozuki, N.; Katz, J.; Lee, A.C.; Vogel, ].P,; Silveira, M.F.; Sania, A.; Stevens, G.A.; Cousens, S.; Caulfield, L.E.;
Christian, P; et al. Short maternal stature increases risk of small-for-gestational-age and preterm births in
low—and middle-income countries: Individual participant data meta-analysis and population attributable
fraction. J. Nutr. 2015, 145, 2542-2550. [CrossRef]

Black, R.E.; Allen, L.H.; Bhutta, Z.A.; Caulfield, L.E.; de Onis, M.; Ezzati, M.; Mathers, C.; Rivera, J.
Maternal and child undernutrition: Global and regional exposures and health consequences. Lancet 2008,
371, 243-260. [CrossRef]

Subramanian, S.V.; Ackerson, L.K.; Davey Smith, G.; John, N.A. Association of maternal height with child
mortality, anthropometric failure, and anemia in India. JAMA 2009, 301, 1691-1701. [CrossRef]

Ozaltin, E.; Hill, K.; Subramanian, S.V. Association of maternal stature with offspring mortality, underweight,
and stunting in low—to middle-income countries. JAMA 2010, 303, 1507-1516. [CrossRef]

Martorell, R.; Zongrone, A. Intergenerational influences on child growth and undernutrition.
Paediatr. Perinat. Epidemiol. 2012, 26 (Suppl. 1), 302-314. [CrossRef] [PubMed]

Rahman, M.M.; Abe, S.K,; Rahman, M.S.; Kanda, M.; Narita, S.; Bilano, V.; Ota, E.; Gilmour, S.; Shibuya, K.
Maternal anemia and risk of adverse birth and health outcomes in low—and middle-income countries:
Systematic review and meta-analysis. Am. J. Clin. Nutr. 2016, 103, 495-504. [CrossRef] [PubMed]

Kozuki, N.; Lee, A.C.; Silveira, M.E; Sania, A.; Vogel, J.P.; Adair, L.; Barros, F.; Caulfield, L.E.; Christian, P;
Fawzi, W.; et al. The associations of parity and maternal age with small-for-gestational-age, preterm, and
neonatal and infant mortality: A meta-analysis. BMC Public Health 2013, 13 (Suppl. 3), S2. [CrossRef]
[PubMed]

Griffiths, P.L.; Balakrishna, N.; Fernandez Rao, S.; Johnson, W. Do socio-economic inequalities in infant
growth in rural India operate through maternal size and birth weight? Ann. Hum. Biol. 2016, 43, 154-163.
[CrossRef]

Kabir, A.; Rahman, M.].; Shamim, A.A.; Klemm, R.D.W.; Labrique, A.B.; Rashid, M.; Christian, P.; West, K.P,, Jr.
Identifying maternal and infant factors associated with newborn size in rural Bangladesh by partial least
squares (PLS) regression analysis. PLoS ONE 2017, 12, e0189677. [CrossRef]

Ronsmans, C.; Fisher, D.J.; Osmond, C.; Margetts, B.M.; Fall, C.H. Multiple micronutrient supplementation
during pregnancy in low-income countries: A meta-analysis of effects on stillbirths and on early and late
neonatal mortality. Food Nutr. Bull. 2009, 30, S547-5555. [CrossRef]


http://dx.doi.org/10.3389/fphys.2016.00012
http://dx.doi.org/10.1080/14767050802415728
http://www.ncbi.nlm.nih.gov/pubmed/19085212
http://dx.doi.org/10.1093/jn/134.9.2169
http://www.ncbi.nlm.nih.gov/pubmed/15333699
http://dx.doi.org/10.3390/nu11071560
http://dx.doi.org/10.1186/s12889-017-4509-z
http://www.ncbi.nlm.nih.gov/pubmed/28738791
http://dx.doi.org/10.3945/jn.115.216374
http://dx.doi.org/10.1016/S0140-6736(07)61690-0
http://dx.doi.org/10.1001/jama.2009.548
http://dx.doi.org/10.1001/jama.2010.450
http://dx.doi.org/10.1111/j.1365-3016.2012.01298.x
http://www.ncbi.nlm.nih.gov/pubmed/22742617
http://dx.doi.org/10.3945/ajcn.115.107896
http://www.ncbi.nlm.nih.gov/pubmed/26739036
http://dx.doi.org/10.1186/1471-2458-13-S3-S2
http://www.ncbi.nlm.nih.gov/pubmed/24564800
http://dx.doi.org/10.3109/03014460.2015.1134656
http://dx.doi.org/10.1371/journal.pone.0189677
http://dx.doi.org/10.1177/15648265090304S409

Nutrients 2019, 11, 2534 18 of 19

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Smith, E.R.; Shankar, A.H.; Wu, L.S.; Aboud, S.; Adu-Afarwuah, S.; Ali, H.; Agustina, R.; Arifeen, S.; Ashorn, P;
Bhutta, Z.A.; et al. Modifiers of the effect of maternal multiple micronutrient supplementation on stillbirth,
birth outcomes, and infant mortality: A meta-analysis of individual patient data from 17 randomised trials
in low-income and middle-income countries. Lancet Glob. Health 2017, 5, €1090-e1100. [CrossRef]

Potdar, R.D.; Sahariah, S.A.; Gandhi, M.; Kehoe, S.H.; Brown, N.; Sane, H.; Dayama, M.; Jha, S.; Lawande, A.;
Coakley, PJ.; et al. Improving women’s diet quality preconceptionally and during gestation: Effects on birth
weight and prevalence of low birth weight—A randomized controlled efficacy trial in India (Mumbai Maternal
Nutrition Project). Am. J. Clin. Nutr. 2014, 100, 1257-1268. [CrossRef]

Imdad, A.; Bhutta, Z.A. Maternal nutrition and birth outcomes: Effect of balanced protein-energy
supplementation. Paediatr. Perinat. Epidemiol. 2012, 26 (Suppl. 1), 178-190. [CrossRef]

Stevens, B.; Buettner, P; Watt, K.; Clough, A.; Brimblecombe, J.; Judd, J. The effect of balanced protein energy
supplementation in undernourished pregnant women and child physical growth in low—and middle-income
countries: A systematic review and meta-analysis. Matern. Child Nutr. 2015, 11, 415-432. [CrossRef]
Ashorn, P; Hallamaa, L.; Allen, L.H.; Ashorn, U.; Chandrasiri, U.; Deitchler, M.; Doyle, R.; Harjunmaa, U.;
Jorgensen, J.M.; Kamiza, S.; et al. Co-causation of reduced newborn size by maternal undernutrition,
infections, and inflammation. Matern. Child Nutr. 2018, 14, €12585. [CrossRef] [PubMed]

Ashorn, P; Alho, L.; Ashorn, U.; Cheung, Y.B.; Dewey, K.G.; Harjunmaa, U.; Lartey, A.; Nkhoma, M.; Phiri, N.;
Phuka, J.; et al. The impact of lipid-based nutrient supplement provision to pregnant women on newborn
size in rural Malawi: A randomized controlled trial. Am. . Clin. Nutr. 2015, 101, 387-397. [CrossRef]
[PubMed]

Mridha, M.K.; Matias, S.L.; Chaparro, C.M.; Paul, R.R.; Hussain, S.; Vosti, S.A.; Harding, K.L.; Cummins, J.R.;
Day, L.T.; Saha, S.L.; et al. Lipid-based nutrient supplements for pregnant women reduce newborn stunting
in a cluster-randomized controlled effectiveness trial in Bangladesh. Am. J. Clin. Nutr. 2016, 103, 236-249.
[CrossRef] [PubMed]

Huybregts, L.; Roberfroid, D.; Lanou, H.; Menten, J.; Meda, N.; Van Camp, J.; Kolsteren, P. Prenatal food
supplementation fortified with multiple micronutrients increases birth length: A randomized controlled trial
in rural Burkina Faso. Am. |. Clin. Nutr. 2009, 90, 1593-1600. [CrossRef] [PubMed]

Adu-Afarwuah, S.; Lartey, A.; Okronipa, H.; Ashorn, P.; Zeilani, M.; Peerson, ].M.; Arimond, M.; Vosti, S.;
Dewey, K.G. Lipid-based nutrient supplement increases the birth size of infants of primiparous women in
Ghana. Am. . Clin. Nutr. 2015, 101, 835-846. [CrossRef] [PubMed]

Hambidge, K.M.; Westcott, ].E.; Garces, A.; Figueroa, L.; Goudar, S.S.; Dhaded, S.M.; Pasha, O.; Ali, S.A.;
Tshefu, A.; Lokangaka, A.; et al. A multicountry randomized controlled trial of comprehensive maternal
nutrition supplementation initiated before conception: The Women First trial. Am. J. Clin. Nutr. 2019, 109,
457-469. [CrossRef]

Ali, S.A.; Hambidge, K.M.; Pasha, O.; Khan, A.; Krebs, N.F. The Women First Preconception Nutrition
Trial Group. Women First Preconception Nutrition Trial (WF): Effects of maternal nutrition supplements
commencing before conception or in early gestation on newborn size in rural Pakistan. Curr. Dev. Nutr.
2018, 2, 24-25.

Dhaded, S.M.; Hambidge, K.M.; Alj, S.A.; Somannavar, M.S.; Saleem, S.; Pasha, O.; Khan, U.; Herekar, V.;
Vernekar, S.; Kumar, Y.; et al. Preconception nutrition intervention improved birth length and reduced
stunting and wasting in newborns in South Asia: The Women First Randomized Controlled Trial. PLoS ONE
2019, in press.

Dhaded, S.; Hambidge, K.M.; Krebs, N.F. The Women First Preconception Nutrition Trial Group. Women First
Preconception Nutrition Trial (WF): Newborn anthropometric outcomes in N Karnataka, India after a maternal
nutrition intervention. Curr. Dev. Nutr. 2018, 2, 30-31.

Arriaza, A.; Hambidge, M.; Krebs, N.; Channon, A.; Garces, A. Guatemalan women mean height, a century
behind. In Proceedings of the Society for Latin America Nutrition (SLAN) XVIII, Guadalajara, Mexico,
11-15 November 2018; Available online: https://www.slaninternacional.org/congreso2018/ (accessed on
17 October 2019).

Hambidge, K.M.; Krebs, N.E; Westcott, ].E.; Garces, A.; Goudar, S.S.; Kodkany, B.S.; Pasha, O.; Tshefu, A.;
Bose, C.L.; Figueroa, L.; et al. Preconception maternal nutrition: A multi-site randomized controlled trial.
BMC Pregnancy Childbirth 2014, 14, 111. [CrossRef]


http://dx.doi.org/10.1016/S2214-109X(17)30371-6
http://dx.doi.org/10.3945/ajcn.114.084921
http://dx.doi.org/10.1111/j.1365-3016.2012.01308.x
http://dx.doi.org/10.1111/mcn.12183
http://dx.doi.org/10.1111/mcn.12585
http://www.ncbi.nlm.nih.gov/pubmed/29316198
http://dx.doi.org/10.3945/ajcn.114.088617
http://www.ncbi.nlm.nih.gov/pubmed/25646337
http://dx.doi.org/10.3945/ajcn.115.111336
http://www.ncbi.nlm.nih.gov/pubmed/26607935
http://dx.doi.org/10.3945/ajcn.2009.28253
http://www.ncbi.nlm.nih.gov/pubmed/19812173
http://dx.doi.org/10.3945/ajcn.114.091546
http://www.ncbi.nlm.nih.gov/pubmed/25833980
http://dx.doi.org/10.1093/ajcn/nqy228
https://www.slaninternacional.org/congreso2018/
http://dx.doi.org/10.1186/1471-2393-14-111

Nutrients 2019, 11, 2534 19 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

Villar, J.; Cheikh Ismail, L.; Victora, C.G.; Ohuma, E.O.; Bertino, E.; Altman, D.G.; Lambert, A.;
Papageorghiou, A.T.; Carvalho, M.; Jaffer, Y.A,; et al. International standards for newborn weight,
length, and head circumference by gestational age and sex: The Newborn Cross-Sectional Study of
the INTERGROWTH-21st Project. Lancet 2014, 384, 857-868. [CrossRef]

Papageorghiou, A.T.; Ohuma, E.O.; Altman, D.G.; Todros, T.; Cheikh Ismail, L.; Lambert, A.; Jaffer, Y.A.;
Bertino, E.; Gravett, M.G.; Purwar, M.; et al. International standards for fetal growth based on serial
ultrasound measurements: The Fetal Growth Longitudinal Study of the INTERGROWTH-21st Project. Lancet
2014, 384, 869-879. [CrossRef]

Adu-Afarwuabh, S,; Lartey, A.; Okronipa, H.; Ashorn, P; Zeilani, M.; Baldiviez, L.M.; Oaks, B.M.; Vosti, S.;
Dewey, K.G. Impact of small-quantity lipid-based nutrient supplement on hemoglobin, iron status and
biomarkers of inflammation in pregnant Ghanaian women. Matern. Child Nutr. 2017, 13. [CrossRef]
Gough, EK.; Moodie, E.E.; Prendergast, A.J.; Ntozini, R.; Moulton, L.H.; Humphrey, ]. H.; Manges, A.R.
Linear growth trajectories in Zimbabwean infants. Am. J. Clin. Nutr. 2016, 104, 1616-1627. [CrossRef]
[PubMed]

Christian, P; Lee, S.E.; Donahue Angel, M.; Adair, L.S.; Arifeen, S.E.; Ashorn, P,; Barros, F.C.; Fall, C.H.;
Fawzi, WW.; Hao, W.; et al. Risk of childhood undernutrition related to small-for-gestational age and preterm
birth in low- and middle-income countries. Int. J. Epidemiol. 2013, 42, 1340-1355. [CrossRef] [PubMed]
Victora, C.G.; de Onis, M.; Hallal, P.C.; Blossner, M.; Shrimpton, R. Worldwide timing of growth faltering:
Revisiting implications for interventions. Pediatrics 2010, 125, e473-e480. [CrossRef] [PubMed]
Prendergast, A.J.; Humphrey, ]. H. The stunting syndrome in developing countries. Paediatr. Int. Child Health
2014, 34, 250-265. [CrossRef]

Fox, E.L.; Davis, C.; Downs, S.M.; Schultink, W.; Fanzo, J. Who is the woman in women’s nutrition?
A narrative review of evidence and actions to support women’s nutrition throughout life. Curr. Dev. Nutr.
2019, 3, nzy076. [CrossRef]

Ramakrishnan, U.; Grant, F.; Goldenberg, T.; Zongrone, A.; Martorell, R. Effect of women'’s nutrition before
and during early pregnancy on maternal and infant outcomes: A systematic review. Paediatr. Perinat. Epidemiol.
2012, 26 (Suppl. 1), 285-301. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0140-6736(14)60932-6
http://dx.doi.org/10.1016/S0140-6736(14)61490-2
http://dx.doi.org/10.1111/mcn.12262
http://dx.doi.org/10.3945/ajcn.116.133538
http://www.ncbi.nlm.nih.gov/pubmed/27806980
http://dx.doi.org/10.1093/ije/dyt109
http://www.ncbi.nlm.nih.gov/pubmed/23920141
http://dx.doi.org/10.1542/peds.2009-1519
http://www.ncbi.nlm.nih.gov/pubmed/20156903
http://dx.doi.org/10.1179/2046905514Y.0000000158
http://dx.doi.org/10.1093/cdn/nzy076
http://dx.doi.org/10.1111/j.1365-3016.2012.01281.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Maternal Characteristics Affect Fetal Growth Response in the Women First Preconception Nutrition Trial.
	Let us know how access to this document benefits you
	Recommended Citation
	Authors

	Introduction 
	Materials and Methods 
	Study Design 
	Ethical Approval 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

