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ABSTRACT

Background: Most pregnant women in the United States (US) are at risk of inadequate intake of key nutrients during pregnancy from foods alone.
Current dietary supplement practices reduce risk of inadequacy for only some nutrients and induce excessive intake of other nutrients.

Objectives: Our study aimed to estimate the doses of supplementation needed to help most pregnant women achieve the recommended intake without
exceeding upper limits for key prenatal nutrients and to identify US dietary supplements providing these doses.

Methods: We conducted 24-h dietary recalls in 2450 pregnant participants aged 14-50 y from 2007 to 2019. We estimated the usual intake of vitamins A
and D, folate, calcium, iron, and w-3 FAs from foods alone. We calculated the target doses of supplementation needed to shift 90% of participants to
consume above the estimated average requirement and keep 90% below the tolerable upper limit. We identified products in the Dietary Supplement Label
Database providing these target doses of supplementation.

Results: The target dose for supplementation was >198 mcg retinol activity equivalents of total vitamin A (with <2063 mcg preformed retinol); 7-91
mcg vitamin D; 169-720 mcg dietary folate equivalents of folic acid; 383-943 mg calcium; 13—-22 mg iron; and >59 mg ®-3 FAs. Out of 20,547 dietary
supplements (including 421 prenatal products), 69 products (33 prenatal) contained all 6 nutrients; 7 products (2 prenatal) contained target doses for 5
nutrients. Only 1 product (not a prenatal) contained target doses for all 6 nutrients, but it currently costs ~USD200/mo and requires 7 tablets per daily
serving.

Conclusions: Almost no US dietary supplements provide key nutrients in the doses needed for pregnant women. Affordable and convenient products that
fill the gap between food-based intake and estimated requirements of pregnancy without inducing excess intake are needed to support pregnant women
and their offspring. Am J Clin Nutr 20XX;xx:xx—xx.
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Introduction

of inadequate intake of vitamin D, folate, and iron from foods alone,

and one-third of them are at risk of inadequate intake of vitamin A and

Inadequate and/or excessive intake of nutrients during pregnancy is
associated with adverse maternal and offspring health outcomes [1-8].
More than half of pregnant women in the United States (US) are at risk

calcium [9]. Dietary supplement use is common (>70% of pregnant
women), but it does not eliminate risk of inadequate intake of all nu-
trients and causes >25% of pregnant women to consume more than the

Abbreviations: DFE, dietary folate equivalent; EAR, estimated average requirement; ECHO, Environmental influences on Child Health Outcomes; RAE, retinol activity

equivalents; UL, tolerable upper limit; US, United States.
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maximum intake levels of folic acid and iron, which is likely to cause
adverse health effects [9, 10]. This suggests that formulations of
commonly used dietary supplements are not appropriately addressing
the gap between food-based intake and estimated requirements in
pregnancy. Additional constraints of out-of-pocket  costs,
insurance-approved formularies, and payer reimbursements render
choosing a specific product challenging for patients and healthcare
teams alike.

To address this knowledge and practice gap, we aimed to identify
the doses of key nutrients that pregnant women should consume from
dietary supplements to bridge the gap between food-based intake and
estimated requirement. Our analysis considered 6 nutrients with the
strongest evidence for a potential benefit for maternal-child health
outcomes: vitamin A [11], vitamin D [12], folate/folic acid [13, 14],
calcium [15, 16], iron [14], and ®-3 FAs [17]. Our goals were to pro-
vide target doses for supplementation of these key nutrients and
generate a list of products currently available in the US that provide
these target doses.

Methods

We analyzed the dietary intake data collected from pregnant par-
ticipants of the NIH Environmental influences on Child Health Out-
comes (ECHO) program [18]. ECHO is a consortium of 69
observational cohorts of mothers and offsprings established to under-
stand the effects of early life exposures on child health and develop-
ment. We included dietary data from 2450 participants from 6 cohorts
across 5 states (Supplemental Table 1). All cohort-specific protocols
were approved by the institutional review boards with jurisdiction, and
participants provided informed consent. Sociodemographic-, preg-
nancy-, and weight-related participant data were collected via
self-report at enrollment and/or medical records.

Dietary intake data

Dietary intake was assessed with interviewer- or self-administered
24-h recalls that query all foods and beverages consumed in the prior
24 h or the full day before using standardized and validated methods
[19, 20]. We excluded dietary supplement data as our goal was to
understand the intake from food alone. Participants completed >1 24-h
dietary recall from >6-week gestation until delivery. Cohorts processed
dietary data locally using appropriate databases for nutritional content
at the time of data collection. For each recall, cohorts provided the
intake data for vitamins A (total retinol activity equivalents and pre-
formed retinol only), vitamin D (total), folate (total dietary folate
equivalents (DFEs) and synthetic folic acid only), calcium (total), iron
(total), and w-3 FAs (total eicosapentaenoic acid + docosapentaenoic
acid + DHA).

DRI

We defined target intake with the estimated average requirement
(EAR) and tolerable upper limit (UL) for pregnant women specified by
the DRIs [21]. The EAR reflects the average daily nutrient intake level
estimated to meet the requirements of half of the healthy individuals in
a group. The UL is the highest daily nutrient intake that is likely to pose
no risk of adverse health effects in most individuals. As exact nutrient
requirements for any specific individual cannot be defined, risk of in-
adequacy for a population can be estimated with the cut-point method
whereby the percentage of individuals with intake below the EAR or
above the UL reflects the percentage at a risk of inadequate or excessive
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intake, respectively [22]. For -3 FAs, the EAR and UL are not defined.
We selected a target of 100 mg/d on the basis of a recent meta-analysis
reporting the benefits of long-chain -3 FAs for perinatal outcomes

[17].

Dietary supplement data

Dietary supplements are regulated by the FDA as a food rather than
a drug [23]; thus, there is no official listing of all available products
[24]. To our knowledge, the most complete listing in the US is the NIH
Dietary Supplement Label Database [25]. This database was created in
2008 to provide researchers and consumers with information on dietary
supplement nutrient composition. Composition data are derived from
product labels, as laboratory verification of data on all available dietary
supplement products is not feasible and the FDA does not require
third-party verification of contents for “foods” [26]. As of December
13, 2022, the database contained composition data on >136,000
products currently or previously available in the US, including ~800
products specifically marketed for pregnant and/or lactating women
[27]. We abstracted composition data for all products classified as “on
market” that contained >1 of the 6 nutrients of interest. We did not
restrict our search to prenatal products specifically because products
advertised for populations or other conditions could contain the target
doses needed for pregnant women. We also confirmed that the pre-
scription prenatal products (n = 39) indexed by DailyMed (the data-
base of label information submitted by manufacturers to the FDA) as of
December 13, 2022 were included. Thus, our dietary supplement list
includes all prescription and nonprescription prenatal dietary supple-
ments, in addition to nonprescription dietary supplements for all other
populations.

For all products, we converted units as needed to facilitate com-
parison with the DRI [for example, international units (IU) to micro-
grams] [28]. For vitamin A, the UL applies only to preformed retinol.
We calculated the amount of preformed retinol separately from pro-
vitamin A (that is, p-carotene) on the basis of the label details. When
relative amounts were not specified on the label, we assumed that 100%
of the vitamin A was retinol to avoid underestimating the potential
retinol intake. For folic acid, labeling requirements changed from
specifying folic acid in micrograms to micrograms of DFE (mcg DFE)
beginning in 2016. When labels did not specify DFE in the units for
folic acid, we applied a conversion factor of 1.7 to estimate mcg DFE
[28]. For selected products, we consulted manufacturer and distributor
websites to confirm that the product was still available in the market
with the same nutrient composition as recorded in the database and to
ascertain current cost.

Statistical analyses

Cohorts transferred individual level data to the ECHO Data Anal-
ysis Center for analysis, including nutrient data for >1 repeated ob-
servations (that is, days) for each participant. Dietary intake analyses
were conducted separately for participants aged 14-18 y compared
with 19-50 y because the DRIs for pregnancy vary by age [21]. We
used macros developed to implement the NCI method to produce the
mean and standard error for a given usual intake, as well as the per-
centiles of intake using the probability approach [29]. The statistical
model fit using this procedure incorporated covariate adjustment for the
day of the week of the dietary recall (weekend/weekday) and a random
effect accounting for the clustering of participants within ECHO co-
horts. This model produces population point estimates by partitioning
out the within-person random variation (that is, day-to-day) when
estimating the distributions of intakes. This method has been shown to
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be valid for obtaining usual intake distributions even when not all
participants have repeated recalls [30, 31].

We defined the lower limit for target supplementation by calculating
the difference between the EAR (or 100 mg/d for ®-3 FAs) and the
intake at the 10th percentile for each nutrient. Similarly, we defined the
upper limit for target supplementation by calculating the difference
between the UL and the intake at the 90th percentile for each nutrient.
The resulting range indicates the supplementation dose needed to
reduce the proportion of participants with intake below the EAR to
<10% while simultaneously maintaining the intake of >90% of par-
ticipants below the UL. For simplicity, we defined the overall target
range as the one that would provide sufficient (but not excessive) intake
for both age groups. We then classified each dietary supplement as that
providing target doses (within the range) and that providing too little
(below the range) or too much (above the range) of each nutrient, and
counted the number of nutrients provided in target doses.

Results

Participants

The characteristics of the 2450 participants are presented in Table 1.
Our sample was diverse in terms of race and ethnicity (43% identified
as non-Hispanic White), education (33% had high school degree or
less; 37% had a 4-y college degree or a higher qualification), and
weight (44% of lean weight, 51% being overweight or obese). Par-
ticipants completed 6106 recalls (76% completed >2 recalls).

Dietary intake

The intakes of vitamin A (all forms), retinol only, vitamin D, folate
(all forms), folic acid only, calcium, iron, and -3 FAs from food
sources alone at selected percentiles are reported in Table 2, with the

TABLE 1
Participant characteristics (n = 2450)

Mean (SD) or n (%)

Age (y) 28.1 6.0
<18y 141 6%
19-50 y 2309 94%

Race/ethnicity (n)

Hispanic, any race 813 33%
Non-Hispanic, American Indian, Native Hawaiian 63 3%
Non-Hispanic, Asian 68 3%
Non-Hispanic, Black 353 14%
Non-Hispanic, White 1062 43%
Non-Hispanic, multiple or other races 66 3%
Race and/or ethnicity unknown 25 1%

Education
<High school degree 330 13%
High school diploma or GED 495 20%
Some college or 2-y degree 546 22%
4-y degree or more 916 37%
Missing 163 7%

Prepregnancy BMI
Underweight (<18.5 kg/m?) 61 2%
Lean (18.5-24.9 kg/m®) 1075 44%
Overweight (25-30 kg/m?) 625 26%
Obesity (>30 kg/m?) 610 25%
Missing 79 3%

Number of 24-h dietary recalls completed
1 597 24%
2 1001 41%
>3 852 35%

GED, General education degree.
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full distributions presented graphically in Supplemental Figure 1. Risk
of inadequate intake was the greatest for vitamin D and iron (83%—-96%
at risk for both age groups), followed by ®-3 FAs (67% of younger
participants at risk and 50% of older participants at risk), calcium (55%
of younger participants at risk and 30% of older participants at risk),
folate/folic acid (45% of younger participants at risk and 34% of older
participants at risk), and then vitamin A (42% of younger participants at
risk and 26% of older participants at risk). Risk of excessive intake
based on food intake alone was 0% for retinol and vitamin D (both age
groups), and <0.1% for folic acid (both age groups), calcium (older
participants), and iron (older participants). The target supplementation
for 90% of participants to exceed the average requirement (or 100 mg/
d for o-3 FAs) while limiting the intake of 90% of participants to below
the upper limit for each nutrient within each age group and overall is
reported in Table 2. Supplementary Figure 1 includes a graphical
depiction of how the minimum dose of this target range of supple-
mentation would impact the intake relative to recommendations.
Supplemental Figure 2 is a simplified reference card with the target
ranges for each nutrient in units commonly used on product labels,
which is provided as a resource to guide patient and healthcare team
evaluation of dietary supplements.

Dietary supplements

We abstracted 28,307 products from the Dietary Supplement Label
Database (Supplemental Figure 3). Of these, 21,536 contained >1
nutrient of interest (n = 989 were indexed as having >1 nutrient of
interest but actually contained 0 levels); 20,547 represented unique
products (n 6305 were duplicates, typically because the same
product was indexed multiple times with differing container quanti-
ties), of which 421 were labeled as prenatal products. The percent of
products containing target doses of each key nutrient is presented in the
Supplemental Figure 4 (overall) and Supplemental Figure 5 (those
marketed as prenatals). Of the 20,547 unique products, 69 [0.3%; 33
prenatal (0.3%)] contained all 6 nutrients, but only 1 (0.005%; not a
prenatal) contained target doses of all 6 nutrients (Shaklee Life with
Iron; Table 3). This product consists of 7 tablets per day serving and
costs USDG6.87 per day (~USD1850 for 9-mo supply) [32]. Another 7
products (2 prenatal) contained all 6 nutrients but target doses for only
5 nutrients. By consulting the manufacturer and retail websites in May
2022, we determined that 5 of these (one prenatal) were no longer
available and/or had changed formulation since entry into the database
(Supplemental Table 2), whereas 2 (one prenatal) were available in the
same formulation (Table 3). One of these would put 100% of our
participants at risk of excessive intake of folic acid (GNC Women’s
Multivitamin Prenatal Plus DHA & Iron) [33], and the other would put
46% of participants aged 14-18 y and 13% of participants aged 19-50
y at risk of inadequate intake of calcium (Carlson Women’s Omega
Multi) [34]. All products containing target doses of 5 or more nutrients
(n = 100; 2 prenatal) are presented in Supplemental Table 3. The
majority (n = 74) did not contain any ®-3 FAs, whereas some (n = 18)
did not contain any iron. Few products contained too little calcium (n =
3), too little iron (n = 2), or too much folic acid (n = 2).

Discussion

We report wide targets of supplementation that are sufficient to
achieve a minimum recommended intake of 6 nutrients during preg-
nancy. We determined that >12,000 US dietary supplements (including
~400 prenatal products) contain target doses of 1 + nutrient, <100
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TABLE 2
Distribution of usual intake of nutrients during pregnancy from foods among participants (n = 2450),! relative to DRI
Total vitamin A Retinol only Vitamin D Total folate Folic acid only Calcium Iron -3 FAs
(mcg RAE) (mcg RAE) (mcg) (mcg DFE) (mcg DFE) (mg) (mg) (mg)
Participants aged 14-18 y (n = 141) rowhead
Estimated average requirement” 530 10 520 1000 23 100
Tolerable upper limit 2800° 100 1333° 3000 45 -
Percent at risk of inadequate intake* 42% 96% 45% 55% 94% 67%
Mean intake by percentile rowhead
Fifth 276 216 2 305 164 531 9 34
10th 332 263 3 351 201 617 10 41
25th 434 347 3 433 269 768 13 56
50th 574 461 5 541 366 964 15 79
75th 741 597 6 669 485 1183 18 111
90th 916 737 8 799 613 1402 22 151
95th 1043 840 10 894 707 1559 24 183
Participants aged 19-50 y (n = 2309) rowhead
Estimated average requirement 550 10 520 800 22 100
Tolerable upper limit 3000° 100 1667° 2500 45 -
Percent at risk of inadequate intake* 26% 95% 34% 30% 83% 50%
Mean intake by percentile rowhead
Fifth 354 224 2 337 158 614 10 39
10th 419 270 3 386 193 705 11 48
25th 546 360 4 478 263 873 13 67
50th 712 479 5 596 360 1083 16 99
75th 911 622 7 734 481 1320 19 157
90th 1118 770 9 877 613 1557 23 1956
95th 1255 868 10 971 703 1711 25 2561
Target supplementation®® rowhead
Aged 14-18 y >198 <2063 7-92 169-720 383-1598 13-23 >59
Aged 19-50 y >131 <2230 7-91 134-1054 95-943 11-22 >52
Aged 14-50 y >198 <2063 7-91 169-720 383-943 13-22 >59

DFE, dietary folate equivalent; RAE, retinol activity equivalent. 'Mean intake at selected percentiles obtained with the NCI measurement error method and the
probability approach. *Not defined for @-3 FAs; we selected 100 mg on the basis of the 2018 Cochrane review reporting benefits of >100 mg/d supplementation of
long-chain ®-3 FAs for maternal, perinatal, and neonatal outcomes (17). SUL applies only to preformed retinol for vitamin A (mcg RAE) and synthetic folic acid
for folate (mcg DFE). “Defined as the proportion with intake below the estimated average requirement (or adequate intake level, for @-3 FAs). *Defined as the
range that results in <10% having intakes below the estimated average requirement or adequate intake and <10% having intakes above the tolerable upper limit.

TABLE 3
Dietary supplements meeting target doses on the market as of December 13, 2022

Vitamin A Vitamin D' Folate' Calcium Iron ®-3 FAs Price per daily
Total Retinol (mcg) (DFE mcg) (mg) (mg) (mg) SEiifs (WD)
(mcg RAE) (mcg RAE)
Target supplementation2 >198 <2063 7-91 169-720 383-943 13-22 >59
Product (DSLD ID)
Shaklee Life with Iron (218568; Apr 2020) 1875 469 31 680 500 18 1063 6.87 (32)
GNC Women’s Multivitamin Prenatal Plus 1350 0 10 1700 600 18 500 0.83 (33)
DHA & Iron (229141; Jul 2020)
Carlson Women’s Omega Multi 1200 444 20 667 50 13.5 245 0.37 (34)

(216148; Mar 2020)

DFE, dietary folate equivalent; DSLD ID, Dietary Supplement Label Database input date; EPA, eicosapentaenoic acid; RAE, retinol activity equivalent.
!Conversions for alternate units reported on labels: vitamin A international unit (IU) x 0.30 = vitamin A RAE; vitamin D IU x 0.025 = vitamin D mecg; folic acid
meg x 1.7 = folic acid mcg DFE (28). *Defined as the range that results in <10% intakes below the EAR (or 100 mg/d for ®-3 FAs) and <10% intakes above the
UL, based on the sample percentiles, for all participants aged 14-50 y.

products contained target doses for 5 nutrients, and just 1 product
contained target doses for all 6 nutrients. We posit the large US dietary
supplement market is not meeting the nutrient needs of pregnant
women.

Prior reports indicate that inadequate and excessive nutrient intake
occurs during pregnancy, even with dietary supplements [9, 10, 35-38].
Although prior studies reported mean intakes from foods alone [9, 37,
38], they did not provide guidance on how much supplementation is
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needed to achieve the recommended intake without exceeding the limits.
The recommendations by Adams et al. [37, 38] did not account for
food-based intake, did not restrict supplementation based on upper
safety limits, and called for supplementation of vitamins A and D and
iron of 2-3 times the total (food + supplement) intake necessary per the
DRIs [38]. Applied to our population, such supplementation would
cause 100% of participants to exceed the iron UL, although other
nutrient doses are within our recommended target. Regardless, Adams
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et al. [38] affirm that no US prenatal products supply appropriate doses
for pregnancy. Ninety percent contain more than the UL for folic acid,
fostering concerns about over-supplementation of folic acid that can
potentially induce adverse maternal/offspring outcomes [39]. About
50% contain >27 mg iron, which would induce excessive intake in
~30% of our participants. Differing intake recommendations stimulate
further challenges. The Cochrane reviews affirm the potential benefit of
supplementation for these nutrients, do not recommend specific doses
[11-17], and include studies from populations in which food intake
differs substantially from that of the US. Furthermore, the American
College for Obstetrics and Gynecologists endorses the Recommended
Dietary Allowance for minimum intake targets at the individual level
[40], given their goal to minimize risk of inadequate intake without
knowledge of individual requirements. However, these higher intakes
may be unnecessary for most individuals and thus are not recommended
for determining a population’s risk of inadequacy nor setting individual
intake targets [22, 41]. With >70% of pregnant women using dietary
supplements [9], often at the recommendation of their healthcare pro-
vider [42], formalization of evidence-based targets for supplementation
for this population is urgently needed.

We acknowledge the limitations of our population-based approach,
as personalized recommendations are appealing in general and clini-
cally necessary for pregnant women with known medical conditions
[for example, history of neural tube defects warrants 4000 (compared
with 400) mcg folic acid] [43]. However, busy healthcare teams are not
equipped to assess individual dietary intake (which varies day by day)
and the individual’s physiological need (which varies across preg-
nancy) to provide individualized advice [44]. Instead, healthcare teams
prescribe a “default” dietary supplement to most patients or give
general advice for patient self-selection, but this is done without the
knowledge of usual intake in pregnancy and thus may not resolve in-
adequacies or induce excessive intake. Additionally, such choices may
require compromises between nutrients (given no optimal options are
available); especially, availability, payer reimbursement, and
out-of-pocket cost must be considered with nutrient content. Health-
care teams and patients can consult the reference card provided herein
to select the best option among products available. This might require
the use of multiple products, such as an individual -3 supplement
alongside a multivitamin/multimineral, or individual iron or calcium
supplements to achieve the intake targets. These strategies could
address concerns about calcium interfering with iron absorption [45]
and commonly-reported gastrointestinal side effects of supplemental
iron [46]; however, it may be harder for patients to achieve high
compliance with multiple products. Healthcare teams should be pre-
pared to discuss strategies with patients to identify the best option for
individual circumstances.

Further research is needed to determine the appropriate doses for
diverse populations. Additional research is particularly needed for the
intake of w-3 FAs during pregnancy, as scientific evidence is not suf-
ficient to establish an EAR [47]. A long-chain -3 FA supplementation
of 100-1000 mg/d has been shown to reduce risk of preterm and early
preterm birth, but a preferred dose has not been defined [17]. We used
100 mg/d as our total intake target, but acknowledge that 100 mg/d for
supplementation specifically may be more appropriate. We also note
that other authoritative bodies such as the 1999 Workshop on the Es-
sentiality of and Recommended Dietary Intakes for ©-6 and -3 FA and
the WHO recommend an even higher intake: >200-500 mg/d during
pregnancy [48-50]. Regardless, the mean intake is much lower, herein
and nationally [51], suggesting that most pregnant women would
benefit from a -3 FA supplementation. Evaluation of differing doses
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of these nutrients within randomized clinical trials is needed to clarify
supplementation targets and, in turn, for the development of dietary
supplements to support meeting such targets. Fortunately, among the
top 100 products we presented in the Supplemental Table 3, all of those
that contained -3 FAs included >245 mg of it, which would facilitate
meeting intake targets higher than a minimum of 100 mg/d as rec-
ommended by the Cochrane review.

Our work has strengths and limitations. Dietary data were collected
across the US for over 15 y of mandatory food fortification. Our sample
had notable diversity and intakes were similar to nationally represen-
tative prenatal data, limiting concerns about selection bias [9]. Our
adolescent sample was relatively small, warranting replication in larger
cohorts. We selected nutrients on the basis of supporting Cochrane
reviews, which concluded that these nutrients likely or potentially
benefit maternal or offspring outcomes based on pooled clinical trial
data. We acknowledge that other nutrients are also important and
should be explored in future analyses; however, the number of dietary
supplement products containing target doses for a larger number of
nutrients is likely less than that reported here. Participants self-reported
intake, limiting the accuracy of estimates [52], and cohorts utilized
various dietary recall methods and 2 nutrient databases, which could
increase variability in the estimates of nutrient intake. We did not
examine bioavailability or circulating concentrations of these nutrients,
which is critical to determining the actual deficiency or excessive
concentrations. Manufacturers self-reported the dietary supplement
content for the Dietary Supplement Label Database. As actual content
is unknown but should be >80% of the labeled amount per FDA
guidance [53], priority should be given to products with verified
third-party testing. Our goal of shifting the intake of 90% of partici-
pants above the EAR and below the UL was arbitrary; higher per-
centage goals would require narrower ranges (for example, 286—443
mcg DFE of folic acid to achieve 99% above the EAR and 99% below
the UL, compared with 169-720 to achieve 90% above the EAR and
90% below) and would further reduce the number of products
providing target doses.

This study provides practical guidance for clinicians and pregnant
women seeking to achieve the recommended nutrient intake to support
maternal/offspring health. Nearly all pregnant participants were at risk
of inadequate intake of >1 key nutrients from foods alone and thus may
benefit from a carefully selected dietary supplement. Clarification of
the upper and lower dosing thresholds associated with specific health
outcomes is needed. Reformulation or development of products that
maximize the number of pregnant women receiving enough (but not
too much) vitamin A, vitamin D, folic acid, calcium, iron, and -3 FAs
is needed.
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made available upon request pending request and approval.
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