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ABSTRACT
Background: Limited data were available in infants and children when vitamin A (VA) DRIs were established; recommendations were developed
based on average breast milk VA intake and extrapolation of data from adults.
Objectives: Our objective was to evaluate whether DRIs and reported intakes, with and without VA from intervention programs, would be sufficient
to develop adequate VA stores from birth to age 5 y in Bangladeshi, Filipino, Guatemalan, and Mexican children.
Methods: A mathematical relationship was established, defined by a series of equations, to predict VA total body stores (TBS) as a function of age
based on VA intake and utilization. TBS calculated using reported VA intakes, with and without additional VA from intervention programs, were
compared to those predicted using DRIs (specifically, Adequate Intake and RDA). Liver VA concentrations were also estimated.
Results: Our predictions showed that for these 4 groups, DRIs were sufficient to attain liver VA concentrations >0.07 μmol/g by 1 wk of age and
sustain positive VA balance for 5 y. Using reported intakes, which were lowest in Bangladeshis from 1 y on and highest in Guatemalans, predicted
VA stores in Bangladeshi and Filipino children increased until ∼2–3 y, then TBS stabilized and liver VA concentrations decreased with age. When
VA interventions were included, stores exceeded those predicted using DRIs by 12–18 mo. In contrast, reported intakes alone in Guatemalan and
Mexican children resulted in VA stores that surpassed those calculated using DRIs. For all populations, reported intakes were sufficient to build liver
concentrations >0.07 μmol/g by 3 mo.
Conclusions: Although more information is needed to better define dietary VA requirements in children, our results suggest that for an average,
generally healthy child in a low- or middle-income country, current DRIs are sufficient to maintain positive VA balance during the first 5 y of life.
Curr Dev Nutr 2020;4:nzaa119.
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Introduction

In 2001, DRIs for vitamin A (VA) were established (1). As discussed
by Ross and Moran (2) in this issue, the recommendations for young
children were developed using limited data for infants (specifically, the
average consumption of VA from breast milk) and extrapolation of data
from adults, including a minimum acceptable concentration of VA in
liver (0.07 μmol/g) as well as other variables related to VA utilization
and storage. Although it was recognized that many factors, such as VA
intake, age, kinetics, and physiological state, impact VA status (1, 3, 4)
and thus needed to be considered when developing dietary recommen-
dations, such data were not available in children.

However, in the years since the VA DRIs were developed, a substan-
tial amount of new information has been published on VA intake, VA
total body stores (TBS), and retinol kinetics in children. For example,
using a deuterium oxide dilution technique, the volume of breast milk,
and thus the amount of VA, consumed by infants has been determined
(5, 6); TBS over a wide range (∼100–1100 μmol) has been estimated in
children with various VA intakes [100–900 retinol activity equivalents
(RAE)/d] using retinol isotope dilution equations (7–12) and model-
based compartmental analysis (9, 12, 13); and compartmental modeling
using a population-based (super-child) design has been successfully ap-
plied to quantify whole-body VA kinetics in children (9, 12, 13). In ad-
dition, numerous studies have been carried out to assess children’s VA
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intake from breast milk, foods, and other sources, including VA sup-
plements, micronutrient powders (MNPs), and fortified foods (for re-
views, see references 14–18). Such information will be helpful when re-
searchers or policy makers revisit the DRIs for VA.

In previous research, investigators have used mathematical ap-
proaches to study VA requirements in infants aged <6 mo (19), eval-
uate causes of VA deficiency in children (20), and quantify the expected
change in TBS following VA intervention (21). We adapted these meth-
ods here to integrate current knowledge and hypotheses related to VA
consumed in breast milk, foods, and supplements by children from birth
to age 5 y and to predict changes in VA TBS and liver VA concentrations
that would be expected to result from these intakes. To develop these
predictions, we used information in the literature for VA intakes as well
as recently published data on retinol kinetics in infants and preschool-
aged children from Bangladesh (13), the Philippines (13), Guatemala
(13), and Mexico (9, 12). Our results indicate that the current VA DRIs
[specifically, Adequate Intake (AI) from birth to age 12 mo and RDA
from 1 to 5 y] are sufficient to build and maintain VA stores during in-
fancy and early childhood in these groups.

Methods

Overview
We adapted previously published approaches (19–21) and used math-
ematical modeling to predict changes in VA TBS from birth to age 5 y
for children in Bangladesh, the Philippines, Guatemala, and Mexico. As
detailed in the following sections, our model simulated TBS over time
based on VA intake and utilization, comparing predictions using DRIs
established by the Institute of Medicine (1), intakes reported in the lit-
erature, and reported intakes that included VA provided through VA
intervention programs.

Descriptive data
To simulate TBS over time in young children, we used recently pub-
lished VA intake and kinetic data for children in 4 countries. Specif-
ically, we used data for groups of 1) Bangladeshi infants (mean age:
12 mo; n = 87) with an average VA intake of 1.23 μmol RAE/d and
TBS of 198 μmol (13); 2) Filipino infants (mean age: 14 mo; n = 120)
with a mean intake of 2.54 μmol RAE/d and VA TBS of 533 μmol (13);
3) Guatemalan children (mean age: 50 mo; n = 135) with an average VA
intake of 2.67 μmol RAE/d and TBS of 1062 μmol (13); and 4) Mexican
infants (mean age: 26 mo; n = 15) (9) and children (mean age: 58 mo;
n = 24) (12) estimated to consume ∼1.4 μmol RAE/d with VA TBS of
844 and 1097 μmol, respectively. As detailed later, to obtain estimates of
reported VA intake from birth to 5 y, we collected additional informa-
tion from the literature for infants and children from these 4 countries.
For comparative purposes, kinetic data were included from studies that
followed a super-child modeling approach, which were only available
for groups of children with adequate to high VA status (see Discussion
for predictions using data for Peruvian children with low VA status).

Mathematical modeling
Here, we expanded on previously published approaches that used lin-
ear modeling techniques (19, 21) or a set of recursive equations (20) to
estimate VA stores over time. Specifically, we developed a mathemati-

cal relationship to predict changes in TBS as a function of age based on
VA intake and disposal (utilization) rate, in light of the fact that the VA
disposal rate is a function of TBS and the system fractional catabolic
rate (FCR; or the fraction of TBS utilized each day). We started with the
premises that 1) in a steady state (i.e., VA balance), TBS is constant be-
cause VA input (i.e., absorbed dietary VA that mixes with stores) equals
VA disposal rate; 2) when input is greater than disposal rate, the system
is in positive VA balance and TBS will increase with time; and 3) when
disposal rate is greater than input, the system is in negative VA balance
and TBS will decrease with time. For each population, TBS were calcu-
lated daily to age 5 y assuming that TBS on day t equals TBS from the
previous day minus VA utilized on that day plus VA input on day t, as
shown in Equation 1:

TBSt = VA inputt + (
TBSt−1 − VA utilizedt−1

)
(1)

where TBSt is TBS (μmol) on day t after birth; VA inputt is calcu-
lated as VA intaket (or μmol RAE consumed on day t) times the
fraction of ingested VA that is absorbed and mixes with stores; TBSt–1

is TBS on the previous day (t – 1); and VA utilizedt–1 is μmol uti-
lized on the previous day, where utilization (μmol) on day t was
calculated as TBSt × FCRt (d−1). We assumed that TBS at birth
(TBS0) was 6 μmol in all groups based on data from autopsy studies
(22, 23). Population-specific estimates for VA intake and dis-
posal/utilization rate were used as inputs in the equation, with disposal
rate (μmol/d) calculated using published values for FCR extrapolated
over time (discussed later); also, we assumed that 75% of ingested VA
in both breast milk and foods was absorbed and mixed with stores (24).

Because liver VA concentration has been used to categories sta-
tus into groups such as “deficient,” “adequate,” or “high” (23, 25),
we calculated liver VA concentrations from birth to age 5 y using
Equation 2:

Liver VA concentrationt

= (TBSt × fraction of TBS in liver) / liver weightt (2)

where liver VA concentrationt (μmol/g) was calculated on each day t
assuming 80% of TBS were found in the liver (26), and liver weightt

(g) was estimated using body surface area (m2) in the regression equa-
tion presented by Yoshizumi et al. (27). Specifically, mean data for
body weight (kg) and height (cm) from the WHO weight-for-age and
length/height-for-age charts for boys and girls at the 50th percentile
(28) were plotted from birth to 3 y, weighted using a fractional SD of
0.05, and fit to a 2-component exponential equation using the Simu-
lation, Analysis and Modeling software [WinSAAM version 3.3.0 (29–
31); www.winsaam.org]. Values for body weight and height were simu-
lated on each day, extrapolated to 5 y, and used to estimate body surface
area (27) as a function of age.

VA intake data
For TBS predictions based on DRIs, we used published values (1) for
AI (1.40 μmol RAE/d from 0 to 6 mo and 1.75 μmol RAE/d from 7 to
12 mo) and RDA (1.05 μmol RAE/d from 1 to 3 y and 1.40 μmol RAE/d
from 4 to 5 y).

For TBS predictions based on reported VA intakes, we used data
for infants and children from Bangladesh (32–38), the Philippines (39–
42), Guatemala (13, 43–46), and Mexico (6, 9, 12, 47). For each group,
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breast milk VA consumption was estimated based on the average daily
consumption of breast milk (1, 48), using measured volumes of milk
consumed in Bangladeshi (38) and Mexican children (6), and estimates
reported for Guatemalan and Filipino children (39), as well as the VA
content in breast milk at various stages of lactation (6, 32, 38, 39). Breast
milk VA intake during the first 3 d of life was assumed to be the same for
all groups based on mean consumption of and VA content in colostrum
[(49) and VL-T, unpublished results]. Based on available data, we as-
sumed that the contribution of VA from breast milk compared with
foods was as follows: Bangladeshi children were exclusively breastfed
for the first year (33), and VA intake from 1 to 5 y was assumed to be
entirely from foods. Guatemalan children (39) were assumed to be ex-
clusively breastfed to age 7 mo; from 7 to 12 mo, breast milk contributed
∼60% to the total VA intake, and it contributed 30% from 12 to 18 mo
(45, 50). Then, from 18 mo to 5 y, intake was assumed to be entirely
from foods, with sugar providing 1 μmol retinol/d to total dietary VA
intake from 1 to 3 y (46). Filipino children were assumed to be exclu-
sively breastfed for the first 6 mo of life (39, 42); breast milk provided
52% of total VA intake from 6 to 12 mo and 37% from 12 to 15 mo. From
15 mo to 5 y, intake was assumed to be entirely from foods (42). We as-
sumed that Mexican children consumed only breast milk for the first
6 mo, and then from 6 mo to 5 y, intake was entirely from foods (14).

We also considered the impact on predicted TBS of additional VA
typically consumed by children in the 4 countries as a result of rec-
ommended interventions, including large-dose VA supplements and
MNPs. For our simulations, we assumed that Bangladeshi children re-
ceived a 105 μmol dose of VA at age 10 mo, followed by 210 μmol
doses every 6 mo until age 59 mo (51, 52). We assumed the Guatemalan
children were given 63 μmol doses of VA at ages 12 and 20 mo plus
1.4 μmol RAE/d from MNPs every 6 mo in 60-d intervals from ages 6
to 59 mo (46). In the calculations for the Filipinos (40, 41) and Mexicans
(53), a 105 μmol dose of VA was assumed to be administered at age 9
mo and then 210 μmol doses every 6 mo thereafter until age 59 mo. In
addition, for the Filipinos, 1.4 μmol RAE/d from MNPs was included
in 60-d intervals at ages 8, 14, and 21 mo (41). We assumed that 70% of
the 105 and 63 μmol VA supplements (54), 50% of the larger 210 μmol
VA supplements (55), and 75% of the VA from MNPs were absorbed
and mixed with stores (24).

FCR and VA disposal rates
Values for FCR at different ages were obtained from references (9, 12,
13). Based on the rationale that FCR is inversely correlated with TBS
(56, 57) and infants are born with very limited VA stores that, with ad-
equate intake, increase with age (19, 23, 58), we hypothesized that FCR
would decrease exponentially with age. Because data for FCR were not
available before 1 y of age, we assumed 3%/d at birth for all groups,
which, assuming TBS of 6 μmol at birth, translates to ∼1 mo worth
of VA in stores on a VA-free diet (19, 59). Then, because population-
specific values for FCR were desired for the calculations but data over
time were not available for individual groups, we employed a technique
similar to the partially parallel compartmental modeling approach used
previously (13) to compensate for the limited data. Specifically, using
WinSAAM, we plotted FCR as a function of age for each group in-
dependently. Then, data were weighted using a fractional SD of 0.05
and fit using an exponential function [FCR = a(–x)(age) + b]; the same
value was used for a and x for each group, and the asymptote b was

adjustable (see Supplemental WinSAAM Deck); during fitting for the
Mexicans, infants and children were both included because we had es-
timates for FCR at both ages. Values for FCR for each group were sim-
ulated daily over 5 y and used to calculate VA utilization on each day as
TBSt × FCRt.

Data management
Data were managed in Microsoft Excel. Graphics were created using
GraphPad Prism 7.0 for Windows. Estimates for body weight, height,
and FCR were simulated on each day using WinSAAM (29–31).

Results

Recommended compared with reported VA intakes
In Figure 1, reported VA intakes for infants and preschool-aged chil-
dren from Bangladesh, the Philippines, Guatemala, and Mexico are
plotted by age and compared with the DRIs (i.e., AI from 0 to 12 mo
and RDA from 1 to 5 y); reported intakes are also presented in Sup-
plemental Table 1. Among the groups, reported intakes in Bangladeshi
children (Figure 1A) were lowest and relatively constant from 1 y on;
estimates were consistently below the recommended intakes (<74% of
the AI and below the RDA by 25–52% from 1 to 5 y). In Filipino infants
(Figure 1B), reported intakes were less than half the AI; then, reported
intakes fluctuated within 23% of the RDA from 1 to 3 y and were 70%
of the RDA from 3 to 5 y. Reported intakes were highest in Guatemalan
children (Figure 1C); intakes for infants were similar to the AI and 80–
147% higher than the RDA in children aged 1–5 y. For Mexicans (Figure
1D), reported intakes were below the AI for infants, 28–43% higher than
the RDA for children 1–3 y old, similar to the RDA for 3- and 4-y-olds,
and 20% higher for children aged 4–5 y. Note that these estimates can be
compared with average intakes reported in children from high-income
countries of 2.1 μmol RAE/d from ages 0 to 6 mo, 2.8 μmol RAE/d
from ages 6 to 12 mo, 2.2 μmol RAE/d from ages 1 to 3 y, and 2.0 μmol
RAE/d from ages 3 to 5 y (15, 60, 61), which are consistently above the
recommended intakes.

Simulated values for FCR
In addition to VA intakes, we needed estimates of FCR (and thus dis-
posal rate) to predict TBS using Equation 1. Simulations for FCR de-
creased rapidly and then appeared to plateau by ∼3 y in all groups
(Figure 2); values for Bangladeshi, Filipino, and Guatemalan children
were similar, whereas those for Mexicans were consistently lower. In
fact, although the reasons for these differences have not yet been deter-
mined, overall VA kinetics have been reported to be faster in Mexican
children than in the other groups (9, 12).

TBS predicted using the VA DRIs
As shown in Figure 3, when recommended VA intakes were used for
the term “VA input” in Equation 1, predicted TBS increased with age.
Overall, the current DRIs were sufficient to maintain positive VA bal-
ance over 5 y of age in all 4 groups. In the Bangladeshi, Filipino, and
Guatemalan children (Figure 3A–C, respectively), predicted TBS in-
creased rapidly to ∼160 μmol by age 1 y, to ∼300 μmol by age 3 y,
and to ∼450 μmol by age 5 y. In comparison, predicted TBS in Mexi-
can children (Figure 1D) increased faster, reaching 180 μmol by age 1 y,
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FIGURE 1 DRIs and reported VA intakes as a function of age for children from 4 countries (Bangladesh, the Philippines, Guatemala, and
Mexico). DRIs are AIs from 0 to 12 mo and RDAs from 1 to 5 y (1). For more details on reported intakes and groups, see Methods. AI,
Adequate Intake; RAE, retinol activity equivalents; VA, vitamin A.

413 μmol by age 3 y, and 683 μmol by age 5 y. Note that differences
among groups in TBS predicted using the DRIs can be attributed to dif-
ferences in FCR and thus disposal rates. Specifically, because simula-
tions for FCR in the Bangladeshi, Filipino, and Guatemalan children
were similar over 5 y (Figure 2), predictions of TBS were similar. How-
ever, simulated FCR for the Mexican children was consistently lower,
resulting in lower disposal rates and thus a greater and more rapid ac-
cumulation of VA in stores.

Liver VA concentrations as a function of age calculated us-
ing Equation 2 with DRIs are shown in Figure 4. In all 4 groups, liver
concentrations exceeded 0.07 μmol/g by 1 wk after birth and reached
∼0.45 μmol/g by 12 mo. Subsequently, predictions for the Bangladeshi,
Filipino, and Guatemalan children (Figure 4A–C, respectively) in-
creased to ∼0.55 μmol/g by 3 y and ∼0.70 μmol/g by 5 y, and those for
Mexican children increased more rapidly, reaching 0.76 μmol/g by 3 y
and 1.1 μmol/g by 5 y.

TBS calculated using reported VA intakes
When reported intakes (Figure 1) were used as VA input in Equation
1, TBS predicted for the Bangladeshi children (Figure 3A) gradually in-
creased to 160 μmol by 2 y, with a slower increase to reach 231 μmol
at 5 y. In the Filipino children (Figure 3B), TBS increased to 26 μmol
by 6 mo, then rapidly increased to 324 μmol by 3 y, followed by a slow
increase to 344 μmol by 5 y. Predictions of TBS in both the Bangladeshi

and Filipino groups appeared to stabilize by ∼2 and 3 y, respectively. For
the Bangladeshi children, predictions remained below those calculated
using the DRIs; similar results were observed in the Filipino children,
except at ∼3 y, when TBS briefly exceeded predictions based on rec-
ommended intakes. In contrast, predicted TBS in the Guatemalan and
Mexican children (Figure 3C and D, respectively) rapidly increased over
5 y, reflecting sustained positive VA balance. In Guatemalan infants, pre-
dictions during the first 12 mo were similar to those calculated using the
DRIs; then, TBS rapidly exceeded those values, reaching 485 μmol by
2 y and nearly double that by 5 y (860 μmol). In Mexican children,
TBS accumulated rapidly with age, following a nearly linear pattern, so
that by ∼18 mo, predictions exceeded those calculated using the rec-
ommended intakes, reaching 801 μmol by 5 y.

We also estimated liver VA concentrations as a function of age for
each group (Figure 4) based on TBS predicted using reported intakes.
Predictions exceeded 0.07 μmol/g by ∼3 mo in the Bangladeshi chil-
dren, ∼1 mo in the Filipino and Mexican children, and 10 d in the
Guatemalan children. In Bangladeshi children (Figure 4A), liver con-
centrations increased to 0.37 μmol/g by 3 y and then after ∼45 mo
slowly began to decrease to 0.36 μmol/g by 5 y. Similarly, in the Fil-
ipino children (Figure 4B), predictions increased to 0.60 μmol/g by 3
y and then declined to 0.54 μmol/g by 5 y. In Guatemalan children
(Figure 4C), liver VA concentrations increased rapidly to 1.0 μmol/g by
2 y; predictions remained relatively constant until 3 y, followed by a rise
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FIGURE 2 Simulated FCR for groups of Bangladeshi, Filipino,
Guatemalan, and Mexican children as a function of age. Symbols
are data fit to the exponential function FCR = a(–x )(age) + b, with the
value for a and x set equal for all groups and the asymptote b
adjustable. The value for FCR at birth was assumed to be 3%/d for
all groups; values for FCR at different ages were obtained from
previously published studies (9, 12, 13). FCR, fractional catabolic
rate.

until liver concentrations appeared to stabilize after ∼50 mo, reaching
1.36 μmol/g by 5 y. In Mexican children (Figure 4D), predictions in-
creased rapidly to 1.0 μmol/g by 3 y, followed by a slower rise to 1.26
μmol/g by 5 y.

Impact of VA intervention programs on TBS
As a final step, we included VA intake attributable to intervention pro-
grams (including VA supplements and MNPs) that are currently rec-
ommended in each country (see Methods) and recalculated TBS as a
function of age using Equation 1. For Bangladeshi children (Figure 3A),
there was a precipitous rise in TBS following each VA supplement. Af-
ter the first dose (105 μmol), the increase in TBS was sustained. How-
ever, after each later supplement (210 μmol), the increase in TBS was
followed by a decline that, with age, resulted in progressively smaller
absolute increases in TBS; this was due to the low and relatively con-
stant reported dietary intake from 1 y on (Figure 1A). By 16 mo, pre-
dictions exceeded those calculated using DRIs and then, at 58 mo, the
predicted value for TBS was nearly identical (∼420 μmol) to that cal-
culated using the recommended intakes. Similar results were observed
in Filipino children (Figure 3B) with respect to VA supplements. In ad-
dition, MNPs resulted in more gradual increases in TBS (Figure 3B). By
12 mo, predictions of TBS surpassed and remained above those calcu-
lated using the DRIs, reaching 615 μmol at 5 y. Note that if only MNPs
were included with the reported intakes, TBS in the Filipino children
reached 354 μmol by 5 y (data not shown). In Guatemalan children
(Figure 3C), when the smaller doses of VA supplements (63 μmol at
12 and 20 mo) were added, subtle increases in predicted TBS were ob-
served. In response to MNPs, TBS increased more gradually, reaching
998 μmol by 5 y. Interestingly, when only MNPs were included with
the reported intakes, TBS reached a similar value (993 μmol), suggest-
ing that only 5 μmol from the 2 doses of VA supplements was still
present in stores at 5 y. In Mexican children (Figure 3D), TBS predic-
tions increased rapidly with age, following a stepwise pattern. That is,

after each VA supplement (105 or 210 μmol), TBS increased precip-
itously, followed by either a gradual rise or, after ∼40 mo, a plateau;
TBS reached 1197 μmol by 5 y. Overall, our results in Bangladeshi and
Filipino children show that at lower VA intakes, less of an increase in
TBS from VA supplements was sustained, resulting in acute negative
VA balance after each dose, whereas reported intakes for Mexican chil-
dren were sufficient to maintain increases in TBS from continued, peri-
odic VA supplementation. The latter would also be true for Guatemalan
children, if VA supplements were consumed semiannually through 5 y
of age. By 5 y, VA intervention programs increased TBS by 256 μmol
in Bangladeshis, 271 μmol in Filipinos, 138 μmol in Guatemalans,
and 396 μmol in Mexicans compared with the reported intakes
alone.

For all 4 groups, estimated liver VA concentrations when interven-
tions were included (Figure 4) followed similar trends to those observed
for TBS. In the Bangladeshi children, the predicted liver VA concentra-
tion at 58 mo was nearly equal to the value calculated using DRIs (∼0.68
μmol/g), and at 5 y, the predicted value was 0.77 μmol/g. In the Filipino
children, predictions reached 0.97 μmol/g at 5 y. In Guatemalan and
Mexican children, predicted VA concentrations in the liver were 1.58
and 1.89 μmol/g by 5 y, respectively.

TBS predictions compared with published values
Included in Figure 3 are previously published values for TBS derived us-
ing compartmental modeling for the groups of Bangladeshi and Filipino
infants (13), Guatemalan children (13), and Mexican infants (9) and for
Mexican children (12); published values (symbols) are compared to pre-
dicted TBS at the mean age for each group. For the group of Bangladeshi
infants, in whom the mean assessed VA intake was 1.23 μmol RAE/d
(13), the published value for TBS was within 18% of our predictions
using the DRIs and within 29% of those calculated using the reported
intakes plus VA supplements (Figure 3A). For the Filipino infants, the
published value for TBS was higher than our predictions (Figure 3B),
presumably because VA intake assessed in that group [mean, 2.54 μmol
RAE/d (13)] was much higher than intakes used in the current analysis
(Figure 1B). For the group of Guatemalan children, in whom the as-
sessed intake [mean, 2.67 μmol RAE/d (13)] was equal to the reported
intake from 3 to 5 y (Figure 1C), the published value for TBS was within
9% of our predictions calculated using the reported intakes plus VA in-
gested as a result of intervention programs (Figure 3C). In the Mexi-
can infants and children, in whom assessed VA intakes for both groups
[mean, ∼1.4 μmol RAE/d (9, 12)] were similar to the reported intakes
used in this analysis (Figure 1D), published values for TBS were within
37% and 10%, respectively, of our predictions using the reported in-
takes plus VA supplements (Figure 3D). Similar results were observed
when we estimated liver VA concentrations for each group (Figure 4,
symbols).

Discussion

Infants are born with very little VA in stores (19, 58), and sufficient di-
etary VA during infancy and early childhood is required for growth as
well as for stores to accumulate to adequate levels (62, 63). To better un-
derstand how VA intake impacts VA stores during early life, we used
mathematical modeling to predict changes in TBS from birth to 5 y of
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FIGURE 3 Predictions for VA TBS as a function of age using the DRIs, intakes reported in the literature, and reported intakes including VA
provided through intervention programs for Bangladeshi (A), Filipino (B), Guatemalan (C), and Mexican children (D). Predictions were
calculated using Equation 1. Reported intakes for each group and the DRIs are shown in Figure 1. For details on VA interventions
recommended in each country, see Methods. Symbols (•) are previously published values for TBS derived using compartmental analysis of
Bangladeshi and Filipino infants (13), Guatemalan children (13), and Mexican infants (9) and children (12). TBS, total body stores; VA,
vitamin A.

age in children from 4 low- and middle-income countries for which data
on VA intake, kinetics, and status have been published (9, 12, 13). A
comprehensive review of the literature provided country-specific data
on VA intakes in early life (Figure 1), and data were compared to the
current DRIs (1) to evaluate whether children were meeting these guide-
lines. Then, using an approach adapted from previous work (19–21),
along with population-specific data on VA kinetics, TBS were predicted
over 5 y using both recommended and reported intakes, with and with-
out VA provided through intervention programs. Our results indicate
that the VA intakes currently recommended as DRIs support VA suffi-
ciency in these groups.

It has been suggested that healthy, well-nourished children
should reach adequate VA status, defined as liver VA concentrations
>0.07 μmol/g, by age 6 mo (23); during the first 6 mo of life, VA stores
have been estimated to increase >10-fold to 70 μmol (64). Our TBS
predictions (Figure 3), assuming the DRIs, were consistent with this
estimate, ranging from 69 to 73 μmol for the groups included here.
In contrast, when we used reported intakes from country-specific
data to estimate TBS, predictions at 6 mo were 46 and 26 μmol in
the Bangladeshi and Filipino children, respectively, and 66 and 56
μmol in the Guatemalan and Mexican groups. Our results for liver

VA concentration are in agreement with those from an autopsy study
of US children (23) in which liver VA concentrations >0.07 μmol/g
were observed in nearly all infants by age 6 mo (Figure 4). Specifically,
using the DRIs, liver VA concentrations exceeded 0.07 μmol/g by 1 wk
after birth in all groups; using reported intakes, this level was exceeded
by ∼3 mo in the Bangladeshi children, by ∼1 mo in the Filipino and
Mexican children, and by 10 d in the Guatemalan infants due to higher
VA intakes in the latter group (Figure 1C). In addition, our predictions
using the DRIs agreed well with liver VA concentrations measured at
6 mo in US children at autopsy (∼0.2 μmol/g) (23). Using reported
intakes, estimates for the Bangladeshi, Guatemalan, and Mexican chil-
dren were comparable to that value; however, due to the lower intakes
in Filipino children during the first 6 mo of life (Figure 1B), liver
concentrations in this group were lower (0.082 μmol/g). Overall, in the
current analysis, AI was sufficient to allow VA stores to accumulate over
6 mo of life. Moreover, adapting Equations 1 and 2 by fixing liver VA
concentration and solving for VA intake, we predicted that VA intakes
of ∼0.42–0.63 μmol/d were needed to reach a liver concentration of
0.07 μmol/g by age 2 mo and maintain this concentration through age
6 mo. These estimates are in agreement with the basal requirements
reported previously (19, 20) and are near the lower range of VA con-
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FIGURE 4 Predictions for liver VA concentrations as a function of age using the DRIs and reported intakes, with and without VA provided
through intervention programs for Bangladeshi (A), Filipino (B), Guatemalan (C), and Mexican children (D). Liver VA concentrations were
calculated using predicted TBS for each group (Figure 3) in Equation 2. Symbols (•) are liver VA concentration estimated for previously
studied groups of Bangladeshi and Filipino infants (13), Guatemalan children (13), and Mexican infants (9) and children (12); values were
calculating using Equation 2, except that liver weight was assumed to be 3% (26) of body weight published for each group. VA, vitamin A.

centrations in breast milk (0.59–2.76 μmol/L) of lactating mothers in
low- and middle-income countries, which are considered sufficient to
meet infant VA needs (59). It is noted that a liver VA concentration
of 0.07 μmol/g is considered the minimum adequate reserve in adults
(1); however, as suggested previously (23), using this criteria in infants
and children may not be appropriate. Thus, future work should focus
on developing evidence-based criteria for both liver VA concentration
and TBS to categorize VA status in this age group.

Based on the observation that liver VA concentration increases as
a function of age during early life (23), we hypothesize that to sup-
port proper body function during this period of rapid growth, children
should be in positive VA balance through infancy and early childhood.
In the Guatemalan and Mexican groups, the reported intakes (Figure
1) translated into VA stores that continued to increase rapidly with age
(Figures 3 and 4). Similarly, published results for TBS in Mexican infants
aged 1–3 y (TBS, 844 μmol) (9) and children aged 3–6 y (TBS, 1097
μmol) (12) (Figure 3D) suggest that positive balance was maintained
in these children. In contrast, the reported intakes for Bangladeshi and
Filipino children were only sufficient to build stores up to ∼2–3 y of age;
then TBS began to stabilize (Figure 3A and B) as VA input and disposal
rate converged (data not shown) and liver VA concentrations began to
decrease as liver size increased. However, in all 4 groups, the DRIs were

sufficient to maintain positive VA balance, allowing TBS and liver VA
concentrations to increase over 5 y.

VA supplementation is one of the most widely used strategies for
reducing VA deficiency (17) and has been successful in reducing child
morbidity and mortality (65, 66). However, to our knowledge, studies
that have quantitatively evaluated the impact of large-dose VA supple-
ments on TBS are limited. Our results using modeling to predict TBS
show that among the groups in which children receive semiannual VA
supplements through age 5 y, supplementation increased TBS by ∼260
μmol in Bangladeshis and Filipinos and by ∼400 μmol in Mexicans by
age 5 y. Our predictions for Bangladeshi and Filipino children are in
agreement with the results of Palmer et al. (67), who reported that VA
supplements improved VA status (based on plasma retinol concentra-
tions) for up to 2–3 mo after dosing in children with low VA intakes.
That is, in the Bangladeshi and Filipino children, after ∼1 y of age, VA
supplements increased TBS and then predictions quickly began to fall
until the next dose was given (Figure 3A and B); after ∼2–3 y, reported
intakes were not sufficient to maintain increases in TBS from VA supple-
ments. In contrast, although VA supplements are not intended to sustain
improvements in VA status (17), the higher reported intakes by chil-
dren in Mexico were sufficient to maintain these increases in TBS over
5 y.
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In addition to VA supplementation, other intervention strategies,
such as MNPs and food fortification, continue to be implemented in
many groups (17). In Guatemala, where the prevalence of VA deficiency
is now low and there is concern of excessive VA intakes from fortified
sugar, the government recommends scaling back VA supplementation
(68). Instead, MNPs are a commonly used strategy for delivering VA in
Guatemala (46). Based on our predictions, this vehicle results in more
gradual and sustained increases in TBS with age (133 μmol by 5 y com-
pared with 5 μmol from the 2 doses of 63 μmol VA supplements). In
Filipino children, the 3 MNP dosing periods between ages 8 and 22 mo
accounted for an increase in TBS of ∼100 μmol at 2 y; however, be-
cause MNPs were not continued after 2 y, the absolute increase in TBS
was only 10 μmol by 5 y. Taken together, we suggest that VA supplemen-
tation should be used with other strategies, including food fortification,
MNPs, dietary diversification, and nutritional education, to improve VA
intakes in a sustained manner. In addition, interventions need to better
target children who are at risk for VA deficiency.

It is interesting to note that from a kinetics standpoint, it may be
that VA supplements are not efficiently retained in stores due to “adap-
tive preservation” (57, 69). That is, in response to large VA loads, VA
disposal rate increases as a protective mechanism to increase nonfunc-
tional utilization. It is well established that VA stores increase as VA in-
take increases, and several studies have also observed that at yet higher
intakes and liver stores, VA utilization increases (4, 56, 70, 71). In the
current analysis, this was evident by the influx of VA into the system
after each dose, causing a proportional increase in disposal rate, which
then remained at a higher value based on the absolute increase in TBS.
Moreover, using a simple 1-compartment model and a time-invariant
FCR (at the value at which FCR stabilized for each group; Figure 2),
we simulated the disappearance of VA supplements using WinSAAM.
Predictions showed that of the VA supplement that was absorbed and
mixed with stores, 66% (Bangladeshi), 68% (Filipino and Guatemalan),
and 80% (Mexican children) remained in stores 6 mo after ingestion
despite an increase in disposal rate; for the latter group, a greater frac-
tion of the supplement was retained due to the lower FCR in that
group (Figure 2). In contrast, studies in rats (56, 57, 72) have shown
that as liver VA stores become depleted, VA disposal rate (presum-
ably nonfunctional utilization) decreases, suggesting an adaptive mech-
anism to conserve VA. Because the contribution of functional com-
pared with nonfunctional utilization to total VA disposal rate has not
yet been quantified, it may be useful for investigators to consider doing
VA turnover studies using compartmental analysis (73) to determine
these differences. Such valuable information would lead to better un-
derstanding of the handling and storage efficiency of VA supplements
as well as the adaptive responses under conditions of VA deficiency and
excess.

For the current analysis, we gathered estimates of average VA in-
take for children in 4 specific countries (Figure 1) and, for compara-
tive purposes, the included kinetic data were obtained from studies that
used the same methodology (specifically, compartmental analysis and
a super-child approach); these were only available for groups with ade-
quate to high VA status (9, 12, 13). Thus, the conclusions reported here
are specific for the inputs and assumptions used in our calculations. To
expand this work over a broader range of status, we examined kinetic
data from a group of Peruvian children (mean age: 18 mo) with low VA
status (mean TBS: 97 μmol) (7). Using Equations 1 and 2, we fixed the

liver VA concentration and solved for intake to estimate the minimum
VA intake required to maintain liver stores >0.07 μmol/g over 5 y. Us-
ing the published value for FCR (2.2%/d) for the Peruvian children (7),
we applied WinSAAM to simulate time-variant values for FCR using the
same exponential equation provided in Methods (i.e., we used the same
values for equation coefficients but the asymptote was adjustable). This
analysis indicated that FCR at birth needed to be 5%/d (rather than the
3%/d used in our primary analysis). To reach liver VA concentrations
of 0.07 μmol/g by 1 mo and sustain this level, VA intakes needed to be,
on average, 1.0 μmol/d from 0 to 6 mo, 0.97 μmol/d from 6 to 12 mo,
1.05 μmol/d from 1 to 3 y, and 1.26 μmol/d from 3 to 5 y (287, 278, 300,
and 361 μg/d for these age groups, respectively). Overall, predictions
from 0 to 12 mo were lower than the AI but similar to the DRIs from 1
to 3 y.

Here, we advance previously published mathematical approaches
(19–21) to predict changes in TBS in children from birth to age 5 y by
including country-specific information for VA intake from breast milk,
food, and intervention programs, as well as for VA kinetics. However,
some limitations are worth noting. First, data on reported VA intake
and FCR were obtained from cross-sectional studies and thus, to simu-
late longitudinal data, values for reported intake were pooled from var-
ious sources (Supplemental Table 1) to provide estimates over 5 y and
computer software was used to simulate FCR as a function of age for
each country (Figure 2). As mentioned previously, the conclusions pre-
sented herein are specific to the inputs and assumptions used, which
were constrained by the available data; for example, published values for
reported intake were obtained using different dietary assessment meth-
ods. Fortunately, for the purpose of this analysis, general estimates were
sufficient. As new information becomes available, our calculations can
be further developed. Finally, although it was beyond the scope of this
work, investigators could use an approach similar to that of Miller et al.
(20) to expand our analysis to evaluate the effect of underlying health
conditions on VA stores and dietary VA requirements during early
life.

In summary, understanding how VA intake influences VA stores
through infancy and early childhood provides a foundation for estab-
lishing and/or re-evaluating dietary requirements for VA. Overall, by
incorporating new data on VA kinetics with dietary intakes reported
in the literature, with and without VA intervention programs, our re-
sults suggest that for an average, generally healthy child in a low- or
middle-income country, the current DRIs are sufficient to build and
maintain positive VA balance over 5 y of age. However, because var-
ious nutrient deficiencies and diseases can negatively affect VA status
(e.g., by reducing VA intake, decreasing absorption, impairing VA stor-
age, and increasing utilization) (3, 74), higher VA intakes may be ad-
visable under such conditions, but further research is required to estab-
lish specific recommendations. In addition, more work needs to be done
to determine appropriate indicators of VA status across the continuum
(deficiency through excess) during early life. Specifically, it will be im-
portant to re-evaluate the appropriateness of the currently used cutoffs
for liver VA concentration for this age group and to establish evidence-
based cutoffs for TBS. Furthermore, additional kinetic studies should
be performed in children, especially in those with low/deficient VA sta-
tus; the population-based super-child approach (12, 13, 75) provides a
feasible design for obtaining useful information on VA kinetics and VA
status. As more information becomes available, the mathematical rela-
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tionship defined in Equation 1 should provide a valuable tool for future
work designed to assess dietary VA recommendations and the efficacy
and safety of VA intervention strategies.
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