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Abstract: A sensitive and reliable biomarker of zinc status has yet to be identified, but observational
research suggests that the exchangeable zinc pool (EZP) size may be a possible biomarker. This
randomized, placebo-controlled trial aimed to compare the change in EZP size from baseline to
endline in 174 children who were preventatively supplemented with 10 mg of zinc as part of a
multiple micronutrient power (MNP) or as a standalone dispersible tablet for 24 weeks versus a
placebo powder. The effects of systemic inflammation on EZP size were also evaluated. Zinc stable
isotopes were administered intravenously to children at baseline and endline, and the EZP was
measured by the urine extrapolation method. A total of 156 children completed the study with the
zinc dispersible tablet group having the greatest increase in EZP (14.1 mg) over 24 weeks when
compared with the MNP group (6.8 mg) (p < 0.01) or placebo group (2.0 mg) (p < 0.001). Median EZP
size was not different between children with normal or elevated serum inflammatory markers. EZP
size was responsive to longitudinal zinc supplementation and reflected the expected difference in
bioavailability for two forms of supplementation. The apparent absence of an effect of inflamma-
tion on EZP size may offer an advantage for use as a biomarker for group comparisons between
different interventions.

Keywords: EZP; zinc isotopes; inflammation; Bangladesh; biomarker; serum zinc

1. Introduction

A sensitive and reliable biomarker of zinc status remains elusive. Serum or plasma
zinc and proxy indicators such as dietary zinc intake and stunting are most commonly used
to assess zinc status at the population level, but each have limitations that make evaluation
of zinc status challenging [1]. Another putative measure of zinc status is the exchangeable
zinc pool (EZP), or the size of the combined pools in the body that readily exchange with
zinc in the plasma within 2–3 days [2]; the zinc in liver is a major portion of the EZP in
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children. This rapidly exchanging zinc has been estimated to include approximately 10%
of total body zinc and its availability is proposed to be critical for zinc normal metabolism
and homeostasis. The attraction to measuring zinc status via EZP is that previous studies
in adults, including controlled depletion and repletion studies, and from a limited number
of studies in infants suggest that EZP correlates with dietary zinc intake and with absorbed
zinc [2,3]. Additionally, unlike serum or plasma zinc, which is a negative acute phase
reactant, EZP may be unaffected by systemic inflammation, making it a potentially more
robust marker for zinc status [4].

While EZP may have utility as a zinc biomarker, studies to date that reported EZP in
children have primarily been small, observational, cross-sectional, and conducted over a
wide age range. To determine the extent to which EZP responds to changes in zinc intake
and reflects zinc status, large randomized clinical trials are needed [5]. The zinc in powders
trial (ZiPT) provided an opportunity to prospectively measure the effect of different forms
of zinc supplementation on changes in EZP in a study population of young children at risk
for zinc deficiency [6,7].

The primary objective of this sub-study was to compare the change in EZP from
baseline to endline in children who were preventively supplemented with zinc as part of a
multiple micronutrient power (MNP) consumed with food or as a zinc dispersible tablet
for 24 weeks versus a placebo powder. We hypothesized that bioavailability of the zinc in a
dispersible tablet would be more favorable compared to that in the MNP and would result
in the highest EZP at the end of the intervention. The secondary objective was to measure
the effect of systemic inflammation on EZP at baseline.

2. Materials and Methods
2.1. Study Design

This was a sub-study of the randomized, partially blinded, multi-arm, placebo-
controlled zinc in powders trial (ZiPT) [6,7]. The primary aim was to compare the change
in the EZP size from baseline to endline in a subgroup of children at risk for zinc deficiency
who were preventively supplemented with 10 mg of zinc as part of an MNP added to a
single meal each day, as a standalone daily dispersible tablet, vs. a placebo powder for
24 weeks. EZP was measured by the urine extrapolation method as previously described [2].
The study was approved by the UCSF Benioff Children’s Hospital Oakland Institutional
Review Board, Colorado Multiple Institutional Review Board, and International Centre for
Diarrhoeal Disease Research, Bangladesh (icddr,b) Institutional Review Board, and was
registered at clinicaltrials.gov NCT03406793. This research was carried out following the
rules of the Declaration of Helsinki.

2.2. Participants

A total of 174 children between the ages of 9 to 11 months from the peri-urban
community of Mirpur in Dhaka, Bangladesh were enrolled between September 2018 and
July 2019. Participants were enrolled if they were 9–11 months old, had a weight-for-
length z-score (WLZ) ≥ −3, were enrolled in the primary ZiPT, and were randomized to
one of the following groups: daily 10 mg zinc MNP; daily 10 mg dispersible zinc tablet;
or daily placebo powder. Detailed description of the randomization process has been
previously outlined in the primary outcomes paper of the parent study [6,7]. Exclusion
criteria included severe acute malnutrition as defined by a WLZ < −3 and/or the presence
of bipedal edema and/or a mid-upper arm circumference of <115 mm, congenital anomalies
or any other conditions that interfere with feeding, or chromosomal anomalies and other
health problems (e.g., jaundice, tuberculosis, etc.). Written consent was obtained from the
participant’s mother or legal guardian prior to enrollment and commencement of study
procedures. Fifty-eight participants were assigned to each of three intervention groups
detailed below.

clinicaltrials.gov
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2.3. Power and Sample Size

The sample size calculation for this sub-study of ZiPT was determined by the sample
size of the biochemical subgroup of the main trial (n = 58 per group). This number was
determined to have 80% power to detect a difference in EZP size of 0.67 mg/kg body weight,
assuming a one-sided test, alpha of 0.05, equal standard deviation across groups of 1.2, and
potential loss of 15% of participants due to attrition or sampling errors. This effect size is
consistent with findings from a study of zinc supplementation in Pakistani infants, which
reported a difference of 0.8 mg/kg body weight for EZP size [8].

2.4. Intervention

Participants were assigned to one of three different interventions at enrollment. The first
group received a daily MNP with 10 mg of elemental zinc and 6 mg of iron with vitamins A, C,
D, E, B12, thiamine, riboflavin, niacin, folate, pyridoxine, copper, selenium, and iodine (DSM
India Private Limited, Haryana, India). The second group received 10 mg elemental zinc
in a dispersible tablet (Nutriset, Malaunay, France) given daily. The final group of children
were given a daily placebo powder that did not contain any vitamins or minerals. Additional
information about the interventions has been previously published [6].

2.5. Preparation and Administration of IV Zinc Isotopes

Intravenous zinc stable isotopes of 67Zn and 70Zn (Trace Science International, Toronto,
ON, Canada) were prepared in the Pediatric Nutrition Lab on the University of Colorado
Anschutz Medical Campus (CU Anschutz) in Aurora, CO, USA. Isotope solutions were
tested and found to be sterile and negative for fungus and pyrogens prior to shipment to
Dhaka and administration to participants. Participants fasted (including breast milk) for
at least two hours prior to isotope administration. At 8 a.m. on study day 1, ~300 µg of
accurately measured zinc stable isotope was administered to children via the antecubital
vein using sterile techniques. Researchers collected any isotope losses that occurred during
administration on ashless filter paper and analyzed the paper for isotope enrichment and
total zinc to accurately adjust the amount of dose administered. These procedures and
sample collections were repeated after 24 weeks of the assigned intervention. The order
of which isotope, 67Zn or 70Zn, was given to each participant at baseline and endline was
randomized to ensure no bias was introduced by the order the isotope was administered.

2.6. Sample Collections

On Study Day 0, participants and their mothers arrived at the clinical trials unit (CTU)
on the icddr,b campus. Upon admission to the CTU, a baseline spot urine sample of ~30 mL
was collected using procedures to avoid zinc contamination [9]. On Study Days 4 thru 7,
field research assistants visited the participant’s household once in the morning and once
in the afternoon to collect additional spot urine samples (~30 mL each). The urine samples
were stored in −20 ◦C freezers at icddr,b until shipment to CU Anschutz for sample
purification and analyses.

On Study Day 1, immediately before the administration of the IV isotope and through
the same antecubital access, a 5 mL blood sample was collected for serum Zn and inflam-
matory markers. Serum was separated 30 min after the collection, and aliquots stored at
−20 ◦C until shipment and analysis of samples.

2.7. Sample Analyses

Urine samples were processed and analyzed in the Pediatric Nutrition Lab for zinc
isotope enrichment. The urine samples were digested via a microwave digester system
to destroy organic compounds and zinc was subsequently separated from inorganic com-
pounds via chelation and extraction. Zinc isotope ratios were measured via inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7700x, Santa Clara, CA, USA) and
converted to enrichment [3]. Serum zinc was also measured in the Pediatric Nutrition Lab
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via ICP-MS. Serum C-reactive protein (CRP) and alpha-1-acid glycoprotein (AGP) were
analyzed via sandwich ELISA in the VitMin Laboratory in Germany [10].

2.8. Data Calculations and Statistical Analyses

Anthropometric z-scores were calculated using the World Health Organization Anthro
program, version 3.2.2, (Geneva, Switzerland). To calculate the size of EZP, urine enrich-
ment from the four days of sample collection was natural log transformed and data points
were plotted to obtain the linear regression of the log percent enrichment using Graph Pad
Prism Version 9 (San Diego, CA, USA). The slope of the robust regression was extrapolated
to the y-intercept to determine the size of EZP for a participant at time zero of the zinc
isotope infusion [2]. EZP normalized to body weight is also presented in mg of zinc per kg
of body weight.

Statistical analyses were completed with GraphPad Prism and R [11]. All data were
checked for completeness, normalization, and outliers. Outliers were identified using the
z-score method. One-way analysis of variance (ANOVA) was used to compare the change
in EZP by group over the intervention period. ANCOVA analysis and Mann–Whitney tests
were used to assess the effects of inflammation on EZP status. Analyses were considered
statistically significant if a p-value of 0.05 or less was observed. All values are presented as
mean (SD) unless otherwise noted.

3. Results

Of the 174 participants enrolled in the study, 156 participants successfully completed
both time points of the study and were included in analyses. A total of eighteen partic-
ipants were excluded from final analyses; 14 did not return for the endline study visit
after 24 weeks of supplementation and 4 had biologically implausible EZP measurements
(Figure 1). Baseline demographic and anthropometric measurements were not significantly
different by group at baseline (Table 1).
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Table 1. Baseline demographic and anthropometric data of Bangladeshi children by intervention group.

10 mg Zn MNP
(n = 49)

10 mg Zn Tablet
(n = 54)

Placebo
(n = 53)

Sex, % male 48% 48% 51%
Age, mo 9.4 (1.1) 9.2 (1.1) 9.5 (1.0)

Length, cm 68.7 (2.5) 69.1 (2.8) 68.8 (2.7)
Weight, kg 7.6 (0.9) 8.0 (1.1) 7.7 (1.0)

Length-for-age z-score −1.5 (1.0) −1.2 (1.1) −1.5 (1.1)
Weight-for-age z-score −1.3 (1.0) −0.9 (1.1) −1.2 (1.1)

Weight-for-length z-score −0.7 (0.9) −0.3 (1.0) −0.5 (1.0)
Values presented as mean (SD). ANOVA analysis revealed no statistical differences between groups.
MNP = multiple micronutrient powder; Zn = zinc.

Baseline EZP did not differ by group and all individual data points were within
the proposed normal range for 9–11 months of age (Table 2) [5]. After 24 weeks of zinc
supplementation, the mean EZP in the dispersible tablet group was significantly higher
compared to placebo group, while that of the MNP group also increased but did not reach
statistical significance (Table 2). In contrast, no differences between the mean baseline
and endline EZP were observed in the placebo powder group. One-way ANOVA analysis
revealed statistical differences between the three groups (p < 0.0001) with post hoc analysis
showing statistical differences between the tablet and MNP group and between the tablet
and placebo groups (Figure 2). The dispersible tablet had the greatest increase in EZP at
endline compared to the other two groups.

Table 2. Mean (SD) of the exchangeable zinc pool (EZP), serum zinc, and systemic inflammatory
markers at enrollment and after 24 weeks intervention by group.

10 mg
Zn MNP
(n = 49)

10 mg
Zn Tablet

(n = 54)

Placebo
(n = 53) p-Value

Baseline
EZP, mg 37.7 (6.2) 38.0 (7.8) 35.6 (7.8) 0.190

EZP, mg/kg 5.0 (0.7) 4.9 (1.1) 4.6 (0.9) 0.074
Serum zinc, µg/dL * 71.5 (10.0) 67.3 (13.2) 69.9 (15.6) 0.266

AGP, g/L * 0.7 (0.4) 0.8 (0.5) 0.7 (0.4) 0.292
CRP, mg/L * 1.4 (3.0) 2.2 (5.4) 0.9 (1.8) 0.205

Endline
EZP, mg 44.5 (13.4) a 52.1 (16.5) b 37.6 (9.1) a <0.0001

EZP, mg/kg 5.3 (1.6) a 5.9 (1.9) b 4.4 (1.0) a <0.0001
Serum zinc, µg/dL ** 83.1 (16.3) a 95.5 (22.1) b 74.2 (16.2) a <0.0001

AGP, g/L *** 0.8 (0.4) 0.7 (0.3) 0.8 (0.4) 0.367
CRP, mg/L *** 1.8 (4.1) 2.0 (4.5) 2.4 (4.5) 0.783

∆ EZP, mg 6.8 (14.3) a 14.1 (14.7) b 2.7 (10.6) a <0.0001
∆ EZP, mg/kg 0.3 (1.8) a 1.1 (1.9) b −0.2 (1.2) a 0.0004

∆ Serum zinc, µg/dL**** 15.1 (27.4) a 28.2 (25.0) b 4.4 (18.3) a <0.0001
Values presented as mean (SD), all pairwise comparisons between groups statistically significant at p < 0.05;
means with distinct superscript letters in rows are statistically different p < 0.05. * MNP Group: n = 49, Tablet
Group: n = 54, Placebo Group: n = 52. ** MNP Group: n = 47, Tablet Group: n = 54, Placebo Group: n = 53.
*** MNP Group: n = 49, Tablet Group: n = 53, Placebo Group: n = 53. **** MNP Group: n = 47, Tablet Group:
n = 54, Placebo Group: n = 52. AGP = serum alpha-1-acid glycoprotein, CRP = serum C-reactive protein,
MNP = multiple micronutrient powder, Zn = zinc, ∆ = change from baseline to endline.

Mann–Whitney analysis revealed no apparent difference in EZP at baseline when
serum CRP and/or AGP was elevated compared to when the inflammatory markers were
within the normal range (Figure 3). Additionally, analysis using a mixed model regression
approach to examine CRP and AGP as continuous variables revealed similar results. A
positive correlation between serum zinc and EZP was observed (R2 = 0.08, p = 0.0001).
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with normal serum C-reactive protein (CRP) status (n = 143) vs. participants with elevated CRP
(≥5 mg/L) (n = 12), determined by Mann–Whitney test; p-value = 0.07. (b) Comparison of median
EZP (mg) at baseline for participants with normal alpha-1-acid glycoprotein (AGP) status (n = 122) vs.
participants with elevated AGP (≥1 g/L) (n = 33), determined by Mann–Whitney test; p-value = 0.96.
(c) Comparison of median EZP (mg) at baseline for participants with normal CRP and AGP status
(n = 120) vs. participants with either elevated CRP and/or AGP (n = 35), determined by Mann–
Whitney test; p-value = 0.78.

4. Discussion

To our knowledge, this was the first study to prospectively measure changes in EZP
size after zinc supplementation in a large randomized controlled trial. This research
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demonstrated that the size of the EZP significantly increased after 24 weeks of zinc sup-
plementation from a dispersible tablet, while an equal amount of zinc provided in MNP
and consumed with meals did not result in a significant increase. Our hypothesis was
supported, that the group that consumed the zinc in a dispersible tablet mixed with water
or breastmilk would have the greatest increase in EZP due to more favorable bioavail-
ability. Serum zinc concentrations demonstrated a pattern of change that was similar to
the changes in EZP for the three groups. These findings indicate that, on average, the
size of EZP reflected changes in zinc status associated with a period of supplementation.
Additionally, EZP size did not significantly differ in children with evidence of systemic
inflammation compared to children without inflammation.

The increase in the EZP of children who were supplemented with zinc as a dispersible
tablet in comparison to children who consumed the placebo powder supports previous
findings that EZP is responsive to increased intake and total absorbed zinc [2,3]. For the
current study, the smaller change in EZP when zinc was consumed in the MNP form is
consistent with earlier findings in toddlers from the same community, where environmental
enteric dysfunction is highly prevalent, that zinc absorption from MNP mixed with foods
is relatively impaired [9,12]. Healthy breastfed infants in the U.S. who were similar in
age to those in the current study and who were randomized to different sources of zinc
in complementary foods, were found to have no differences in mean EZP or plasma zinc
concentrations among feeding groups despite a two-fold difference in daily intake over
approximately 3 months. However, EZP (but not plasma zinc) was significantly correlated
with both dietary zinc intake and daily absorbed zinc [3].

Reference cut-offs for EZP size have not been established. Miller et al. [5] tentatively
proposed a normative value of 4 mg/kg and a lower cutoff value of 2 mg/kg for infants
and children aged 8 to 120 months. The values were derived from zinc absorption studies
in children in which participants had a daily absorbed zinc at or above the estimated
physiologic requirement for age proposed by the Institute of Medicine for Dietary Reference
Intakes [13]. According to this proposed normative value, the means of EZP size of the
study participants were within this range, and none of the participants had EZP size
of 2 mg/kg or less. The sample size for this EZP sub-study is insufficient to examine
associations with functional outcomes, e.g., incidence of infectious morbidities or growth.

In this study, we did not detect effects of inflammation on EZP. Group comparisons
of children with elevated serum AGP and/or CRP versus children with values within the
normal ranges demonstrated no statistical differences in EZP at baseline. The apparent
absence of association between inflammation and EZP contrasts with serum zinc. As
a negative acute phase reactant, serum zinc is known to be reduced in the presence of
inflammation, particularly among young children [14,15]. EZP may not be affected by
inflammation in the same way since the liver is a major component of the EZP. The liver
sequesters zinc from circulation in the presence of systemic inflammation, but because the
liver is included in the EZP, changes in the distribution of zinc throughout the pools would
have little to no effect on the overall EZP size [16].

Strengths of this study include that the zinc isotope administration and urine collec-
tions were completed under closely supervised conditions, which greatly decreased the
risk of environmental zinc contamination during sample collections and increased sample
integrity. The study population, by design, had a narrow age and weight range, which is
important to the current analyses because EZP size is associated with both age and body
size [5]. The large sample size and high study retention ensured that study power was met.

The results of this analysis support the utility of EZP as a potentially useful biomarker
of the response of zinc status to an intervention under research conditions. However, its
use for assessment of zinc status for routine community surveillance or for an individual’s
assessment is likely to be limited. The apparent lack of influence of inflammation on EZP
size, especially from chronic, low-grade inflammation reflected by AGP, suggests EZP may
be particularly advantageous as a biomarker in settings with a high prevalence of systemic
inflammation. A recent comprehensive analysis of observational studies of EZP in children
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and the factors that influence its size concluded that child weight, age, and weight-for-age
were the strongest predictors of EZP size. Normal and low cut-off values of EZP relative
to body weight were proposed but the absence of demonstrated diagnostic utility was
acknowledged. In contrast, predictors of EZP size in adults additionally included absorbed
zinc, sex, and plasma zinc concentration, and experimental data were sufficient to propose
a normative model of EZP and a 95% prediction interval [5]. The results of the current
study provide new insight regarding plausibility for use of EZP size as a marker of zinc
status. More research would be required to determine whether factors in a growing child
distinctly alter the distribution of zinc among rapidly versus more slowly exchanging body
pools compared to adults.

EZP determinations require technical training for the administration of isotopes and
collection of samples. It is also considerably more time consuming to measure than
serum/plasma zinc because the urine extrapolation method requires multiple urine sam-
ples versus one blood draw for serum zinc. In addition, specific instrumentation and
technical expertise is needed to measure isotope ratios and determine isotopic enrichment.
All of these factors contribute to a greater expense and specialized skillset required to
measure EZP.

5. Conclusions

In conclusion, these results from a subsample of a large randomized controlled trial of
zinc supplementation confirmed that the size of the EZP was increased after 24 weeks of
supplementation with a dispersible zinc tablet. Similar to responses in serum zinc among the
study groups, participants receiving 10 mg zinc in a dispersible tablet had the greatest change
in EZP compared to the same dose of zinc in MNP consumed with food or to the placebo
groups. These data suggest that EZP size provides a potentially useful ancillary index of zinc
status that may be relatively resistant to changes associated with inflammation.

Author Contributions: Conceptualization, N.F.K., J.E.W., R.E.B., M.M.I., T.A., C.M.M. and J.C.K.;
formal analysis, J.M.L., A.M., N.F.K.; investigation, J.M.L., A.M.K., R.A.S., M.M.I.; writing—original
draft preparation, J.M.L., N.F.K., J.E.W.; writing—review and editing, all authors; supervision, S.E.A.
and K.M.I.; funding acquisition, C.M.M., N.F.K., R.E.B., J.C.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by a grant from the Bill & Melinda Gates Foundation (OPP
1150161) to the Children’s Hospital Oakland Research Institute (CHORI), Oakland, CA, USA and
sub-grants to the University of Colorado Denver, USA and to the International Centre for Diarrhoeal
Disease Research, Bangladesh (icddr,b).

Institutional Review Board Statement: This study was approved by the Institutional Review Boards
of icddr,b, Children’s Hospital Oakland Research Institute and the University of Colorado, Denver.
The respective approval dates were: 29 March 2017, 13 July 2018, 23 February 2018.

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: All de-identified study data will be made publicly available at data.
mendeley.com upon publication of the manuscript of the primary endpoints of the ZiPT.

Acknowledgments: The researchers wish to thank Lei Sian and Deaunabah Yazza for their time and
efforts with laboratory analyses, Janet Peerson for her contribution to reviewing data analysis, and
the mothers of the children that participated in this study; without the commitment of these families,
this study would not have been possible.

Conflicts of Interest: The authors declare no conflict of interest.

data.mendeley.com
data.mendeley.com


Nutrients 2022, 14, 481 9 of 9

References
1. King, J.C.; Brown, K.H.; Gibson, R.S.; Krebs, N.F.; Lowe, N.M.; Siekmann, J.H.; Raiten, D.J. Biomarkers of Nutrition for

Development (BOND)-zinc review. J. Nutr. 2016, 146, 858S–885S. [CrossRef] [PubMed]
2. Miller, L.V.; Hambidge, K.M.; Naake, V.L.; Hong, Z.; Westcott, J.L.; Fennessey, P.V. Size of the zinc pools that exchange rapidly

with plasma zinc in humans: Alternative techniques for measuring and relation to dietary zinc intake. J. Nutr. 1994, 124, 268–276.
[CrossRef] [PubMed]

3. Krebs, N.F.; Westcott, J.E.; Culbertson, D.L.; Sian, L.; Miller, L.V.; Hambidge, K.M. Comparison of complementary feeding
strategies to meet zinc requirements of older breastfed infants. Am. J. Clin. Nutr. 2012, 96, 30–35. [CrossRef] [PubMed]

4. Miller, L.; Long, J.; Mondal, P.; Westcott, J.; Islam, M.M.; Ahmed, M.; Ahmed, T.; Krebs, N. Exchangeable Zinc Pool (EZP) size in
Bangladeshi toddlers at risk of environmental enteric dysfunction (EED) is not influenced by inflammation (OR07-03-19). Curr.
Dev. Nutr. 2019, 3 (Suppl. 1), nzz034.OR07-03-19. [CrossRef]

5. Miller, L.V.; Hambidge, K.M.; King, J.C.; Westcott, J.E.; Krebs, N.F. Predictors of the size of the exchangeable zinc pool differ
between children and adults. J. Nutr. 2017, 147, 187–194. [CrossRef] [PubMed]

6. Islam, M.M.; McDonald, C.M.; Krebs, N.F.; Westcott, J.; Rahman, A.E.; El Arifeen, S.; Ahmed, T.; King, J.C.; Black, R.E. Study
protocol for a randomized, double-blind, community-based efficacy trial of various doses of zinc in micronutrient powders or
tablets in young Bangladeshi children. Nutrients 2018, 10, 132. [CrossRef] [PubMed]

7. Islam, M.M.; Black, R.E.; Krebs, N.F.; Westcott, J.; Long, J.; Islam, K.M.; Peerson, J.M.; Sthity, R.A.; Khandaker, A.M.; Hasan, M.;
et al. Different doses, forms, and frequencies of zinc supplementation for the prevention of diarrhea and promotion of linear
growth among young Bangladeshi children: A six-arm, randomized, community-based efficacy trial. J. Nutr. 2022, nxab439.
[CrossRef] [PubMed]

8. Ariff, S.; Krebs, N.F.; Soofi, S.; Westcott, J.; Bhatti, Z.; Tabassum, F.; Bhutta, Z.A. Absorbed zinc and exchangeable zinc pool size
are greater in Pakistani infants receiving traditional complementary foods with zinc-fortified micronutrient powder. J. Nutr. 2014,
144, 20–26. [CrossRef] [PubMed]

9. Long, J.M.; Mondal, P.; Westcott, J.E.; Miller, L.V.; Islam, M.M.; Ahmed, M.; Mahfuz, M.; Ahmed, T.; Krebs, N.F. Zinc absorption
from micronutrient powders is low in Bangladeshi toddlers at risk for environmental enteric dysfunction (EED) and may increase
dietary zinc requirements. J. Nutr. 2019, 149, 98–105. [CrossRef] [PubMed]

10. Erhardt, J.G.; Estes, J.E.; Pfeiffer, C.M.; Biesalski, H.K.; Craft, N.E. Combined measurement of ferritin, soluble transferrin receptor,
retinol binding protein, and C-reactive protein by an inexpensive, sensitive, and simple sandwich enzyme-linked immunosorbent
assay technique. J. Nutr. 2004, 134, 3127–3132. [CrossRef] [PubMed]

11. The R Foundation for Statistical Computing Platform: x86_64-apple-darwin17.0 (64-bit), 4.0.2; Vienna, Austria. 2020. Available
online: https://www.r-project.org/ (accessed on 20 November 2021).

12. Mondal, P.; Long, J.M.; Westcott, J.E.; Islam, M.M.; Ahmed, M.; Mahfuz, M.; Ahmed, T.; Miller, L.V.; Krebs, N.F. Zinc absorption
and endogenous fecal zinc losses in Bangladeshi toddlers at risk for environmental enteric dysfunction. J. Pediatr. Gastroenterol.
Nutr. 2019, 68, 874–879. [CrossRef] [PubMed]

13. Institute of Medicine (US) Panel on Micronutrients. Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper,
Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc; National Academies Press: Washington, DC, USA, 2001.

14. Greffeuille, V.; Fortin, S.; Gibson, R.; Rohner, F.; Williams, A.; Young, M.F.; Houghton, L.; Ou, J.; Dijkhuizen, M.A.; Wirth, J.P.; et al.
Associations between zinc and hemoglobin concentrations in preschool children and women of reproductive age: An analysis of
representative survey data from the Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA)
Project. J. Nutr. 2021, 151, 1277–1285. [CrossRef] [PubMed]

15. McDonald, C.M.; Suchdev, P.S.; Krebs, N.F.; Hess, S.Y.; Wessells, K.R.; Ismaily, S.; Rahman, S.; Wieringa, F.T.; Williams, A.M.;
Brown, K.H.; et al. Adjusting plasma or serum zinc concentrations for inflammation: Biomarkers Reflecting Inflammation and
Nutritional Determinants of Anemia (BRINDA) project. Am. J. Clin. Nutr. 2020, 111, 927–937. [CrossRef] [PubMed]

16. Liuzzi, J.P.; Lichten, L.A.; Rivera, S.; Blanchard, R.K.; Aydemir, T.B.; Knutson, M.D.; Ganz, T.; Cousins, R.J. Interleukin-6 regulates
the zinc transporter Zip14 in liver and contributes to the hypozincemia of the acute-phase response. Proc. Natl. Acad. Sci. USA
2005, 102, 6843–6848. [CrossRef] [PubMed]

http://doi.org/10.3945/jn.115.220079
http://www.ncbi.nlm.nih.gov/pubmed/26962190
http://doi.org/10.1093/jn/124.2.268
http://www.ncbi.nlm.nih.gov/pubmed/8308576
http://doi.org/10.3945/ajcn.112.036046
http://www.ncbi.nlm.nih.gov/pubmed/22648720
http://doi.org/10.1093/cdn/nzz034.OR07-03-19
http://doi.org/10.3945/jn.116.239541
http://www.ncbi.nlm.nih.gov/pubmed/27903832
http://doi.org/10.3390/nu10020132
http://www.ncbi.nlm.nih.gov/pubmed/30720778
http://doi.org/10.1093/jn/nxab439
http://www.ncbi.nlm.nih.gov/pubmed/35015856
http://doi.org/10.3945/jn.113.178715
http://www.ncbi.nlm.nih.gov/pubmed/24225451
http://doi.org/10.1093/jn/nxy245
http://www.ncbi.nlm.nih.gov/pubmed/30624753
http://doi.org/10.1093/jn/134.11.3127
http://www.ncbi.nlm.nih.gov/pubmed/15514286
https://www.r-project.org/
http://doi.org/10.1097/MPG.0000000000002361
http://www.ncbi.nlm.nih.gov/pubmed/31033623
http://doi.org/10.1093/jn/nxaa444
http://www.ncbi.nlm.nih.gov/pubmed/33693923
http://doi.org/10.1093/ajcn/nqz304
http://www.ncbi.nlm.nih.gov/pubmed/32266402
http://doi.org/10.1073/pnas.0502257102
http://www.ncbi.nlm.nih.gov/pubmed/15863613

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Power and Sample Size 
	Intervention 
	Preparation and Administration of IV Zinc Isotopes 
	Sample Collections 
	Sample Analyses 
	Data Calculations and Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References



