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Abstract
Plasma zinc concentrations (PZC) have been shown to significantly increase during zinc supplementation. This study investi-
gated the effects of daily preventive zinc supplementation on hair and nail zinc concentrations compared with a control group. In
a randomized controlled trial, 6- to 23-month-old children (n = 3407) in Lao PDR were randomly assigned to one of four groups
and followed for ~ 36 weeks: daily preventive zinc dispersible tablet (7 mg/d; PZ), daily micronutrient powder (10 mg zinc/d;
MNP), therapeutic zinc supplements for diarrhea treatment (20 mg/d for 10 days; TZ), or daily placebo powder (Control).
Plasma, hair, and nail zinc concentrations were assessed in a sub-sample of participants (n = 457) at baseline and endline. At
baseline, 75% of children had low PZC (< 65μg/dL). At endline, geometric mean (95%CI) PZCwere greater in the PZ andMNP
groups compared with the TZ and control groups (P < 0.01), but hair zinc concentrations did not differ among groups (P = 0.99).
Nail zinc concentrations were marginally higher in the PZ (115.8 (111.6, 119.9) μg/g) and the MNP (117.8 (113.3, 122.3) μg/g)
groups than in the TZ group (110.4 (106.0, 114.8) μg/g;P = 0.055) at endline. This study does not support the use of hair zinc as a
biomarker of zinc exposure in young children. However, it provides some evidence that zinc concentrations in nails may respond
to supplemental zinc interventions and supports the need for collecting additional data on this emerging biomarker.
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Abbreviations
AGP α-1-acid glycoprotein
BOND Biomarkers of Nutrition for Development
BRINDA Biomarkers Reflecting Inflammation and

Nutritional Determinants of Anemia
CRP C-reactive protein
HFIAS Household Food Insecurity Access Scale
IZiNCG International Zinc Nutrition Consultative Group
LAZ l Length-for-age z-score
MNP Micronutrient powder
PDR People’s Democratic Republic
PZ Preventive zinc
TZ Therapeutic zinc
WAZ Weight-for-age z-score
WLZ Weight-for-length z-score

Introduction

Zinc is an essential micronutrient for human health, and in-
fants and young children in low- and middle-income countries
are at high risk of zinc deficiency [1, 2]. Preventive zinc sup-
plementation has been shown to decrease morbidity from di-
arrhea and acute lower respiratory infections, reduce all-cause
mortality, and increase linear growth and weight gain among
infants and young children in vulnerable populations [3]. In
addition, therapeutic zinc supplementation administered dur-
ing episodes of diarrhea has been shown to reduce the duration
of diarrheal illness [4].

Recent recommendations from the Biomarkers of Nutrition
for Development (BOND) zinc expert panel, the WHO,
UNICEF, International Atomic Energy Agency (IAEA), the
International Zinc Nutrition Consultative Group (IZiNCG),
and the EURopean micronutrient RECommendations
Aligned (EURRECA) Network of Excellence [5–7] have con-
cluded that plasma zinc concentration is the only valid bio-
chemical indicator currently available to assess the risk of zinc
deficiency in populations and measure population-level expo-
sure to zinc supplementation. Significant increases in individ-
ual and population mean plasma zinc concentrations have
been consistently observed following zinc supplementation,
regardless of initial concentrations of plasma zinc [6]. In ad-
dition, reference data are available to define zinc deficiency
based on plasma zinc concentrations [8]. However, factors
independent of zinc status (e.g., fasting, diurnal and circadian
rhythms, age, sex, and infection and inflammation) can influ-
ence plasma zinc concentrations and thus can confound the
interpretation of zinc status [6].Moreover, the measurement of
plasma zinc concentration requires invasive blood collection,
biohazardous materials, complex preparation, and consider-
ation of downstream processes like transportation and storage
of samples, including cold chain control [9].

Two alternative biochemical measures of zinc exposure
and status, namely, hair and nail zinc concentrations, were
recently classified by the BOND zinc expert panel as potential
and emerging biomarkers, respectively [5, 10]. The concen-
trations of zinc in hair and nails are thought to reflect the
amount of zinc in the blood supply at the time of their synthe-
sis. Hair zinc concentrations have been shown to increase
following zinc supplementation among adults [7]; however,
its response to supplemental zinc has been inconsistent among
infants and young children [5]. Evidence for the use of nail
zinc concentrations as an indicator of zinc response to supple-
mentation is even more limited, in part due to the previous
lack of sensitive measurement techniques [5].

The assessment of zinc concentrations in hair and nails has
several theoretical advantages compared with plasma, includ-
ing non-invasive collection, greater stability of specimens, and
lower sensitivity to physiologic confounders (i.e., diurnal var-
iation, circadian rhythm, inflammation). However, additional
research is needed on the response of hair and nail zinc con-
centrations to supplemental zinc intake among infants and
young children, and reference data must be collected to define
normal ranges before these indicators can be recommended
for the assessment of zinc status.

To help fill the first of the aforementioned data gaps, the
primary objective of the present study was to investigate the
effects of daily preventive zinc supplementation, provided ei-
ther as dispersible zinc tablets or low-iron high-zinc contain-
ingmultiplemicronutrient powders (MNP), on changes in hair
and nail zinc concentrations compared with a control group. A
secondary objective was to evaluate the relationships between
plasma zinc concentrations and hair and nail zinc concentra-
tions as alternative biomarkers of zinc status.

Materials and Methods

Study Design and Participants

The current analyses are based on sub-sample of participants
enrolled in a community-based randomized, double-blind,
placebo-controlled intervention trial. The main trial was de-
signed to compare two forms of daily preventive zinc supple-
mentation (7-mg/d zinc as zinc sulfate, provided as a dispers-
ible tablet or 10-mg/d zinc as zinc gluconate, provided in a
multiple micronutrient powder) versus therapeutic zinc sup-
plementation (20-mg/d zinc as zinc sulfate, provided for
10 days in relation to an episode of diarrhea) or placebo on
young children’s physical growth and risk of infection over
the 36-week intervention period. Detailed descriptions of the
overall study design, as well as the effect of the interventions
on the primary outcomes (i.e., physical growth, diarrhea inci-
dence, hemoglobin and micronutrient status, and innate and
adaptive immune response) have been reported previously
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[11–14]. The current analyses address secondary outcomes of
the trial.

The study was conducted in five districts within
Khammouane Province of the Lao People’s Democratic
Republic (PDR) from September 2015–April 2017. In total,
3407 children were enrolled. Children were eligible to enroll
in the study if they met the following inclusion criteria: aged 6
to 23 months, intended residence in the study catchment area
for the duration of the study, acceptance of weekly home
visits, and signed informed consent from a parent or guardian.
Exclusion criteria were severe anemia (hemoglobin < 70 g/L),
severe acute malnutrition (weight-for-length z-score (WLZ) <
− 3 SD and/or bipedal edema), serious health condition requir-
ing medical attention, current consumption of zinc supple-
ments, or current participation in another research study.

The trial protocol was approved by the Institutional Review
Board of the University of California, Davis (IRB; 626187)
and the National Ethics Committee for Health Research,
Ministry of Health, Lao PDR (NEHCR; 040/2014, 069/
2015, 039/2016). The study was registered as a clinical trial
(www.ClinicalTrials.gov; NCT02428647). Consent materials
were presented both orally and written in Lao language, in the
presence of an impartial witness. Informed consent,
documented with either a written signature or a fingerprint,
was obtained from a parent or guardian of each child before
his or her enrollment in the study.

Randomization and Intervention Products

Detailed information regarding randomization and blinding
procedures, supplement composition, instructions provided
to caregivers, and distribution and monitoring of adherence
has been published previously [11]. In brief, participants were
individually randomized to one of four intervention groups,
using a computer-generated, block-randomization list pre-
pared by a statistician from the University of California,
Davis. The intervention groups were as follows: (1) daily pre-
ventive zinc supplement tablets, containing 7-mg of zinc and
placebo tablets for diarrhea (PZ group); (2) daily preventive
MNP supplements, containing 10-mg zinc, 6-mg iron, and 13
other micronutrients, and placebo tablets for diarrhea (MNP
group); (3) daily placebo preventive supplements and thera-
peutic zinc tablets, containing 20-mg zinc for 10 days for
diarrhea treatment (TZ group); and 4) daily placebo preven-
tive powder and placebo tablets for diarrhea (Control group).
Diarrhea kits were stored in the children’s homes, to be im-
mediately available for treatment of diarrhea; each kit
contained 10 tablets of the group-specific form of the dispers-
ible therapeutic tablet, as well as low-osmolarity oral rehydra-
tion salts and written and pictorial instructions. The preventive
zinc tablets were produced by Nutriset SAS (Malaunay,
France). The MNP and placebo powder were produced by
DSM Fortitech Asia Pacific Sdn Bhd (Banting, Malaysia);

nutrient content is presented in Supplemental Table 1. For
the duration of the intervention (~ 36 weeks), the households
were visited weekly by a field worker who delivered the
child’s assigned preventive supplements, replaced any used
diarrhea kits, assessed adherence to supplementation, and con-
ducted a systematic, symptom-based morbidity recall history.

Structured Interviews and Anthropometry

Information on infant and young children feeding practices
was collected [15] and demographic and socioeconomic char-
acteristics of the participants’ households (e.g., maternal age
and education, and household food insecurity (HFIAS) [16],
assets, and hygiene and sanitation indicators) were assessed
via structured interview at baseline.

Children’s weight and recumbent length were measured in
duplicate at baseline and endline (32–40weeks), following the
procedures recommended by the Food and Nutrition
Technical Assistance project [17]. Z-scores for weight-for-
age (WAZ), length-for-age (LAZ), and weight-for-length
(WLZ) were calculated in relation to the WHO growth stan-
dards [18]. Underweight, stunting and wasting were defined
as LAZ, WAZ, and WLZ < −2 SD, respectively. Maternal
height and weight were measured in duplicate at one time
point during the study, usually at baseline [11].

Biological Sample Collection

Biological samples were collected and processed according to
procedures recommended by the IZiNCG [9, 10]. Venous
blood was collected at baseline and endline (~ 32–36 weeks)
in 7.5-ml evacuated, trace element-free, polyethylene tubes
containing lithium heparin (Sarstedt AG & Co, Numbrecht,
Germany) and stored at 4–8 °C until separation of plasma
within 8 h. Blood samples were centrifuged (PowerSpin
Centrifuge Model LX C856; United Products & Instruments,
Inc., Dayton, NJ) at 1097×g for 10 min, and plasma aliquots
were stored at − 20 °C until shipment on dry ice to the
University of California, Davis. Also at baseline and endline,
hair (10–20 mg) was cut as close to the scalp as possible, from
the center of the nape of the neck (~ 2 cm above the hair line).
In the case of insufficient hair at the nape of the neck, samples
were obtained from a nearby location, working upward to-
ward the crown until a sufficient sample could be achieved.
In the case of longer hair (> 2 cm), the cut sample was taped to
an index card using cellophane tape, with the side closest to
the scalp identified. At endline only, finger and toenails were
cut using infant safety nail clippers. All samples were placed
in small paper envelopes and stored at ambient temperature
within Ziploc bags containing desiccants. Nail samples from
each child’s fingers and toes were pooled together because of
the small mass of available material.
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Biological Samples Analysis

Zinc content was measured in plasma, hair, and nail samples.
For plasma, samples were thawed, vortexed for 5–10 s, and
then directly aliquoted into 100-μl samples for analysis. For
hair, multiple hair segments were trimmed to 1- to 2-cm pieces
without the root and were placed into microcentrifuge tubes to
reach a target mass of 3–10 mg. For nails, multiple nail frag-
ments were manually scraped with a ceramic blade to remove
debris and placed into microcentrifuge tubes to reach a target
mass of 3–10 mg. Hair and nail samples were then cleaned to
remove external zinc contamination using a modified version
of the cleaning protocol recommended by IZiNCG [10].
Cleaning started with three cycles of sonication in 2 ml of
1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for
10 min, then sonication in 2 ml of OmniTrace water (VWR
International, West Chester, PA) for 1 min, then sonication in
2 ml of 100% acetone (Sigma-Aldrich) for 10 min, ending
with drying at 40 °C for 12–18 h. After drying was complete,
hair and nail samples were carefully weighed to measure dry
weight; hair and nail sample weights were determined to be
3.4 + 1.1 mg and 3.0 + 1.2 mg, respectively. Then the plasma,
hair, and nail samples were digested in OmniTrace 70%
HNO3 (VWR International) for 12–18 h. Hair and nail sam-
ples were completely dissolved with this protocol. All samples
were then diluted to a final concentration of 5% HNO3 and
centrifuged at 3000×g for 10 min prior to analysis using in-
ductively coupled plasma optimal emission spectrophotome-
try (5100 ICP-OES SVDV, Agilent, Santa Clara, California)
as described previously [12, 19]. Plasma zinc content was
normalized to sample volume, while hair and nail zinc content
was normalized to samples’ dry weight. Seronorm Trace
Elements Serum L-1 and L-2 (Accurate Chemical and
Scientific Corp, Westbury, New York) and Hair Certified
Reference Standard ERM-DB001 (Sigma-Aldrich) reference
materials were prepared according to manufacturer specifica-
tion and analyzed in an identical manner to that of the clinical
samples. Plasma C-reactive protein (CRP) and α-1-acid gly-
coprotein (AGP) concentrations were measured using com-
bined sandwich enzyme-linked immunosorbent assay
(ELISA) technique at the VitMin Lab (Willstaett, Germany),
as described previously [20].

Sample Size Estimation

The main trial enrolled 3407 children; of these, 760 children
were included in the biochemical outcomes sub-sample (n =
190 per group). Due to logistical challenges caused by a large
study catchment area, the biological sub-sample included only
children who were enrolled in the study from the two health
districts closest to the study office, until the sample size was
met [11]. All children from the biochemical sub-sample were
eligible to be included in the present analyses if they were

randomized to the PZ, MNP, or control intervention group,
with preference given to children who met the following
criteria: (1) plasma samples available from baseline and
endline, with data available for plasma zinc concentration,
CRP and AGP; (2) baseline and endline hair samples avail-
able, with data available for hair cortisol; and (3) endline nail
sample available. The group receiving therapeutic zinc sup-
plementation for diarrhea was not intended to be included in
these secondary analyses because there was no effect of inter-
mittent short-course zinc supplementation on plasma zinc
concentrations [12], so the effects on hair and nail zinc con-
centrations were assumed to be limited. However, due to an
administrative error that occurred while study personnel were
still blinded to the treatment group, nail zinc samples from the
TZ intervention group were analyzed in lieu of those from the
control group. Therefore these results should be considered
exploratory.

The available sample size of ~ 123 participants per group
with analyzed baseline and endline hair samples and ~ 83 with
endline nail samples allows detection of treatment-related dif-
ferences in hair and nail zinc concentrations (primary out-
comes) having an effect size of 0.40–0.50 SDwith 80% power
and a 5% level of significance. The available sample size
permits detection of relationships with a strength of correla-
tion (r) of at least 0.18 between plasma zinc concentration and
the alternative biomarkers of zinc exposure and status (hair
and nail zinc concentrations).

Statistical Analyses

A detailed statistical analysis plan was developed prior to
analysis and is available online [21]. All analyses were com-
pleted using a complete-case, intention-to-treat approach [22].
Descriptive statistics were calculated for all variables. Model
assumptions were assessed (e.g., Shapiro-Wilk tests for nor-
mality and assessments of linearity) and variables were appro-
priately transformed prior to further analysis. Plasma zinc con-
centrations were adjusted for inflammation (elevated CRP
and/or AGP), using procedures adapted from the Biomarkers
Reflecting Inflammation and Nutritional Determinants of
Anemia (BRINDA) project and described in detail elsewhere
[12, 23]; results are presented for inflammation-adjusted
concentrations.

Differences in mean hair, nail, and plasma zinc concentra-
tions by treatment group after the intervention were assessed
by ANCOVA. Minimally adjusted models controlled for the
baseline value of the dependent variable (if available), age at
enrollment and health district. When there was a significant
treatment effect by likelihood ratio test (P < 0.05), pairwise
comparisons were performed to assess differences between
groups. The same methods were repeated for fully adjusted
ANCOVA models, where prespecified covariates determined
to be associated with an outcome (P < 0.10) in a bivariate
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analysis were included in the final adjusted model.
Prespecified potential effect modifiers were assessed by in-
cluding an interaction term in the ANCOVA model; signifi-
cant interactions (P < 0.10) are reported and examined with
stratified analyses in order to understand the nature of the
effect modification.

Associations between plasma zinc concentrations and hair
zinc concentrations at baseline were examined with linear re-
gression. In addition, associations between plasma zinc con-
centrations and (1) hair and (2) nail zinc concentrations were
assessed at endline, controlling for treatment group. All anal-
yses were adjusted for age at enrollment and health district.
The methods described above for fully adjusted models and
the assessment of potential effect modifiers were repeated in
these linear regression models.

Zinc deficiency was defined as a plasma zinc
concentration < 65 μg/dL [24]. Low hair zinc level was de-
fined as a hair zinc concentration < 70 μg/g hair [5, 10]. Low
nail zinc level has not been established. Data were analyzed in
R version 3.5.0. Data are presented as means + SD or median
(IQR), unless otherwise noted. The investigators remained
blinded to treatment groups until all primary analyses were
completed.

Results

Participant Characteristics

A total of 492 children who provided at least one hair or nail
sample are included in the present analyses (Fig. 1).
Characteristics of those children with baseline and endline
hair samples or endline nail samples, and thus contributing
to the primary outcome analyses, are presented in Table 1.
The mean age at baseline was 15.9 ± 5.0 months. The preva-
lence of stunting and wasting were 37.9% and 6.1%, respec-
tively. At baseline, the median plasma zinc concentration was
56.4 (49.3, 65.0)μg/dL and 75.2% of children had low plasma
zinc concentrations (< 65μg/dL). Median hair zinc concentra-
tion at baseline was 54.7 (39.1, 78.9) μg/g; 66.2% of children
had low hair zinc concentration (< 70 μg/g). Hair zinc con-
centration at baseline was not associated with age (P = 0.735)
but was associated with sex, with females having a lower
median hair zinc concentration than males (45.1 μg/g vs.
67.5 μg/g; P < 0.001).

Over the course of the 9-month intervention, reported ad-
herence to the daily preventive supplement (i.e., tablet, MNP,
or placebo) was 90% and did not differ by intervention group
(P = 0.375). The median number of 20 mg therapeutic zinc
supplements consumed in the TZ group was 7 (range = 0–48),
given during the ~ 237-day observation period, resulting in
median zinc consumption of 140 mg (range = 0–960 mg).

Effects of the Intervention

As reported previously, the mean endline plasma zinc
concentrations were significantly higher among children
in the PZ and MNP groups than in the control group
[12]. This remained statistically significant in the sub-
sample of children with hair zinc concentration data
(P < 0.001) (Table 2), resulting in a significantly lower
prevalence of zinc deficiency post-intervention in the PZ
and MNP groups compared with the control group (53.9–
61.9% vs. 75.6%, P = 0.001). However, in both the min-
imally adjusted (adjusted for just the baseline value of the
outcome of interest, age, and health district) and fully
adjusted models, the mean endline hair zinc concentra-
tions did not differ among the three groups (Table 2).

As noted above, the effects of the intervention on nail zinc
concentrations were compared for the PZ and MNP groups
versus the TZ group. In the sub-sample of children with nail
samples, plasma zinc concentrations were significantly higher
in the PZ and MNP groups as compared with the TZ group at
endline (P = 0.003; Table 3). In the minimally adjusted
models, the mean endline nail zinc concentrations were mar-
ginally (P = 0.055) higher among children in the PZ andMNP
groups than in the TZ group, and in the fully adjusted models,
these differences were statistically significant (P = 0.015)
(Table 3). In the TZ group, exploratory statistical analyses
indicated that the number of therapeutic zinc tablets consumed
over the course of the intervention was marginally positively
correlated with nail zinc concentration (rs = 0.19, P = 0.081).
Mean nail zinc concentration among children who consumed
0–10 therapeutic zinc tablets was 108.4 + 18.4 μg/g, com-
pared with 114.3 + 13.4 μg/g among children who consumed
> 11 therapeutic tablets over the course of the intervention
period. In addition, the elapsed time since last therapeutic
tablet consumption was negatively correlated with nail zinc
concentration (rs = − 0.26, P = 0.037).

Effect modification was explored for both hair and nail
concentration outcomes with 12modifiers. Statistically signif-
icant modification was identified for 3 of the 23 tests but
further exploration showed no consistent patterns across treat-
ment groups (data not shown).

Associations Between Plasma Zinc Concentration
and Hair and Nail Zinc Concentrations

Hair zinc concentrations were not associated with the concen-
trations of plasma zinc measured from the same time point, at
either baseline (P = 0.62, n = 371) or post-intervention (P =
0.86, n = 406); adjusting for significant covariates did not alter
the results. Similarly, endline nail zinc concentrations were not
associated with endline concentrations of plasma zinc (P =
0.22, n = 257).
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Discussion and Conclusion

Overview of the Main Results

In the present study, plasma zinc concentrations responded
significantly to daily preventive zinc supplementation, regard-
less of whether the zinc was provided in the form of a single-
nutrient supplement orMNP. On the other hand, we found that
hair zinc concentrations did not respond to either form of
preventive zinc supplementation. Nail zinc concentrations ap-
peared to increase in response to daily preventive zinc supple-
mentation, but these results are considered exploratory as the
therapeutic zinc group rather than the placebo control group
was analyzed. Finally, the prevalence of both low plasma zinc
and low hair zinc concentrations are suggestive of a high risk
of zinc deficiency in this population. However, concurrent
measures of plasma and hair or nail zinc concentrations were
not correlated with each other in the present analyses.

Effects of the Intervention

The increase in plasma zinc concentration observed within the
PZ and MNP groups in the present study are in agreement

with the results of previous studies that have consistently
shown a positive response of plasma zinc concentrations to
zinc supplementation and similar doses of zinc in MNP as
delivered in the current trial [3, 7, 27, 28]. The effects of
previous studies of zinc supplementation on hair zinc concen-
tration are not as straightforward. Although a systematic re-
view and meta-analysis of three randomized controlled trials
conducted in adults showed that hair zinc concentrations in-
creased following zinc supplementation [7], results of the few
randomized controlled trials conducted among infants and
young children are inconsistent. One study conducted in
Ethiopia found a significant increase in both plasma and hair
zinc concentrations among stunted infants who received 10-
mg Zn/day 6 times/week for 6 months [29]. In addition, both
plasma and hair zinc concentrations increased significantly
among pre-school aged girls, but not boys, who received
zinc-fortified breakfast cereals in the USA [30]. However,
two additional studies reported a significant increase in plas-
ma zinc concentrations following zinc supplementation, but
no impact on hair zinc concentrations [31, 32], similar to what
was observed in the present study. Finally, four additional
studies found no significant increase in hair zinc concentra-
tions following zinc supplementation or fortification; although

Assessed for
eligibility
n = 3830

Enrolled
n = 3433

Excluded, n = 397
Declined consent, n = 30
Declined home visits, n = 38
Medical condi�on, n = 52
Mul�ple siblings in same household,
n = 41
Age ineligible, n = 224
Severely wasted, n = 12
Severely anemic, n = 1

Total eligible for
analysis
n = 3407

Twins excluded from analysis, n = 26

Biochemistry
sub group
n= 760

Hair
n=128

Nail

Hair
n=137

Nail
N=96

Hair
n=119

Nail

Hair
n=132

Nail
n=78

Hair Nail

Hair Nail
n= 83

Hair
n=124

Nail

Hair
n=137

Nail

PZ
n = 137

MNP
n = 134

TZ
n = 83

Control
n = 138

Baseline

Endline

Data available for
PZC, CRP and AGP

n = 568

Excluded, n = 192
No baseline blood draw, n = 59
No endline blood draw, n = 34
Incomplete hair and nail sample
collec�on, n = 92
Incomplete laboratory analysis, n = 7Addi�onal randomly selected hair

and nail samples included, n = 14

Data available for hair and/
or nail zinc concentra�on

n = 492

Excluded, n = 90
TZ group (no hair analysis), n = 63
Incomplete hair and nail sample
collec�on or analysis, n = 27

Fig. 1 Flowchart of participant
progression through the
randomized controlled trial
In total, 492 children were
included in analyses. All children
for whom baseline and endline
hair Zn concentrations were
available (n = 368), or for whom
endline nail zinc concentrations
were available (n = 256), were
included in the analyses of the
impact of the intervention
(primary objective). Among
these children, 11 did not have
a n a l y z e d p l a s m a z i n c
concentrations and were thus not
included in analyses investigating
correlations between biomarkers
(secondary objective). However,
an additional 34 children who
had measurements of baseline or
endline hair zinc concentration, in
a d d i t i o n t o p l a sm a z i n c
concentrations, were included in
at least one of the correlational
analyses (secondary objective).
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in these studies, plasma zinc concentrations were either not
measured [33] or also did not respond to supplementation
[34–36], making it difficult to interpret the hair zinc results.

We were able to identify only one study that examined the
change in nail zinc concentrations in response to zinc supple-
mentation. Among post-partum women in Egypt, nail zinc

Table 1 Child, maternal, and household characteristics of the study participants at baseline by intervention groupa

Variables All PZ MNP TZ Control

Nb 457 128 123 83 123

Age, monthsc 15.9 ± 5.0 15.6 ± 5.2 16.0 ± 5.0 16.8 ± 4.6 15.5 ± 4.9

District

Nongbok 151 (33.0) 46 (35.7) 36 (29.3) 26 (31.3) 43 (35.0)

Xebangfai 307 (67.0) 83 (64.3) 87 (70.7) 57 (68.7) 80 (65.0)

Male 207 (45.2) 50 (38.8) 61 (49.6) 41 (49.4) 55 (44.7)

Anthropometry

LAZ − 1.70 ± 1.10 − 1.77 ± 1.17 − 1.78 ± 1.05 − 1.91 ± 1.03 − 1.41 ± 1.09
Stunted (LAZ < −2 SD) 173 (37.9) 51 (39.8) 49 (39.8) 37 (44.6) 36 (29.3)

WAZ − 1.41 ± 1.00 − 1.51 ± 1.00 − 1.48 ± 1.03 − 1.58 ± 0.99 − 1.13 ± 0.95
Underweight (WAZ < − 2 SD) 126 (27.6) 40 (31.3) 38 (30.9) 28 (33.7) 20 (16.3)

WLZ − 0.74 ± 0.86 − 0.82 ± 0.87 − 0.78 ± 0.87 − 0.84 ± 0.85 − 0.56 ± 0.82
Wasted (WLZ < − 2 SD) 28 (6.1) 10 (7.8) 10 (8.1) 6 (7.2) 2 (1.6)

Biochemical Indicators

Plasma zinc concentration, μg/dLd 56.4 (49.3, 65.0) 55.2 (47.9, 65.6) 57.4 (50.1, 65.9) 57.2 (51.0, 65.0) 56.4 (49.6, 63.1)

Plasma zinc concentration < 65 μg/dL 336 (75.2) 93 (72.7) 89 (73.0) 62 (75.6) 92 (80.0)

Hair zinc concentration, μg/g 54.7 (39.1, 78.9) 52.6 (35.8, 77.7) 60.3 (42.8, 78.9) – 52.0 (38.5, 83.3)

Hair zinc concentration < 70 μg/g 245 (66.2) 88 (68.8) 77 (64.7) – 80 (65.0)

C-reactive protein (CRP), mg/L 0.47 (0.21, 1.65) 0.55 (0.19, 1.70) 0.39 (0.23, 1.38) 0.42 (0.19, 1.61) 0.51 (0.22, 2.46)

CRP > 5 mg/L 55 (12.1) 16 (12.6) 10 (8.1) 11 (13.4) 18 (14.6)

α-1-acid glycoprotein (AGP), g/L 0.60 (0.44, 0.87) 0.62 (0.43, 0.86) 0.60 (0.45, 0.87) 0.59 (0.46, 0.85) 0.60 (0.44, 0.97)

AGP > 1 g/L 96 (21.1) 28 (22.1) 25 (20.3) 15 (18.3) 28 (22.8)

IYCF practicese

Breastfed, in the previous month 258 (62.8) 69 (61.6) 66 (61.7) 48 (63.2) 75 (64.7)

Adequate dietary diversity 155 (37.6) 41 (36.6) 38 (35.2) 25 (32.9) 51 (44.0)

Minimum meal frequency 257 (62.5) 68 (60.7) 66 (61.7) 46 (60.5) 77 (66.4)

Maternal characteristics

Maternal age, years 26.8 ± 6.1 26.3 ± 5.9 27.7 ± 6.4 27.2 ± 6.1 26.3 ± 5.8

Maternal BMI, kg/m2 22.0 ± 3.3 21.8 ± 3.1 22.2 ± 3.2 22.0 ± 3.7 22.2 ± 3.5

Maternal education, completed primary school 139 (31.0) 36 (28.8) 41 (33.3) 19 (23.5) 43 (36.1)

Household characteristicsd

HFIAS, moderately or severely food insecure 207 (45.9) 57 (45.2) 49 (40.8) 49 (59.0) 52 (42.6)

Latrine access 260 (63.0) 75 (67.0) 69 (63.9) 43 (65.6) 73 (62.4)

Use of improved drinking water source 304 (84.0) 81 (78.6) 85 (91.4) 51 (81.0) 87 (84.5)

aAGP α-1-acid glycoprotein, BMI body mass index, CRP C-reactive protein,HFIAS household food insecurity access scale [25], LAZ length-for-age z-
score, MNP micronutrient powder, PZ preventive zinc, TZ therapeutic zinc,WAZ weight-for-age z-score, WLZ weight-for-length z-score
b Baseline characteristic data are presented for children included in at least one of the primary outcomes (i.e., data were available for baseline and endline
hair zinc concentrations and/or endline nail zinc concentrations). Breastfeeding and minimum meal frequency, n = 411; adequate dietary diversity, n =
412; latrine access, n = 413; maternal BMI, improved drinking water source, n = 362
cValues presented as mean ± SD, n (%) or median (IQR)
d Plasma zinc concentrations are adjusted for elevated acute phase proteins (CRP and AGP) based on Barffour et al. [12], and estimates of the prevalence
of deficiency are based on inflammation-adjusted concentrations
e Infant and young child feeding practices defined by the WHO [15]. HFIAS from the Food and Nutrition Technical Assistance III Project [16].
Socioeconomic status index based on available indicators of household socioeconomic status, education, income, and ownership of assets, land, and
animals. Handwashing defined as report of consistent handwashing after defecation and/or before meal preparation compared with occasional or no
handwashing after defecation and before meal preparation. Improved drinking water source defined by the WHO [26]
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concentrations were significantly greater among those who
received 10-mg Zn/day for 2 months compared with those
who did not [37]. These results are consistent with the findings
of the present study, which showed that nail zinc concentra-
tions were greater among children who received daily preven-
tive zinc supplements (7–10 mg of Zn/day) compared with
those who received therapeutic zinc supplements for diarrhea.
Although a direct comparison to the placebo control group
would have been ideal, several exploratory analyses lend
strength to these findings. Median (IQR) supplemental zinc
consumption in the TZ group was < 10% of that consumed in
the preventive zinc and MNP groups (TZ, 140 (20, 260) mg;
PZ, 1512 (1376, 1610) mg; MNP, 2175 (1900, 2340) mg over
the study intervention period), and nail zinc concentration was
marginally associated with the number of therapeutic zinc
tablets (i.e., total supplemental zinc consumption) in the ther-
apeutic zinc supplementation group. Additional studies which
measure the response of nail zinc concentrations to supple-
mental zinc interventions will be necessary to confirm these
findings.

Relationships among Zinc Biomarkers

In the present study, plasma and hair zinc concentrations were
not correlated, which is consistent with the results of most [35,
38–40], but not all [37, 41, 42], of the studies that have exam-
ined the relation between these biomarkers. Plasma and nail
zinc concentrations also were not correlated in this study.
Plasma, hair, and nail zinc concentrations may reflect zinc
exposure or status over different time frames with different
sensitivities, which may lead to the observed lack of correla-
tions between biomarkers. Plasma zinc concentrations reflect
recent zinc intake [5]; they have been shown to respond rap-
idly (within 2–5 days) to short-term changes in zinc intake via
supplementation and persist for the duration of the supplemen-
tation period [43]. Conversely, hair and nail zinc concentra-
tions reflect the amount of zinc in the blood at the time of
integument synthesis. For example, if the proximal 1–2 cm
of hair is collected for analysis, hair zinc concentrations will
reflect zinc exposure or status during the 4–8 weeks prior to
sample collection [5]. Correlations with zinc content may

Table 2 Effects of 32–40 weeks of supplementation with daily preventive zinc or daily multiple micronutrient powder on endline hair and plasma zinc
concentrations among young Lao childrena

Outcome PZ MNP Control Minimally
adjusted p valueb

Adjusted p value

n Valuec n Value n Value

Plasma zinc concentration, μg/dLd 124 65.8
(63.2, 68.5)

117 61.7
(59.1, 64.3)

115 55.2
(52.9, 57.5)

< 0.001

Hair zinc concentration, μg/g 127 55.5
(51.1, 60.4)

118 56.0
(51.3, 61.1)

123 55.4
(50.9, 60.4)

0.987 0.999

aMNP, multiple micronutrient powder; PZ, preventive zinc
bMinimally adjusted and adjusted models control for age and district of enrollment. Adjusted models include child sex and maternal education
c Values represent mean (95% CI)
d Plasma and hair zinc concentration data control for baseline values of the respective outcome and plasma zinc concentrations are adjusted for elevated
acute phase proteins (CRP and AGP) based on Barffour et al. [12]. Plasma zinc concentration data are only presented for children for whom hair zinc
concentration data are also available

Table 3 Effects of 32–40 weeks of supplementation with daily preventive zinc or daily multiple micronutrient powder on endline nail and plasma zinc
concentrations among young Lao childrena

Outcome PZ MNP TZ Minimally
adjusted p valueb

Adjusted p value

n Valuec n Value n Value

Plasma zinc concentration, μg/dLd 93 63.7
(60.9, 66.6)

77 60.1
(58.0, 63.9)

82 56.9
(54.3, 59.7)

0.003

Nail zinc concentration, μg/g 95 115.8
(111.6, 119.9)

78 117.8
(113.3, 122.3)

83 110.4
(106.0, 114.8)

0.055 0.015

aMNP multiple micronutrient powder, PZ preventive zinc, TZ therapeutic zinc
bMinimally adjusted and adjusted models control for age and district of enrollment. Adjusted models include child underweight, breastfed in the
previous month, minimum meal frequency, maternal education, and drinking water source
c Values represent mean (95% CI)
d Plasma zinc concentration data control for baseline values of the respective outcome and are adjusted for elevated acute phase proteins (CRP and AGP)
based on Barffour et al. [12]. Plasma zinc concentration data are only presented for children for whom nail zinc concentration data are also available
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have been obscured by the day-to-day and seasonal fluctua-
tions in dietary zinc exposure and consequent changes in plas-
ma zinc concentration.

Determination of Cutoff Values for Low Hair and Nail
Zinc Concentrations

There are currently no established reference values for hair
zinc and nail zinc concentrations, which limits the use of these
biomarkers as indicators of zinc status. A cutoff of 70 μg/g
hair (< 1.07 μmol/g) has been commonly used to define zinc
deficiency, based on associations with impaired growth, poor
appetite, and hypogeusia among children 4–17 years in the
USA [44]. However, among children 3 months–4 years in
the aforementioned study, 36.6% had hair zinc concentrations
below this cutoff, and correlations with anorexia and poor
growth and hair zinc concentrations were only observed when
hair zinc concentrations were < 30 μg/g hair [44]. In contrast,
a study in Panama found that younger children (0–5 years)
had higher hair zinc concentrations compared with older chil-
dren (6–10 years) [45]. Since hair or nail and plasma zinc
concentrations among infants and young children were not
correlated in the present study, no additional information on
an appropriate cutoff of hair and nail zinc concentrations to
define zinc deficiency is available. Therefore, changes in nail
zinc concentrations in response to an intervention reflect zinc
exposure, but not necessarily zinc status.

Strengths and Weaknesses

The randomized, placebo-controlled study design, standardi-
zation of biological sample collection and laboratory analysis,
and adequate sample size lend strength to these findings.
Plasma, hair, and nail samples were collected and analyzed
based on procedures recommended by IZiNCG [9, 10], and
appropriate certified reference materials (currently available
for plasma and hair) were used to assess the accuracy and
precision of the analytical methods. In addition, the study
was implemented in a population with a high prevalence of
zinc deficiency and stunting [12], and plasma zinc concentra-
tions increased in response to supplementation among chil-
dren who received preventive dispersible zinc tablets (7 mg/
d) or MNP (10 mg Zn/d) daily for 9 months [12]. A primary
limitation of this study is that no overall effects of functional
outcomes of zinc status (i.e., linear or ponderal growth or
diarrheal morbidity) were observed [12]. In addition, the ob-
served increases in plasma and nail zinc concentrations were
relatively small. Thus, the interventions’ effects on zinc status
may have been limited, with hair zinc concentrations not sen-
sitive enough to detect these changes. Additional limitations
of this study include nail samples not being analyzed in the
placebo control group, a lack of nail sample collection at

baseline, and the combination of finger and toenail samples,
which have different rates of growth, for the analytical
samples.

Conclusions

In the present study, zinc concentrations in plasma and nail,
but not hair, responded to supplemental zinc intake. Thus, this
study does not support the use of hair zinc as a biomarker of
zinc exposure in young children. However, it provides prelim-
inary evidence that nail zinc concentrations may respond to
supplemental zinc interventions and supports the desirability
of collecting additional data on this emerging biomarker.

Acknowledgments We thank the entire Lao Zinc Study team, including
Kethmany Ratsavong, Dalaphone Sitthideth, Khanpaseuth Sengnam, and
Bigphone Chanhthavong of the Lao Tropical and Public Health Institute
for coordinating the data collection. In addition, we sincerely thank all of
the participating children and their parents, the local communities, and
health districts of the Khammouane Province, Lao PDR.

Authors’ Contributions K Ryan Wessells: conceptualization, methodolo-
gy, supervision, data curation, writing – original draft preparation;
Kenneth H Brown: conceptualization, funding acquisition, writing – re-
view and editing; Charles D Arnold: methodology, software, formal anal-
ysis, data curation, writing – review & editing; Maxwell A Barffour:
investigation, supervision, data curation, writing – review and editing;
Guy-Marino Hinnouho: investigation, supervision, writing – review and
editing; David W Killilea: investigation, supervision, data curation, writ-
ing – review and editing Sengchanh Kounnavong: supervision, project
administration, writing – review and editing; Sonja Y Hess: conceptual-
ization, methodology, supervision, funding acquisition, writing – review
and editing. All authors revised the work critically for important intellec-
tual content, gave final approval of the version to be published and agree
to be accountable for all aspects of the work.

Funding Information Funding for this research was provided by
Nutrition International and the Mathile Institute for the Advancement of
Human Nutrition (grant number 10-1347-UCALIF-07), the Bill &
Melinda Gates Foundation (grant number OPP1134272) and a Bristol-
Meyers Squibb Freedom to Discover Award (KHB).

Compliance with Ethical Standards

Conflict of Interest KHB and the spouse of SYH worked for the Bill &
Melinda Gates Foundation, which provided part of the financial support.
None of the other authors have a conflict of interest to declare. The
sponsors had no involvement in the study design, analysis, and interpre-
tation of data, report writing, or the decision to submit the article for
publication.

Ethics Approval The trial protocol was approved by the Institutional
Review Board of the University of California, Davis (IRB; 626,187)
and the National Ethics Committee for Health Research, Ministry of
Health, Lao PDR (NEHCR; 040/2014, 069/2015, 039/2016). The authors
certify the study was performed in accordance with the tenets of the
Declaration of Helsinki.

Wessells et al.450



Consent to Participate Informed consent, documented with either a
written signature or a fingerprint, was obtained from a parent or guardian
of each participant.

Consent for Publication Not applicable.

Availability of Data and Material The datasets generated and analyzed
during the current study are available from the study principal investigator
on reasonable request (syhess@ucdavis.edu).

Code Availability Not applicable.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Wessells KR, Brown KH (2012) Estimating the global prevalence
of zinc deficiency: results based on zinc availability in national food
supplies and the prevalence of stunting. PLoS One 7(11):e50568.
https://doi.org/10.1371/journal.pone.0050568

2. Hess SY (2017) National risk of zinc deficiency as estimated by
national surveys. Food Nutr Bull 38(1):3–17. https://doi.org/10.
1177/0379572116689000

3. Brown KH, Peerson JM, Baker SK, Hess SY (2009) Preventive
zinc supplementation among infants, preschoolers, and older pre-
pubertal children. Food Nutr Bull 30(Suppl 1):S12–S40

4. Lazzerini M, Wanzira H (2016) Oral zinc for treating diarrhoea in
children. Cochrane Database Syst Rev 12:CD005436. https://doi.
org/10.1002/14651858.CD005436.pub5

5. King JC, Brown KH, Gibson RS, Krebs NF, Lowe NM, Siekmann
JH, Raiten DJ (2016) Biomarkers of nutrition for development
(BOND) - zinc review. J Nutr 146(Suppl 1):858S–885S. https://
doi.org/10.3945/jn.115.220079

6. Hess SY, Peerson JM, King JC, Brown KH (2007) Use of serum
zinc concentration as an indicator of population zinc status. Food
Nutr Bull 28(3 Suppl):S403–S429

7. Lowe NM, Fekete K, Decsi T (2009) Methods of assessment of
zinc status in humans: a systematic review. Am J Clin Nutr 89(6):
2040S–2051S. https://doi.org/10.3945/ajcn.2009.27230G

8. Hotz C, Peerson JM, Brown KH (2003) Suggested lower cutoffs of
serum zinc concentrations for assessing zinc status: reanalysis of the
second National Health and Nutrition Examination Survey data
(1976-1980). Am J Clin Nutr 78(4):756–764

9. International Zinc Nutrition Consultative Group (2012) Assessing
population zinc status with serum zinc concentration. IZiNCG tech-
nical brief no. 2. Available online: http://www.izincg.org (accessed
26 March 2014)

10. International Zinc Nutrition Consultative Group (2018) Assessing
population zinc exposure with hair or nail zinc. IZiNCG Technical
Brief No. 8. Available online: www.izincg.org (accessed 9
July 2019)

11. Wessells KR, Brown KH, Kounnavong S, Barffour MA, Hinnouho
GM, Sayasone S, Stephensen CB, Ratsavong K, Larson CP, Arnold
CD, Harding KB, Reinhart GA, Lertmemongkolchai G, Fucharoen
S, Bernstein RM, Hess SY (2018) Comparison of two forms of
daily preventive zinc supplementation versus therapeutic zinc sup-
plementation for diarrhea on young children’s physical growth and
risk of infection: study design and rationale for a randomized con-
trolled trial. BMC Nutr 4(39):39. https://doi.org/10.1186/s40795-
018-0247-6

12. Barffour MA, Hinnouho GM, Kounnavong S, Wessells KR,
Ratsavong K, Bounheuang B, Chanhthavong B, Sitthideth D,
Sengnam K, Arnold CD, Brown KH, Hess SY (2019) Effects of
daily zinc, daily multiple micronutrient powder, or therapeutic zinc
supplementation for diarrhea prevention on physical growth, ane-
mia, and micronutrient status in rural Laotian children: a random-
ized controlled trial. J Pediatr 207:80–89. https://doi.org/10.1016/j.
jpeds.2018.11.022

13. Kewcharoenwong C, Schuster GU, Wessells KR, Hinnouho GM,
Barffour MA, Kounnavong S, Brown KH, Hess SY, Samer W,
Tussakhon I, Lertmemongkolchai G, Peerson JM, Stephensen CB
(2020) Daily preventive zinc supplementation decreases lympho-
cyte and eosinophil concentrations in rural Laotian children from
communities with a high prevalence of zinc deficiency: results of a
randomized controlled trial. J Nutr. https://doi.org/10.1093/jn/
nxaa037

14. Barffour MA, Hinnouho GM, Kounnavong S, Wessells KR,
Ratsavong K, Bounheuang B, Chanhthavong B, Sitthideth D,
Sengnam K, Arnold CD, Brown KH, Larson CP, Hess SY (2018)
Effects of two forms of daily preventive zinc and therapeutic zinc
supplementation for diarrhea on diarrhea and acute respiratory tract
infections in Laotian children (OR32-05). Curr Develop Nutr 2(11).
https://doi.org/10.1093/cdn/nzy039

15. World Health Organization (2008) Indicators for assessing infant
and young child feeding practices: part 1 definitions. World Health
Organization, Geneva

16. Coates J, Swindale A, Bilinksky P. Household food insecurity ac-
cess scale (HFIAS) for measurement of household food access:
Indicator guide (v. 3). Washington, D.C.: FHI 360/FANTA.
Available online: https://www.fantaproject.org/monitoring-and-
evaluation/household-food-insecurity-access-scale-hfias (accessed
on 7 November 2013)

17. Cogill B (2003) Anthropometric indicators measurement guide.
Food and nutrition technical assistance project. Academy for
Educational Development, Washington, DC

18. World Health Organization Multicentre Growth Reference Study
Group (2006) WHO Child Growth Standards based on length/
height, weight and age. Acta Paediatr Suppl 450:76–85

19. Killilea DW, Ames BN (2008) Magnesium deficiency accelerates
cellular senescence in cultured human fibroblasts. Proc Natl Acad
Sci U S A 105(15):5768–5773. https://doi.org/10.1073/pnas.
0712401105

20. Erhardt JG, Estes JE, Pfeiffer CM, Biesalski HK, Craft NE (2004)
Combined measurement of ferritin, soluble transferrin receptor, ret-
inol binding protein, and C-reactive protein by an inexpensive,
sensitive, and simple sandwich enzyme-linked immunosorbent as-
say technique. J Nutr 134(11):3127–3132

21. Hess SY, Barffour MA, Hinnouho GM. Lao zinc study. Open
Science Framework https://osf.io/5bq9c

22. Johnston BC, Guyatt GH (2016) Best (but oft-forgotten) practices:
intention-to-treat, treatment adherence, and missing participant out-
come data in the nutrition literature. Am J Clin Nutr 104(5):1197–
1201. https://doi.org/10.3945/ajcn.115.123315

23. Namaste SM, Aaron GJ, Varadhan R, Peerson JM, Suchdev PS,
Group BW (2017) Methodologic approach for the biomarkers
reflecting inflammation and nutritional determinants of anemia

Plasma and Nail Zinc Concentrations, But Not Hair Zinc, Respond Positively to Two Different Forms of... 451

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1371/journal.pone.0050568
https://doi.org/10.1177/0379572116689000
https://doi.org/10.1177/0379572116689000
https://doi.org/10.1002/14651858.CD005436.pub5
https://doi.org/10.1002/14651858.CD005436.pub5
https://doi.org/10.3945/jn.115.220079
https://doi.org/10.3945/jn.115.220079
https://doi.org/10.3945/ajcn.2009.27230G
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s40795-018-0247-6
https://doi.org/10.1186/s40795-018-0247-6
https://doi.org/10.1016/j.jpeds.2018.11.022
https://doi.org/10.1016/j.jpeds.2018.11.022
https://doi.org/10.1093/jn/nxaa037
https://doi.org/10.1093/jn/nxaa037
https://doi.org/10.1093/cdn/nzy039
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.0712401105
https://doi.org/10.1073/pnas.0712401105
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3945/ajcn.115.123315


(BRINDA) project. Am J Clin Nutr 106(Suppl 1):333S–347S.
https://doi.org/10.3945/ajcn.116.142273

24. Brown K, Rivera J, Bhutta Z, Gibson R, King J, Lönnerdal B, Ruel
M, Sandström B, Wasantwisut E, Hotz C (2004) International zinc
nutrition consultative group (IZiNCG) technical document #1.
Assessment of the risk of zinc deficiency in populations and options
for its control. Food Nutr Bull 25:S99–S203

25. Coates J, Swindale A, Bilinsky P (2007) Household Food
Insecurity Access Scale (HFIAS) for Measurement of Household
Food Access: Indicator Guide (v. 3). FHI 360/FANTA,
Washington, DC

26. Safely managed drinking water - thematic report on drinking water
(2017) Geneva, Switzerland: World Health Organization. Available
online: https://washdata.org/monitoring/drinking-water (accessed
27 February 2019)

27. Zlotkin S, Arthur P, Schauer C, Antwi KY, Yeung G, Piekarz A
(2003) Home-fortificationwith iron and zinc sprinkles or iron sprin-
kles alone successfully treats anemia in infants and young children.
J Nutr 133(4):1075–1080

28. Jack SJ, Ou K, Chea M, Chhin L, Devenish R, Dunbar M, Eang C,
Hou K, Ly S, Khin M, Prak S, Reach R, Talukder A, Tokmoh LO,
Leon de la Barra S, Hill PC, Herbison P, Gibson RS (2012) Effect of
micronutrient sprinkles on reducing anemia: a cluster-randomized
effectiveness trial. Arch Pediatr Adolesc Med 166(9):842–850.
https://doi.org/10.1001/archpediatrics.2012.1003

29. Umeta M, West CE, Haidar J, Deurenberg P, Hautvast JG (2000)
Zinc supplementation and stunted infants in Ethiopia: a randomised
controlled trial. Lancet 355(9220):2021–2026

30. Hambidge KM, Chavez MN, Brown RM, Walravens PA (1979)
Zinc nutritional status of young middle-income children and effects
of consuming zinc-fortified breakfast cereals. Am J Clin Nutr
32(12):2532–2539

31. Cavan KR, Gibson RS, Grazioso CF, Isalgue AM, Ruz M,
Solomons NW (1993) Growth and body composition of periurban
Guatemalan children in relation to zinc status: a cross-sectional
study. Am J Clin Nutr 57(3):334–343

32. Walravens PA, Hambidge KM (1976) Growth of infants fed a zinc
supplemented formula. Am J Clin Nutr 29(10):1114–1121

33. Lachat CK, Van Camp JH, Mamiro PS, Wayua FO, Opsomer AS,
Roberfroid DA, Kolsteren PW (2006) Processing of complementa-
ry food does not increase hair zinc levels and growth of infants in
Kilosa district, rural Tanzania. Br J Nutr 95(1):174–180

34. Ruz M, Castillo-Duran C, Lara X, Codoceo J, Rebolledo A, Atalah
E (1997) A 14-mo zinc-supplementation trial in apparently healthy
Chilean preschool children. Am J Clin Nutr 66(6):1406–1413

35. Walravens PA, Krebs NF, Hambidge KM (1983) Linear growth of
low income preschool children receiving a zinc supplement. Am J
Clin Nutr 38(2):195–201

36. Morgan EJ, Heath AL, Szymlek-Gay EA, Gibson RS, Gray AR,
Bailey KB, Ferguson EL (2010) Red meat and a fortified
manufactured toddler milk drink increase dietary zinc intakes with-
out affecting zinc status of New Zealand toddlers. J Nutr 140(12):
2221–2226. https://doi.org/10.3945/jn.109.120717

37. Shaaban S, El-Hodhoh M, Nassar M, AE H, El-Arab S, Shaheen F
(2005) Zinc status of lactating Egyptian mothers and their infants:
effect of maternal zinc supplementation. Nutr Res 25:45–53

38. Grazioso CF, Isalgue M, de Ramirez I, Ruz M, Solomons NW
(1993) The effect of zinc supplementation on parasitic reinfestation
of Guatemalan schoolchildren. Am J Clin Nutr 57(5):673–678

39. Park JS, Chang JY, Hong J, Ko JS, Seo JK, Shin S, Lee EH (2012)
Nutritional zinc status in weaning infants: association with iron
deficiency, age, and growth profile. Biol Trace Elem Res 150(1–
3):91–102. https://doi.org/10.1007/s12011-012-9509-3

40. McBean LD, Mahloudji M, Reinhold JG, Halsted JA (1971)
Correlation of zinc concentrations in human plasma and hair. Am
J Clin Nutr 24(5):506–509

41. Sandstead HH, Prasad AS, Penland JG, Beck FW, Kaplan J, Egger
NG, Alcock NW, Carroll RM, Ramanujam VM, Dayal HH, Rocco
CD, Plotkin RA, Zavaleta AN (2008) Zinc deficiency in Mexican
American children: influence of zinc and other micronutrients on T
cells, cytokines, and antiinflammatory plasma proteins. Am J Clin
Nutr 88(4):1067–1073

42. Yokoi K, Egger NG, Ramanujam VM, Alcock NW, Dayal HH,
Penland JG, Sandstead HH (2003) Association between plasma
zinc concentration and zinc kinetic parameters in premenopausal
women. Am J Physiol Endocrinol Metab 285(5):E1010–E1020

43. Wessells KR, Jorgensen JM, Hess SY,Woodhouse LR, Peerson JM,
Brown KH (2010) Plasma zinc concentration responds rapidly to
the initiation and discontinuation of short-term zinc supplementa-
tion in healthy men. J Nutr 140(12):2128–2133

44. Hambidge KM, Hambidge C, Jacobs M, Baum JD (1972) Low
levels of zinc in hair, anorexia, poor growth, and hypogeusia in
children. Pediatr Res 6(12):868–874

45. Klevay LM (1970) Hair as a biopsy material. I Assessment of zinc
nutriture. Am J Clin Nutr 23(3):284–289

Trial Registration: ClinicalTrials.gov (www.ClinicalTrials.gov;
NCT02428647)

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.?

Wessells et al.452

https://doi.org/10.3945/ajcn.116.142273
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1001/archpediatrics.2012.1003
https://doi.org/10.3945/jn.109.120717
https://doi.org/10.1007/s12011-012-9509-3
http://creativecommons.org/licenses/by/4.0/

	Plasma...
	Abstract
	Introduction
	Materials and Methods
	Study Design and Participants
	Randomization and Intervention Products
	Structured Interviews and Anthropometry
	Biological Sample Collection
	Biological Samples Analysis
	Sample Size Estimation
	Statistical Analyses

	Results
	Participant Characteristics
	Effects of the Intervention
	Associations Between Plasma Zinc Concentration and Hair and Nail Zinc Concentrations

	Discussion and Conclusion
	Overview of the Main Results
	Effects of the Intervention
	Relationships among Zinc Biomarkers
	Determination of Cutoff Values for Low Hair and Nail Zinc Concentrations
	Strengths and Weaknesses

	Conclusions
	References




