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Population-level assessment of zinc deficiency remains a challenge due to
the lack of suitable biomarkers. Spot urinary zinc concentration (UZC) has
the potential to provide information on population zinc status in large-scale
surveys, but there is no established cut-off point indicating deficiency. A
strong correlation between this biomarker and an established biomarker such
as serum zinc concentration (SZC) in paired samples (i.e., from the same
individual), could identify the thresholds indicating zinc deficiency. This study,
therefore, aimed to regress spot UZC from school-aged children and women
from the Malawi micronutrient survey with paired SZC data using a linear
mixed-effects model. The nested variance components indicated no linear
relationship between the UZC and SZC data, irrespective of adjustments for
inflammation and hydration. Thresholds of urinary zinc excretion that have
been suggested by expert panels were applied to the spot UZC data, as a
post-hoc analysis. The zinc deficiency prevalence estimates derived from these
suggested thresholds were not similar to the estimates from the SZC data, and
further research is required to understand whether spot UZC can still provide
useful information in population zinc assessment.
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Introduction

Zinc is an essential micronutrient, required in the diet in relatively small amounts, yet
it is involved in many metabolic and physiological processes. Biochemical data on zinc
deficiency are sparse, however, the limited data on population-level analyses of plasma or
serum zinc (SZC) levels have shown that zinc deficiency is of global public health concern
(1). Zinc deficiency may lead to poor immunity and greater susceptibility to infections. It
can also cause poor growth, poor wound healing, birth defects, and death in infants (2).
Zinc deficiency underlies a substantial disease burden predominantly among children
under 5 years of age. It affects one in every two children from low- and middle-income
countries and is associated with reduced linear growth as well as increased incidences of
infectious diseases (3).
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Plasma or SZC is used as a biomarker to assess population-
level zinc status but it has limitations (2, 4) including
confounding factors such as acute inflammation which cause
artificial inflation of the prevalence estimates (5-8). Adjustments
can be made to account for the effects of inflammation, however,
the existing methods are not consistent with each other (9,
10). There are currently three established methods that are
used to correct for inflammation but the prevalence estimates
that are produced by these methods differ. Other biomarkers
such as nails, hair, and sweat, have been proposed but are not
routinely used due to multiple limitations such as biological
factors and environmental contamination (2, 11). Single-void
(spot/casual), urine is an established biomarker that is used for
population-level assessment of iodine (12), and it has shown
value in the population-level assessment of selenium (13). It is
thus a good candidate for assessing population zinc status on a
large scale but there are no established cut-off values for spot
urinary zinc concentration (UZC) which limits its usefulness.
Prior studies have used a factorial approach to calculate the
physiological requirements of zinc in healthy participants, which
involves identifying typical values for urinary zinc losses in
healthy individuals by age range (14, 15). These values may be
useful in establishing cut-off points; however, they were based
on 24-h urinary samples and may not be appropriate for spot
urine samples.

A strong correlation between paired data of an established
biomarker with known cut-offs indicating deficiency and a
surrogate with no known cut-offs can be used to identify
thresholds for deficiency in the latter (16, 17). This method is
used in blood serum biomarkers for vitamin A deficiency, but
random, or “spot” urine samples have also been useful surrogates
for other nutrients. For instance, spot urine selenium has been
identified as a strong candidate for determining population-
level selenium status in specific demographic groups because
of its strong correlation with paired-sample serum selenium
concentration (13). We, therefore, hypothesized that a strong
correlation between UZC and SZC could also be used to
determine cut-off points for UZC that are equivalent to those in
SZC. The objectives of this study were (1) To assess the strength
of the relationship between UZC data against SZC data in the
Malawi Micronutrient Survey population using linear mixed-
effects modeling; (2) If a strong correlation between SZC and
UZC data is found to identify the optimal cut-off point in UZC
for estimating the risk of zinc deficiency.

Materials and methods

We used secondary data from the Malawi National
Micronutrient Survey (MNS) which was conducted from 2015
to 2016. The study design has been previously reported in
detail (18) and is presented here in brief. The survey used a
two-stage cluster design which aimed to provide results weighted

Frontiersin Nutrition

02

10.3389/fnut.2022.890209

at national, regional (north, central and south), district (n =
28), and residency (rural/urban) levels. This was done using
household-level sampling weights, which were derived from
the Malawi Demographic Health Survey. The sampling method
resulted in a total of 105 clusters (35 in each of the regions)
from which households were selected for inclusion in the MNS
study (20 per urban cluster and 22 per rural cluster). In each
household, all primary school children (PSC) were included,
and from nine random households of the 20/22 households, all
women of reproductive age (WRA) were included. Of the nine
random households, six were randomly selected for inclusion of
all school-age children (SAC), and from these six households,
four were included for adult men.

The sample size taken for this current study was determined
by the availability of the urine data, which was determined by the
sample availability. The spot urine samples were only collected
from WRA and SAC for the assessment of iodine concentrations
and other conditions. The urine sample collection method
is described in detail in an earlier publication (13), while
sample collection and analysis of the SZC are detailed in the
MNS report (18). Serum samples for zinc assessment were
collected in trace element-free vacutainers. The samples were
maintained in portable freezers in the field and transported to
the nearest district laboratory for temporary storage (—20°C).
The samples were then transferred to a central laboratory and
stored at —70°C until shipment to CHORI lab in Oakland,
for analysis. In the lab, serum zinc was diluted to a final
concentration of 5% HNOj3 and centrifuged at 3,000 x g for
10 min before analysis using Atomic Emission Spectrometry
(AES) (19, 20).

Subsequently, zinc concentrations were measured in stored
urine samples, as reported previously (21). In brief, the urine
samples were frozen within an hour of collection and kept at
—20°C for a maximum of 8h, then they were transferred to a
central laboratory in Malawi which stored them at —80°C (13).
The samples were then transferred frozen and on dry ice, to the
UK where they were also kept at —80°C until the time of sample
analysis. Zinc concentration was determined in a multi-element
analysis (with a Helium collision mode, to reduce interferences)
using the Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) assay (21). The limit of detection was 19 pug/L based on the
standard deviation of 137 analytical blanks. Certified reference
materials of human urine and seronorm trace elements of urine
were used as quality controls for the analysis. In total, zinc
concentration was measured in 1,406 urine samples (n = 741
and n = 665 participants for WRA and SAC, respectively).
This study included only observations that had serum zinc data,
inflammation adjustment data, and urinary data.

The UZC data were adjusted for effects of hydration (see
Section Adjustment of urine data for hydration) before running
the linear-mixed effects models. The SZC data used in the model
was adjusted for inflammation (Section Adjustment of serum
zinc data for inflammation) in a prior study (9).
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Adjustment of urine data for hydration

Creatinine  adjustment was conducted wusing the
equation below
UZC,adi
UZCy = ——1nad].
Crmeas

Where UZC¢; denotes adjusted UZC and was reported as UZCr

1g/L, UZCypagj denotes unadjusted UZC, and CRmeas denotes,

the measured creatinine concentration of the individual.
Osmolarity adjustment was achieved by the equation

OSMI’VIEHH

UZCosm = UZC, Pk —————
o 44 OSMyneas

Where UZCosm denotes osmolarity-adjusted UZC and is
reported as UZCosm Wg/L, UZCyp,g; denotes the unadjusted
UZC, OSMpmean denotes the mean osmolarity from all the data
and OSMmeas denotes the individual osmolarity measurement.

These adjustments were all made separately for the WRA
and SAC data and resulted in four different UZC data points
for each individual (unadjusted, Sg adjusted, creatinine adjusted,
and osmolarity adjusted). A urine sample quality check was
made to identify samples that were too dilute for inclusion in
the analysis. This was conducted using a combined cut-oft mark
of creatinine level < 0.05 g/L and an Sg of < 1.001 (22).

Adjustment of serum zinc data for
inflammation

Biomarkers of inflammation C-reactive protein (CRP) and
alpha-1 acid glycoprotein were analyzed in serum samples
that were aliquot from the blood collected in all participants.
This analysis was conducted using the sandwich Enzymatic
Linked Immunosorbent Assay (ELISA) at the VitMin lab
in Germany (18). Three forms of the serum zinc data
were used for the analyses: (1) Raw uncorrected data
(SZCynagj vg/dl), (2) corrected for inflammation using internal
correction factors (ICE, SZCj¢ pg/dl), and (3) corrected for
inflammation using Biomarkers Reflecting Inflammation and
Nutritional Determinants of Anemia (BRINDA, SZCy,, pg/dl)
recommended methods (5, 6, 23).

The linear mixed-effects model

The relationship between UZC and SZC was examined by
fitting a linear model. Because of the clustered structure of the
observations, a linear mixed-effects model (LMM) was used
with random effects to account for nested variation at three
levels: between cluster, within-cluster (between households), and
within households (between individuals). Log-transformed data
were used for both SZC and UZC to make the assumption of
normality of the random effects plausible.
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The basic LMM takes the form
y=XB+n+k+e

where the vector contains observation of the dependent variable,
the design matrix X contains covariates and the vector f
contains the corresponding fixed effects coefficients, and the
terms W, k, and € are, respectively, the between-cluster, between
household (within the cluster), and between individual (within
the household) random effects. Each of the random effects has a
mean of zero and a variance that must be estimated.

In the so-called null model, the only fixed effect is a constant
mean, so the design matrix X contains a single column, with
values all 1, and the vector B contains the estimated mean
value. We used the Ime function from the nlme package in
R (24) to estimate the variances of the random effects by
residual maximum likelihood. In an alternative model, UZC is
considered as a potential predictor for SZC, and so it is a fixed
effect in the model, along with a constant intercept. In this case,
the design matrix X comprises a column, with values all 1, and
a second column that contains the values of UZC. The vector
contains a constant or intercept and the regression coeflicient
for UZC in the estimated model. The variance components
from the predictor model were then compared with those from
the null model to determine the magnitude of reduction that
was introduced by the addition of UZC data to the model.
The predictor model also gave adjusted R?, at the nested levels
which are similar to the standard R?> but not guaranteed to
be bound to the interval (0, 1). A higher adjusted R? at the
cluster level than the individual level would imply that UZC may
have greater value as a population-level, rather than individual-
level, biomarker, and vice versa. For the models which gave
such outputs, cluster means of the two datasets were plotted
to visualize the relationship. The SAC and WRA data were
analyzed separately, which included all datasets for UZC (4) and
SZC (3). As such, 12 models for WRA and SAC were computed
and assessed.

Post-hoc analyses

Post-hoc analyses were undertaken to understand the
relationship between UZC and SZC and to further explore
potential cut-off points for zinc status from the UZC data.
First, a regression model was used to explore the impact
of inflammation on UZC. The regression model used log-
transformed UZC data as the independent variable and the
inflammatory markers c-reactive protein (CRP) and a-1 acid
glycoprotein (AGP) as predictor variables. This was done for
both SAC and WRA and all the three UZC data types.

Second, attempts were made to achieve objective 2 by using
values based on estimated average urinary zinc losses. These
values were estimated from published literature by expert panels
for the estimation of zinc physiological requirements (PR)
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during the process of arriving at dietary zinc recommendations
using the factorial approach. The hypothesis is that if dietary
zinc intake is not sufficient to meet the PR, then homeostatic
adjustments to preserve zinc occur, including reduced zinc losses
in urine (2). Urinary zinc losses below these thresholds may
thus be indicative of inadequate zinc intake. Age and gender-
specific values for zinc loss via urine were used for SAC (0.1
mg/day for SAC aged 5-6, 0.2 mg/day for SAC aged 7-10 years,
0.3 mg/day for male and female SAC aged 11-14 years, after
rounding), and for women, the threshold of 0.3 mg/day WRA
(25) was used. The values were published by European Food
Safety Authority (EFSA), but are based on reference bodyweight
values from a study by van Buuren et al. (for SAC) (26), and
multiple individual studies for WRA (27-32). For control, the
threshold value for zinc loss that is recommended by the Food
and Nutrition Board (FNB)/ Institute of Medicine (IOM) of 0.44
mg/day in WRA, was also tested. This analysis was done using
the hydration-adjusted data only, as it implied conversion of
the spot urine samples to equivalent 24-h values. The estimated
prevalence of observations with reduced dietary intake was
then compared with the estimated prevalence of serum zinc
deficiency using a Chi-squared test of proportions.

Statistical inferences

For all analyses, a p-value of 0.05 was considered statistically
significant and prevalence estimates are reported with a 95%
confidence interval. All point estimates were weighted using the
household-level sampling weights which were derived from the
survey metadata.

Data access and ethical approval

Urinary zinc data was accessed from Phiri et al. (21)
whereas the serum zinc data was accessed from the DHS
program database following approval of the request for use (May
23rd, 2019). Ethical approval for this secondary data analysis
was obtained from the College of Medicine Research Ethics
Committee (COMREC), protocol number P.01/20/2915 (March
11th, 2020). COMREC is affiliated with Kamuzu University of
Health Sciences, previously known as the College of Medicine
in Malawi.

Results

Participants and sample characteristics

Spot urine zinc analysis was conducted for n = 1,406
participants (WRA: n = 741 and SAC: n = 665), whereas serum
zinc analysis was conducted for n = 1,488 (WRA: n = 745 and
SAC: n = 743). After both datasets were cleaned and matched »
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= 1,301 observations remained of which 660 were WRA and 641
were SAC as shown in Table 1 and Supplementary Figure S1.

For SZC, an upper threshold of 125 pg/dl was used
(33), beyond which samples were suspected to have been
contaminated and deemed as outliers. All urine samples were
deemed of good quality and not too dilute for the element
analyses because none of the observations had both creatinine
and Sg levels that were below the thresholds of dilution.
Only two observations (one in each demographic group) had
creatinine values below 0.05 g/L and there were no observations
with Sg below 1.001.

Adjustment for urine data for hydration

The mean Cr, Osm, and Sg values that were used for
the hydration adjustments are presented in Table 1. There
were higher mean concentrations of Cr and Osm in WRA
compared to SAC. The data for both SAC and WRA was
not normally distributed before or after hydration adjustment,
based on Shapiro-Wilk tests which gave extremely low p-
values (p < 0.01). The mean UZC in SAC decreased following
adjustment, from 410.95 to 396.39 and 385.51 pg/L for Osm
and Sg, respectively. These changes were not significant,
based on Wilcoxon signed-rank tests. Adjusting for creatinine,
significantly increased the mean UZC of SAC to 500.23 png/L (p
< 0.01; Figure 1). Hydration adjustment of the UZC of WRA led
to decreases in the UZC for all three methods. Wilcoxon signed-
rank tests indicated that the hydration adjusted values for WRA
were significantly lower than the unadjusted values (UZCcr; p <
0.01, UZCosm; p < 0.01, UZCsg; p = 0.01).

TABLE 1 Participant demographics and geometric mean +SD values
for urine and plasma biochemical parameters measured in women and
school-age children in the 2015-2016 Malawi national micronutrient
survey.

SAC WRA

N 641 660

Male 309

Female 332
SZCunagj (Mean + SD) pg/dL 60.69 £ 1.29 58.96 4 1.25
CRP (Mean + SD) mg/L 0.88 £6.47 0.73 £4.59
AGP (Mean + SD) g/L 0.83 £ 1.65 0.62 £1.53
UZCunadj (Mean + SD) pg/L 276.99 + 2.64 278.93 £2.92
Cr (Mean & SD) g/L 0.64 £ 2.33 1.00 £ 2.06
Osm (Mean £ SD) mOsm/L 472.14 £ 1.76 534.18 £ 1.67
Sg (Mean % SD) 1.02 +1.01 1.01 ££1.00

WRA, Women of reproductive age; SAC, school-age children; SZCumdj, unadjusted
serum zinc concentration; CRP, c-reactive protein; AGP, Alpha-1 acid glycoprotein;
UZCupadj» Unadjusted urine zinc concentration; Cr, Urine Creatinine concentration;
Osm, urine Osmolarity concentration; Sg, Urine specific gravity, all mean and SD values
are geometric means.
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FIGURE 1

Bar chart with box-plots for urine zinc concentration values and means among women of reproductive age and school-age children, before
and after adjustment for hydration status in the 2015-2016 Malawi national micronutrient survey. UZC,n,q;: Unadjusted urine zinc concentration,
UZC,,: Creatinine adjusted urine zinc concentration, UZCyy,: Osmolarity adjusted urine zinc concentration, UZCy,: Specific gravity adjusted
urine concentration, SAC: School-age children, WRA: Women of reproductive age.

Linear mixed-effects model results of
SZC and UZC data

As shown in Table 2, in the null model of SZC, variance
components were very small for SAC for hydration-adjusted
and unadjusted data. This was true for all three sampling levels
and the largest (albeit still small) variance was observed between
individuals within the household level for the unadjusted SZC
data. The addition of urinary zinc as random terms to the SZC
model did not improve the efficiency of the model for SAC. This
is based on the inability of the UZC data to reduce the variance
component of the null model. This observation was true for
all model combinations of all three SZC types and all four
UZC types. A reduction in the variance of the adjustment for
inflammation reduced the variance slightly but the change was
negligible. No variation in the SZC data could thus be explained
by the addition of UZC data of any hydration adjustment type.

For SAC, the adjusted R? was largest at between cluster
level compared to between household or between individual
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within household levels, for all three SZC types. The adjusted R?
increased when UZC was adjusted for hydration and the largest
value of adjusted R?% (0.21) is observed for UZCsg as a predictor
for unadjusted SZC data. This largest adjusted R* was observed
at the cluster level and the cluster means for this data type were
plotted against those of the SZC data types (Figure 2). A linear
relationship can be seen between the cluster means of UZCgg
and the SZC data types in all three graphs in Figure 2. Overall,
adjustment for inflammation did not improve the relationship
between SZC and UZC in SAC data.

For WRA, the variance between household levels was
extremely low for all the models; as such, the adjusted R>
at this level could not be interpreted (Table 3). At between
cluster level, the addition of UZCc to the null model did
not affect the variance and the adjusted R?> for this data
type was equal to 0. The other data types also had very low
adjusted R?-values which indicated a lack of improved efficiency
despite the addition of the UZC data to the null model
Similar results were observed among individuals, within the
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TABLE 2 Variance components for the linear mixed-effects model (random effects and fixed effects) with serum zinc concentration as the
dependent variable and urine zinc concentration as the predictor variable for school-age children in the 2015-2016 Malawi national micronutrient

survey.
Model predictors Between cluster level Between household Between Fixed effects point estimates
level individuals within
household level
Variance Adjusted Variance Adjusted Variance Adjusted Coefficient Std. t-value p-value
R? R? R? error

SZCunagj  Null 0.01 - 0.01 - 0.04 - 4.09 0.02 257.66 <0.01
UZCunadi 0.01 0.12 0.01 0.14 0.04 0.05 0.06 0.01 6.76 <0.01
UZCe 0.01 0.16 0.01 —0.10 0.04 0.07 0.09 0.01 6.76 <0.01
UZCosm 0.01 0.18 0.01 0.05 0.04 0.07 0.09 0.01 7.25 <0.01
UZCy 0.01 021 0.01 0.03 0.04 0.07 0.09 0.01 7.90 <0.01

SZCit  Null 0.01 - 0.01 - 0.04 - 4.12 0.01 264.95 <0.01
UZCunagi 0.01 0.12 0.01 0.17 0.04 0.05 0.06 0.01 7.05 <0.01
UZCe 0.01 0.16 0.01 —0.01 0.04 0.07 0.09 0.01 6.99 <0.01
UZCosm 0.01 0.18 0.01 0.07 0.04 0.07 0.09 0.01 7.69 <0.01
UZCy 0.01 0.20 0.01 0.14 0.04 0.07 0.10 0.01 8.13 <0.01

SZCy  Null 0.01 - 0.01 - 0.04 - 4.16 0.01 269.12 <0.01
UZCnagi 0.01 0.11 0.01 0.16 0.04 0.05 0.06 0.01 6.83 <0.01
UZCq 0.01 0.15 0.01 —0.00 0.04 0.07 0.09 0.01 6.94 <0.01
UZCosm 0.01 0.18 0.01 0.07 0.04 0.07 0.09 0.01 7.49 <0.01
UZCs, 0.01 020 0.01 0.14 0.04 0.07 0.10 0.01 7.93 <0.01

SZCynadj> Unadjusted serum zinc concentration; SZCif, Internal correction factor adjusted serum zinc concentration; SZCy,, serum zinc concentration that is adjusted by Biomarkers

Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA) unadjusted urine zinc concentration; UZCypadj, Unadjusted urine zinc concentration; UZC, Creatinine

adjusted urine zinc concentration; UZCogm, Osmolarity adjusted urine zinc concentration; UZCgg, Specific gravity adjusted urine concentration.

household level where low adjusted RZ-values were observed.
Adjustment for hydration did not have any effect on the
variation of the null model, for all SZC data types at the
varying levels.

Post-hoc analyses

The multivariate linear regression revealed no significant
relationship between inflammatory markers and urinary zinc
data across all the models and for SAC (Table 4). For WRA, there
was a significant relationship between AGP and UZCp,gj, but
with a coefficient of 0. Thus, no variation in UZC data of all types
could be explained by the inflammatory markers.

For SAC, the EFSA threshold of urinary zinc excretion (0.1-
0.3 mg/day) gave low estimates of zinc deficiency compared to
SZC for all the data types. The lowest estimate was observed with
UZCcr data and the highest, with UZC,j,g; (Table 5). There was
no overlap in the confidence intervals between the UZC and the
SZC estimates.

For WRA, the urinary zinc threshold value of 0.3 mg/day,
suggested by EFSA gave prevalence estimates of zinc deficiency
ranging from 45 to 50% (Table5). These were lower than
the estimates of zinc deficiency as identified by SZC before
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and after adjusting for inflammation. The lower tail of the
confidence intervals for all the EFSA threshold estimates for
SZC had an overlap with the upper tails of the confidence
intervals of UZCunadj> UZC¢r, and UZCosm. The prevalence
estimates from the threshold by FNB/IOM (0.44) were higher
than the estimates for SZC. These estimates had a slight
overlap with the higher tail of the confidence intervals of the
SZC estimates.

Discussion

The assessment of zinc in humans at the population level
remains a challenge due to the lack of suitable zinc biomarkers
(2). Spot urine is a good candidate for determining zinc
deficiency at the population level, but the lack of threshold
for defining deficiency in this biomarker poses a limitation to
its adoption and use. This current study aimed to use paired
UZC and SZC data, to identify thresholds in urine that are
equivalent to those that are used to define zinc deficiency in
serum. This was dependent on a strong relationship between
these two biomarkers to allow for the adoption of the thresholds.

The paired UZC and SZC data showed a poor correlation
in a linear mixed-effects model of SAC and WRA data
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FIGURE 2
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Cluster means of urinary zinc concentrations adjusted for specific gravity (UZCy,) plotted against serum zinc concentrations which are
unadjusted and adjusted for inflammation (using internal correction factor and biomarkers reflecting inflammation and nutritional determinant
of anaemia methods) in school-aged children. UZCg,: Urinary zinc concentration adjusted for specific gravity, SZC: serum zinc concentration,
SZCunagi: Unadjusted serum zinc data, SZCi: Serum zinc concentration adjusted using internal correction factor method (ICF), SZCy,: Serum
zinc concentration adjusted using biomarkers reflecting inflammation and nutritional determinant of anaemia method (BRINDA).

900 -

70 80 90 50 60 70 80 90

Cluster mean SZCbr (ug/dL)

from a population-based survey. The correlation analysis
factored in the sampling design to take into account the
differences between clusters, differences between households,
and differences between individuals within a household. Before
the analysis, the UZC data was adjusted for hydration using
three different methodologies, and the SZC was adjusted for
effects of inflammation using two different methods. All these
confounder corrections were applied to correct for biological
differences that occur due to infection and variation in hydration
patterns and to optimize the performance of the UZC data in
the correlation test. Various factors may have contributed to
the poor correlation despite the adjustments for hydration and
inflammation. A previous study that used this same SZC data
identified possible data quality issues across all demographic
groups which resulted in clumping of the SZC values, i.e., more
than 50 observations with the same SZC value (9), possibly due
to factors associated with limits of detection.

As shown in Table 3, about 20% of the variation in the
SZC data for SAC could be explained by the UZCsg data and
this was true for unadjusted as well as inflammation-adjusted
SZC data. The correlation values were similar but lower for
the other hydration adjustment data. Unadjusted UZC data for
SAC also showed a stronger relationship at between household
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level, but this was not the case between individuals. For WRA,
the correlation was weak for all the UZC data types against
all the SZC data types. This implies that UZC may be a better
population-level marker for SAC than it is for WRA. It is not
clear from the results, why the correlation strength differed
between SAC and WRA, but physiological differences between
these two groups could have contributed to this. Similar results
were found by Phiri et al. (21), who assessed spatial variation
in this same spot urine zinc data. Their results showed spatial
dependence between clusters in UZC for SAC but not for
WRA indicating the possible influence on the SAC-UZC by
environmental factors such as soil type which has been reported
to play an important role in the zinc content of locally grown
crops (34).

Various adjustment methods were applied to try and
optimize the performance of the linear regression model. Acute
infection and inflammation are common factors that affect
the homeostasis of various elements in the body as such, in
participants with high levels, of inflammation, it is necessary
to adjust for their effects. The serum zinc data were adjusted
to account for inflammation but this had little effect on the
regression statistics. Unadjusted SZC data for SAC had similar
and weak correlations at all cluster levels, for all UZC types.
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TABLE 3 Variance components for the linear mixed-effects model (random effects and fixed effects) with serum zinc concentration and the
dependent variable and urine zinc concentration as the predictor for women in the 2015-2016 Malawi national micronutrient survey.

Model predictors Between cluster level Between household Between individuals within

Fixed effects point estimates

level household level
Variance Adjusted Variance Adjusted  Variance Adjusted Coefficient Std. error t-value p-value
R2 R2 R2
SZCunagj Null 0.01 - 0.00 - 0.04 - 4.07 0.01 269.86  <0.01
UZCunay 0.02 0.04 0.00 0.00 0.04 0.04 0.05 0.01 523 <001
UZC 0.02 —0.00 0.00 0.00 0.04 0.04 0.06 0.01 482 <0.01
UZCosm 0.02 0.04 0.00 0.00 0.04 0.05 0.06 0.01 58 <0.01
UZCyq 0.02 0.05 0.00 0.00 0.04 0.06 0.07 0.01 628  <0.01
SZCis  Null 0.02 - 0.00 - 0.04 - 4.07 0.01 27142 <0.01
UZCunagj 0.02 0.04 0.00 0.00 0.04 0.04 0.04 0.01 507 <001
UZCer 0.02 —0.00 0.00 0.00 0.04 0.04 0.06 0.01 480  <0.01
UZCosm 0.02 0.05 0.00 0.00 0.04 0.05 0.06 0.01 571 <001
UZCy 0.02 0.05 0.00 0.00 0.04 0.05 0.07 0.01 6.18 <001
SZCh  Null 0.02 - 0.00 - 0.06 - 4.09 0.01 27531 <0.01
UZCunadj 0.02 0.04 0.00 0.98 0.06 0.02 0.05 0.01 531 <001
UZCer 0.02 —0.00 0.00 0.61 0.06 0.02 0.06 0.01 484 <001
UZCosm 0.02 0.05 0.00 0.83 0.06 0.03 0.06 0.01 593 <0.01
UZCs, 0.02 0.05 0.00 0.98 0.06 0.03 0.07 0.01 631 <001

SZCunadj> Unadjusted serum zinc concentration; SZCiy, internal correction factor adjusted serum zinc concentration; SZCy,, serum zinc concentration that is adjusted by Biomarkers

Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA) unadjusted urine zinc concentration; UZCypagj, Unadjusted urine zinc concentration; UZCc,, Creatinine
adjusted urine zinc concentration; UZCogm, Osmolarity adjusted urine zinc concentration; UZCsg, Specific gravity adjusted urine concentration.

The urinary data was also corrected for hydration but results
showed that unadjusted data had a stronger correlation with
SZC than creatinine or osmolality-adjusted urine data, for the
SAC analysis (Table 3).

Hydration adjustment improved the relationship between
UZC and SZC for SAC, the strongest being UZCSg, followed
by UZCosm, and finally, UZCy, which indicates clear effects of
hydration on the data. There was no discernible pattern of the
hydration adjustment methods for WRA and there seemed to be
many variations, especially for creatinine-adjusted data. For this
demographic group, the performance of the unadjusted UZC
data did not differ from UZCsg and UZCosm. This indicates
possible challenges with hydration adjustments in specific
demographic groups, which may have affected the correlation.
Although analyses of 24-h urine samples do not need to be
adjusted for hydration status or creatinine concentration, they
also have poor correlations with SZC data indicating that
urine itself may just be a poor biomarker for zinc deficiency
regardless of hydration effects (35). However, considering that
these analyses were done in the 1970s, new research with
improved assay technologies may be warranted.

The lack of agreement between the existing adjustment
methods for both inflammation and hydration corrections
implies the need to improve the performance of the individual
methods. This is a limitation of their use when adjusting
various data and could have contributed to the poor linear
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regression performance. Measurement error can also contribute
to the poor performance of a linear regression equation. In
this analysis measurement error in either of the two main
datasets (UZC and SZC), the inflammatory data (CRP and
AGP) or the hydration indicators (Creatinine, Osmolality,
Urine specific gravity) could have caused this. However, the
large sample sizes control for random error, and available QC
data for most of the datasets did not indicate any systematic
errors (36).

The weak correlation between UZC and SZC indicates that
UZC may have limited value as a biomarker of population-
level zinc deficiency even for SAC. There is thus still a need
to find a biomarker for zinc that is sensitive, specific, and
easily accessible. SZC is the most widely used biomarker
for zinc, however, it requires venipuncture blood which can
only be collected by skilled professionals, and requires specific
techniques. Furthermore, extraction of the serum should be
done in a sterile environment which is difficult to adhere to in
large scale surveys where samples are collected in the field (37). A
biomarker with easier sample collection and management (such
as UZC) is therefore preferred. It would allow the collection of
samples from large sample sizes with fewer technical limitations.
A post-hoc analysis was employed to further explore the
relationship between UZC and SZC data. Acute inflammation
has been previously shown to cause hyperzincuria (38), which
can result in a poor correlation between UZC and SZC since SZC
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TABLE 4 Fixed effects inferential of a linear mixed model (random effects and fixed effects) with urine zinc concentration as the dependent variable
and inflammatory markers as the predictor variables for school-age children and women in the 2015-2016 Malawi national micronutrient survey.

SAC
CRP AGP
Data type Coefficient Std. error t-value p-value Coefficient Std. error t-value p-value
UZCunagi —0.01 0.08 —0.11 0.92 —0.02 0.02 —0.97 033
UZCer —0.05 0.13 —0.43 0.67 0.03 0.03 0.97 033
UZCosm 0.02 0.11 0.14 0.89 0.01 0.03 027 0.78
UZCs, —0.11 0.12 091 0.37 -0.01 0.03 —0.36 0.72
WRA
CRP AGP
UZCunagj 0.01 0.06 0.15 0.88 0.00 0.02 0.10 0.00
UZCer 0.01 0.09 0.09 0.93 —0.01 0.02 —0.54 0.58
UZCosm 0.06 0.08 0.74 0.46 0.00 0.02 0.18 0.85
UZCsg 0.00 0.08 0.02 0.99 —0.01 0.02 —0.43 0.67

UZCynadj>» Unadjusted urine zinc concentration; UZCq, Creatinine adjusted urine zinc concentration; UZCosm, Osmolarity adjusted urine zinc concentration; UZCygg, Specific gravity

adjusted urine concentration; SZCyp,agj, Unadjusted serum zinc concentration; SZCic, internal correction factor adjusted serum zinc concentration; SZCpy: UZCypagj> serum zinc

concentration that is adjusted by Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA) unadjusted urine zinc concentration; SAC, school-age children;

WRA, Women of reproductive age; CRP, c-reactive protein; AGP, Alpha-1 acid glycoprotein.

TABLE 5 Prevalence estimates of zinc deficiency in urinary zinc concentration, and serum zinc concentration for school-age children and women in

the 2015-2016 Malawi national micronutrient survey.

SAC WRA
Wesholdsource

EFSA EFSA FNB/IOM

Datatype
Prevalence estimate % (95% CI)

UZCunagj 33 (27; 40) 50 (44; 56) 65 (59; 70)
UZCer 17 (13; 22) 49 (42; 56) 75 (68; 80)
UZCosm 26 (21; 32) 47 (41; 53) 64 (58; 69)
UZCy 25 (19; 32) 45 (39; 51) 63 (58; 69)
SzZC 55 (48;61) 62 (55; 69)
SZCics 50 (43; 56) 61 (54; 67)
SZCpy 43 (36; 50) 59 (52; 66)

SAG, school-age children; WRA, women of reproductive age; EFSA, European food safety authority; FNB/IOM, Food and nutrition board/Institute of Medicine; UZCumdj, Unadjusted
urine zinc concentration; UZC, Creatinine adjusted urine zinc concentration; UZCosm, Osmolarity adjusted urine zinc concentration; UZCgg, Specific gravity adjusted urine

concentration; SZCypadj, Unadjusted serum zinc concentration; SZCic, internal correction factor adjusted serum zinc concentration; SZCy,, serum zinc concentration that is adjusted

by Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA).

is a negative acute-phase reactant (39, 40). There were high levels
of inflammation in SAC (34%), and some inflammation in WRA
at 14% (18), however no statistically significant associations with
UZC in either the WRA or SAC groups were found.

An alternative approach to identify thresholds for zinc
deficiency in urine was explored using average urinary zinc
losses in healthy individuals (14, 15) as putative cut-off values.
The EFSA thresholds yielded lower prevalence values for zinc
deficiency than those calculated using SZC in both SAC and
WRA groups. These zinc loss values (0.3 mg/day for WRA and
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01.0-0.3 mg/day for SAC) by EFSA (15) were determined by
using the factorial approach, based on endogenous zinc losses
as assessed by multiple individual studies, most of which were
done in the early 2000s.

Other panels have also estimated mean urinary zinc loss
and found similar values. For instance, the World Health
Organization (WHO) estimates 0.3 mg/day (41) whereas,
FNB/IOM estimated urinary zinc losses to be 0.44 mg/day in
women, based on studies mostly conducted in the early 1990s
(42). This value was also adopted by the IZINCG (14). When
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applied to the WRA data the value suggested by FNB/IOM
and IZiINCG gave prevalence estimates that were slightly higher
than those obtained by SZC. For UZCqgp, and UZCysg, the
confidence intervals of the prevalence estimates were in the
same range as the SZC estimates. With novel primary research,
there may be a possibility of determining appropriate thresholds
indicating zinc deficiency based on zinc loss, or other means.

The main limitation of this study is that it failed to identify
the optimal cut-oft point in UZC for estimating the risk of
zinc deficiency. This was because there was a poor correlation
between the UZC and SZC datasets, which could have occurred
because of the quality of the lab results. Examination of the
quality control data indicated that there was no measurement
error in all the lab analyses of the main datasets. However, for
SZC, the assay method used (atomic emission spectrometry) has
a higher limit of detection, compared to modern methods such
as ICP-MS which was used for UZC analysis. In populations
with low levels of zinc deficiency, as the sample for this study,
higher limits of detection could lead to data clumping on the
lower end of the dataset (9), thus leading to differences in paired
data. In the future, high-precision assay instruments should be
used for element analysis to ensure that paired data results are
measured similarly.

Paired
concentrations have been used to determine probable thresholds

spot urinary and plasma/serum  mineral
for mineral deficiencies including vitamin A and selenium.
However, for zinc, the poor correlation between these two
datasets in a national sample of the Malawi population, despite
correcting for multiple confounders, raises questions about
whether this approach is appropriate for determining the
threshold indicating deficiency for this mineral. The slightly
better correlation between UZC and SZC for SAC only, at the
cluster level, indicates that spot urine samples may have value at
the population level for SAC but not WRA. Nonetheless, it is not
clear to what extent this potential can be useful for determining
zinc status. An alternative approach to estimate zinc deficiency
prevalence—using mean urinary zinc excretion as a cut-off
point for deficiency—also gave conflicting results compared to
estimates based on SZC, which highlights a need for primary
research on appropriate thresholds of zinc concentration in spot
urine. Further investigation is also required to understand the
value of spot urine zinc at the population level. It is also of great
interest to explore if the spatial patterns that are observed in
SAC but not WRA, can also be observed in other demographic
groups. This could further inform on the applications of spot
urine zinc in population zinc status measurement.
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