A Section 508-conformant HTML version of this article
is available at https://doi.org/10.1289/EHP14784.

Research

Calibration of Toenail Metal Concentrations for Sample Mass Heterogeneity and
Between-Batch Variability: The COMET Approach

Roberto Pastor-Barriuso,’>© Enrique Gutiérrez-Gonzdlez,? Elena Varea-Jiménez,”* José Luis Gomez-Ariza,>%

Gemma Castaiio-Vinyals,>”%° Nuria Aragonés,>'° Antonio José Molina,>'" Trinidad Dierssen-Sotos,>'>13

Guillermo Ferndndez-Tardon,>'# Pilar Amiano,>'>'% Maria Ederra-Sanz,>'7'% Victor Moreno,>'%2%2!

José Juan Jiménez-Moleon,>?>?3 Ana Molina-Barcelo,>* Rafael Marcos-Gragera,>?>2¢ Delphine Casabonne,>'*?°

Juan Alguacil % Jesiis Humberto Gomez-Goéomez,>?” Tamara Garcia-Barrera,>® Manolis Kogevinas,>”%° Marina Polldn,'?
and Beatriz Pérez-Gomez'?

'National Center for Epidemiology, Carlos III Institute of Health (ISCIIT), Madrid, Spain

2Consortium for Biomedical Research in Epidemiology and Public Health (CIBERESP), Madrid, Spain

3Public Health Directorate, Ministry of Health, Madrid, Spain

“National Center for Environmental Health, Carlos III Institute of Health (ISCIII), Madrid, Spain

Department of Chemistry, Faculty of Experimental Sciences, University of Huelva, Huelva, Spain

%Centro de Investigacion en Recursos Naturales, Salud y Medio Ambiente (RENSMA), Universidad de Huelva, Huelva, Spain

"Barcelona Institute for Global Health (ISGlobal), Barcelona, Spain

8Universitat Pompeu Fabra (UPF), Barcelona, Spain

Hospital del Mar Medical Research Institute (IMIM), Barcelona, Spain

19pyblic Health Division, Department of Health of the Community of Madrid, Madrid, Spain

""Research Group in Gene-Environment and Health Interactions (GIIGAS), Biomedicine Institute IBIOMED), Universidad de Ledn, Ledn, Spain
12Department of Preventive Medicine and Public Health, University of Cantabria, Santander, Spain

Blnstituto de Investigacion Sanitaria Valdecilla IDIVAL), Santander, Spain

“Health Research Institute of Asturias (ISPA), University of Oviedo, Oviedo, Spain

SEpidemiology of Chronic and Communicable Diseases Group, Biodonostia Health Research Institute, San Sebastian, Spain

'Sub Directorate for Public Health and Addictions of Gipuzkoa, Ministry of Health of the Basque Government, San Sebastian, Spain

"nstitute of Public and Occupational Health of Navarre (ISPLN), Pamplona, Spain

"8Navarra Institute for Health Research (IdiSNA), Pamplona, Spain

1“Cancer Epidemiology Research Program, Bellvitge Biomedical Research Institute (IDIBELL), Hospitalet de Llobregat, Barcelona, Spain
20Catalan Institute of Oncology (ICO), Hospitalet de Llobregat, Barcelona, Spain

21Department of Clinical Sciences, Faculty of Medicine, University of Barcelona, Barcelona, Spain

22Departamento de Medicina Preventiva y Salud Publica, Universidad de Granada, Granada, Spain

2nstituto de Investigacion Biosanitaria ibs. GRANADA, Granada, Spain

24Cancer and Public Health Research Unit, Foundation for the Promotion of Health and Biomedical Research (FISABIO-Public Health), Valencia, Spain
*Epidemiology Unit and Girona Cancer Registry, Oncology Coordination Plan, Department of Health, Autonomous Government of Catalonia, Catalan Institute
of Oncology, Girona, Spain

26Descriptive Epidemiology, Genetics and Cancer Prevention Group, Biomedical Research Institute of Girona (IDIBGI), Girona, Spain
*TDepartment of Epidemiology, Regional Health Council, IMIB-Arrixaca, Murcia, Spain

BACKGROUND: Toenails are promising biomarkers of long-term metal exposure in epidemiological studies, but their accuracy may be compromised
by systematic and random errors associated with heterogeneous toenail sample masses, as well as by substantial variability across laboratory batches.

OBJECTIVES: We propose a novel modeling approach to calibrate toenail metal concentrations for the heterogeneity in sample masses and the variabil-
ity between batches.

MEeTHODS: We developed a heteroscedastic spline mixed model relating sample mass and laboratory batch with measured concentrations, allowing
for an average bias in measurements over all batches as a smooth function of sample mass, random variation in mass-related biases across batches,
and mass-related heterogeneity in within-batch error variance. The model allowed partitioning the total variance of measured concentrations into the
extraneous variances (due to different sample masses and laboratory batches) and the intrinsic variance (resulting from distinct metal exposures). We
derived calibrated metal concentrations from the model by removing both sources of extraneous variation and estimating the predicted concentrations
had all toenail samples been analyzed in a single batch and of the same mass. We provide the R script COMET (COrrected METals) to fit the pro-
posed model, extract variance components, and calibrate metal concentrations.

RESULTS: In a multicase—control study in Spain (MCC-Spain) with toenail determinations for 16 metals in 4,473 incident cases of five common can-
cers and 3,450 population controls, sample mass and batch accounted for 26%—60% of the total variance of measured concentrations for most metals.
In comparison with calibrated concentrations, odds ratios for measured concentrations were biased by >10% toward or away from the null in one-
quarter of the estimated metal—-cancer associations.

Discussion: The proposed model allows correcting toenail metal concentrations for sample mass heterogeneity and between-batch variability and
could be applied to other biological specimens of heterogeneous size, distinct laboratory techniques, and different study designs. https://doi.org/
10.1289/EHP14784
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Introduction

Biomarkers are commonly used in epidemiology to measure ex-
posure to essential and nonessential metals due to their ability to
integrate all dietary and environmental sources of exposure and
not be affected by recall bias.! Toenails are suitable biomarkers of
metal exposure in large epidemiological studies because they are
easy to collect and store, may reflect longer-term exposures than
standard biomarkers such as blood and urine,>™* and are considered
less susceptible to external metal contamination than fingernails
and hair, because they are exposed less extensively to outdoor air
or water.’

However, two relevant methodological issues may compro-
mise the accuracy of toenail metal concentrations as exposure bio-
markers, namely, the heterogeneity in sample masses and the
variability between laboratory batches. Collected toenail samples
typically range from 1 mg to over 100 mg, and there is growing
evidence of inverse associations of toenail sample mass with the
measured concentration and the limit of detection for several met-
als and laboratory techniques.>* Although inductively coupled
plasma mass spectrometry and instrumental neutron activation
analysis allow detecting low metal contents in small toenail sam-
ples, the measured concentrations in such small samples are prone
to upward bias®™ and increased variance.!® In addition, the vari-
ability in toenail metal determinations across batches may be a rel-
evant source of uncertainty due to the lack of certified toenail
reference materials and standardized analysis protocols.”™

A widespread practice to control for mass-related bias is to
exclude toenail samples below a certain mass threshold (usually
10 mg),? but this approach is inefficient with substantial proportion of
small samples and may leave residual bias above this threshold. Some
authors adjust directly for sample mass in multivariate risk mod-
els,311-13 whereas others use residual methods to correct metal con-
centrations for sample mass.”>*!4"1® These approaches, however,
may produce incomplete control for nonlinear mass-related biases®
and do not account for the effect of sample mass on the variance of the
measurements. Moreover, with few exceptions,!>!° studies overlook
the variability in mass-related measurement errors across batches.

To address these issues, we developed a heteroscedastic spline
mixed model to analyze toenail metal concentrations in a large
population-based multicase—control study in Spain (MCC-Spain).
The model enables us to extract variance components and calibrate
metal concentrations for both the heterogeneity in toenail sample
masses and the variability between laboratory batches.

Methods
Study Design and Population

The MCC-Spain study (www.mccspain.org) was conducted between
September 2008 and December 2013 to identify environmental and
genetic factors related to five common cancers. The study design has
been described elsewhere.!” In brief, this report included 7,923 of all
10,183 study participants (77.8%) 22—-84 y of age with available toe-
nail samples of at least 1 mg for metal determinations. Participants
were recruited from 12 Spanish provinces (Asturias, Barcelona,
Cantabria, Gipuzkoa, Girona, Granada, Huelva, Ledn, Madrid,
Murcia, Navarra, and Valencia) and included 1,422 histologically
confirmed incident cases of colorectal cancer, 1,438 of breast cancer,
915 of prostate cancer, 343 of stomach cancer, 355 of chronic lym-
phocytic leukemia, and a random sample of 3,450 population controls
frequency-matched to cases by province, sex, and 5-y age group. The
overall response rate was 57%-87% among cases and 53% among
controls. The study protocol was approved by the ethics committees
of the participating institutions, and written informed consent was
obtained at enrollment from all participants.
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Laboratory Analysis

At recruitment, trained staff collected nail samples from big toes
of both feet with stainless steel nail clippers and stored them in
paper envelopes at room temperature. Whenever possible, partici-
pants were asked in advance not to apply nail polish or other
lotions in the days prior to sampling. The median mass (first—
99th percentile range) of toenail samples was 20.9 (1.5-114.8)
mg. Before analysis, toenail samples were cleaned twice for
5 min in an ultrasonic bath with Triton solution, acetone, and
deionized water, digested in a nitric acid and hydrogen peroxide
mixture solution at 4:1 ratio through microwave irradiation, and
diluted to 5 mL with deionized water.

Multi-element analysis of toenail samples was performed by
inductively coupled plasma mass spectrometry (XSeries 2; Thermo
Scientific) at the Environmental Bioanalytical Chemistry Unit of the
University of Huelva, Spain, following standard quality-control pro-
cedures.'® The 16 metals determined in this study were aluminum,
vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc,
arsenic, selenium, molybdenum, cadmium, thallium, lead, and ura-
nium. Analysts were blinded to case—control status of toenail sam-
ples, which were combined into 122 laboratory batches between
June 2015 and October 2018, with an average batch size of 65 nail
specimens and a geometric mean sample mass ranging from 3.6 to
45.4 mg between batches. The toenail metal concentration was cal-
culated as the measured metal concentration in the dilution multi-
plied by the dilution volume and divided by the toenail sample mass
and was expressed as parts per billion (ppb) or nanograms of metal
per gram of toenail. There were few samples with metal concentra-
tions below the limits of detection (Table S1), ranging from no sam-
ples for vanadium to 57 samples (0.7%) for uranium.

We performed a small reproducibility study with a pooled
sample of discarded toenails from a foot care clinic. Toenails
were cleaned, dried, and cryohomogenized and the resulting pow-
der was divided into 10 samples of 5 and 10 mg and three sam-
ples of 30, 50, and 100 mg. All metals showed an upward bias in
the measured concentrations with decreasing the toenail sample
mass (Figure S1).

Heteroscedastic Spline Mixed Model for Measured Metal
Concentrations

In the next two sections, we present a formal description of the
heteroscedastic spline mixed model used to calibrate the meas-
ured metal concentrations for the heterogeneity in toenail sample
masses and the variability between laboratory batches. The model
was implemented in the R script COMET (COrrected METals)
(see Supplemental Material section “R Script COMET”).

In brief, the model included fixed effects for the average bias in
log-transformed metal concentrations as a spline function of log-
transformed sample mass, random effects for variation in this
mass-related bias across batches, and heterogeneous within-batch
error variance as a spline function of log-transformed mass, while
accounting for factors used in the study design. On one side, this
model decomposed the total variance of measured concentrations
into the extraneous variances just due to different sample masses
(average bias, bias variation between batches, heterogeneity in
within-batch variance) and laboratory batches (between-batch var-
iance at mean mass), and the intrinsic variance arising from distinct
metal exposures (within-batch variance at mean mass). On the
other side, by removing the effects of both extraneous factors, this
model provided the calibrated metal concentrations that would
have been observed if all toenail specimens had been of the same
mass and analyzed in a single laboratory batch, conditional on
study design factors.

133(3-4) April 2025


http://www.mccspain.org

Apart from standard quality control and blinding procedures,
it is not necessary that toenail samples be randomly distributed
between batches nor that batches be of homogeneous size for the
calibration method to work, provided that each laboratory batch
contains sufficient (at least 20-25) toenail specimens of varying
mass and that the number of batches is not too small (at least 5—
10). We developed the model to calibrate metal determinations in
case—control studies, thus adjusting for case—control status and
other stratifying or matching factors used in study design. The
same model can be applied to cross-sectional studies and to base-
line metal measurements in cohort studies, but with the term for
disease status removed. Model extensions to deal with repeated
measurements over follow-up in cohort studies are outlined in the
discussion.

We developed the spline mixed model with heteroscedastic
errors through a two-level hierarchical approach,'®?° with a first
level modeling metal measurements within each batch and a sec-
ond level allowing for variation in model coefficients between
batches (see Supplemental Material section “Development of the
Heteroscedastic Spline Mixed Model”). Specifically, the log-
transformed metal concentration Y;; for toenail specimen j in batch
i was related to the log-transformed mass m;; of that specimen, the
case—control status z;;, and the sociodemographic factors zp; of
the corresponding participant through the spline mixed model

Yij=OL() +ai+(5+d,-)/[s(mzj)—S(m)} (1)

+0/[s(7;) — s(m)] + o' z155 + o225 + &5,

where s(m;;) and s(m;) were natural cubic splines for the individual
m;; and the mean log-transformed mass of each batch 7z; with inter-
nal knots at the 35th and 65th percentiles and boundary knots at the
fifth and 95th percentiles of the overall log-transformed mass dis-
tribution (3.0, 13.9, 28.9, and 63.2 mg in the original scale). These
splines required only three terms and allowed different cubic trends
on either side of the 35th and 65th percentiles that were restricted
to be linear beyond the fifth and 95th percentiles, so they could
reproduce a large variety of smooth curves while avoiding implau-
sible shapes at extreme log-transformed masses.?!

In Model 1, the fixed intercept oy was the average log-
transformed metal concentration at the overall mean log-
transformed mass 7 for controls with reference levels of sociode-
mographic factors; the fixed effects o; were the average shifts
between cases of each tumor type (colorectal, breast, prostate,
stomach, and leukemia) and controls; the fixed effects o, were
the average differences comparing each level of sociodemo-
graphic factors with the reference one, including geographical
region (12 Spanish provinces), sex (male, female), age (<35 y
and 5-y intervals from 35 to 84 y), and educational level (primary
or less, high school, and college); and the random intercept «;
represented the between-batch variation in log-transformed
metal concentrations at the overall mean log-transformed mass.
The fixed spline parameters &= (8,8,,83) and n = (n;,n,.M;3)’
jointly determined the average mass-related bias in the meas-
ured metal concentrations over all laboratory batches at fixed
values of case—control status and sociodemographic factors, which
can be decomposed into the average bias associated with toenail
samples of different mass from the same batch (average sample-level
effects 6) and the bias related to samples of the same mass, analyzed
in batches with different geometric mean masses (batch composi-
tional effects 1).'® The random spline parameters d; = (d;, da;, d3,«)/
represented the between-batch variation in the systematic biases
associated with toenail samples of different mass.

Because the toenail sample mass may also affect the variance of
the measured metal concentrations (Figure S1), we allowed the
within-batch errors g;; to have heterogeneous variance G,Zj of the form
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log(cy) = & +7'[s(my) — s()],

which was related to the log-transformed mass m;; through a nat-
ural cubic spline with the same knots described above. The scale
exp(2¢) was the variance of log-transformed metal concentra-
tions at the overall mean log-transformed mass 7 and the var-
iance parameters v = (y;, Y, y3)/ determined the random within-
batch variability in log-transformed metal concentrations as a
smooth function of the log-transformed mass.?°

In Model 1, the systematic bias and random error in the meas-
ured metal concentrations depended on the toenail sample mass, but
given this nuisance factor, they were assumed to be nondifferential
with respect to case—control status or sociodemographic factors,??
as expected from blinded laboratory analyses. Note, however, that
failure to account for the effect of sample mass on the mean and var-
iance of metal determinations may result in measurement error
being differential with respect to disease status if the sample mass
distribution differs between cases and controls. The fixed effects o,
5, M, oy, and o, the unstructured variance—covariance matrix X of
the random effects a; and d;, and the variance parameters ¢ and 7y
were estimated using restricted maximum likelihood methods,
as implemented in the Ime function from the nlme package in R
(version 4.0.5; R Development Core Team).We also estimated the
best linear unbiased predictions of @; and d; for each laboratory batch.

Variance Components and Calibrated Metal Concentrations

Based on Model 1, we partitioned the total variance of log-
transformed measured metal concentrations into the variance
explained by toenail sample mass, the between-batch variance,
and the within-batch variance (see Supplemental Material sec-
tion “Variance Components in Heteroscedastic Linear Mixed
Models”). Given case—control status and sociodemographic
factors z;; = (z1;/, 12,«/)/ at their sample proportions Z = (z,",Z2’)’,
the conditional variance of ¥;; was estimated as

var (Y[z) ~ ﬁ’sxkﬁﬂr(isxl ‘Z) +X/2%,
+exp (26’%1) + 2exp (26’%06’ sz@,

where E, i, and 0 were the estimates of the fixed spline parameters
B= (00,8, 1 )/, the variance-covariance matrix X of random spline
parameters a; and d;, and the variance parameters 0= (d,y')’
obtained from Model 1. The variance—covariance matrices of
mass-related covariates x; = [1, s(m;) —s(m)’, s(m;) — s(m)")
and xy;; = [1,s(m;)" = s(7)'] conditional on z;; were estimated as

S =S, —S.S;'Sy,

Sy 2= Sy — lezszl sz/a

where Sy, S,,, and S; were the sample variance-covariance matri-
ces of x;j, xi;j, and z;, Sy; and S, ; were the sample covariance
matrices of x;; and xj; with z;;, and X; was the sample mean of
x1;. Thus, the conditional variance of log-transformed measured
metal concentrations was partitioned into the variance explained

by the average mass-related bias over all batches [?SX‘ZB, the

between-batch variance in mass-related biases tr(isxl‘z), the
between-batch variance at the mean log-transformed mass

¥|'EX,, the within-batch variance explained by toenail sample
mass 2exp(20'x)0'S,, |Z/6\, and the within-batch residual variance

at the mean log-transformed mass exp(26’ X1).
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The log-transformed metal concentrations corrected for toenail
sample mass and laboratory batch Y were calculated from Model
1 as the estimated marginal mean over all batches at the mean log-
transformed mass plus the within-batch residuals rescaled to their
estimated variance at the mean log-transformed mass,

e o Y — E(Yj|a,
YU=E(YU‘m)+Var(YU|a” l’m)l/Z#ll/lZ)
var (Y;la;.d;)

=8io + i1 21 + 02 22 + exp{ = ¥/ [s(my) — s(7)] ey

Provided that Model 1 was properly specified, these calibrated
values represented the log-transformed metal concentrations that
would have been observed had all toenail samples been analyzed in
the same average laboratory batch and sample masses been set to the
geometric mean for all participants (17.6 mg), conditional on their
case—control status and sociodemographic factors. The condi-
tional variance of log-transformed calibrated metal concentrations

corresponded to the within-batch residual variance of the measure-
ments at the mean log-transformed mass. The R script COMET to fit
Model 1, extract variance components, and calibrate metal concen-
trations is provided in Supplemental Material section “R Script
COMET.”

Bias and Precision of Effect Estimates

To compare the effect of exposure measurement calibration on
modeled effect estimates, we estimated the association of toe-
nail metal concentrations with the odds of each common cancer
using three different logistic regression models. The first model
used log-transformed measured metal concentrations as expo-
sure and adjusted for sociodemographic factors (geographical
region, sex, age group, and educational level), the second model
retained the measured concentrations and further adjusted for
toenail sample mass (natural cubic spline of log-transformed
values), and the third model used log-transformed calibrated

Aluminum Vanadium Chromium Manganese
10° 7 10° 10° 10° 7
.8 10° 4 \ 10° 10° 10° 4
]
S 10° 10" 10° 10" 4
nE> \
s s s s
£ 10 10 10 \
T 10° 107 10% 10%
1S
& 10 10 - 10 - 10
[0
14 14 14 14
r T T T T T 1 r T T T T T r T T T T T 1 r T T T T T 1
1 2 5 10 20 50 100 1 2 5 10 20 50 1 2 5 10 20 50 100 1 2 5 10 20 50 100
Iron Cobalt Nickel Copper
10° 10° 10° 7 10°
2 10° \ 10° 10° 10° 4
]
S 10 10" 10° \ 10° 4 _—
g
3 3 3 3
o 10 10 10 10
£
© 107 10% 10% 10%
€
& 10 10 - 10 - 10
[0)
14 14 1- 14
T T T T T T 1 T T T T T T T T T T T T 1 T T T T T T 1
1 2 5 10 20 50 100 1 2 5 10 20 50 1 2 5 10 20 50 100 1 2 5 10 20 50 100
Zinc Arsenic Selenium Molybdenum
10° 10° 10° 9 10°
e Lk 10° 4 10° 4
10* 10 4 10* 10*

Geometric mean (ppb)
3 2
1 1
3 3
1 1

10 10 - 10 10
14 1 14 14
r T T T T T 1 r T T T T T r T T T T T 1 r T T T T T 1
1 2 5 10 20 50 100 1 2 5 10 20 50 1 2 5 10 20 50 100 1 2 5 10 20 50 100
Cadmium Thallium Lead Uranium
10° q 10° 7 10° 10° q
2 10° 10° 10° 4 10°
2
S 10° 10° 10° 10* 4
£
3 3 3 ] 3
© 10 10 10 \ 10
T 107 A 107 4 10% 107
IS
& 10 10 10 10
0]

T T T T T T 1 T T T T T T
1 2 5 10 20 50 100 1 2 5 10 20 50

Mass of toenail sample (mg) Mass of toenail sample (mg)

T T T T T T 1 T T T T T T 1
1 2 5 10 20 50 100 1 2 5 10 20 50 100

Mass of toenail sample (mg) Mass of toenail sample (mg)

Figure 1. Average and batch-specific sample-level biases in measured metal concentrations associated with toenail samples of different mass in a population-
based multicase—control study in Spain, 2008-2013 (n=7,923). The average sample-level bias in measured metal concentrations over all laboratory batches
(thick black curve) was determined by the estimates of the fixed spline parameters oy, 6;, 8,, and 33 associated with individual log-transformed toenail sample
masses in heteroscedastic spline mixed models for log-transformed metal concentrations, whereas the batch-specific sample-level biases (gray curves) were
determined by these fixed-effects estimates plus the best linear unbiased predictions of the random spline parameters a;, dy;, d»;, and d3; for each laboratory
batch. The intercept o was adjusted to an average batch with the overall geometric mean mass and the overall percentages of disease status and sociodemo-

graphic factors. Note: ppb, parts per billion.
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concentrations and adjusted for the same sociodemographic
factors as in the first model. The estimated odds ratios (ORs) per
2-fold increase in metal concentrations were compared across
models in terms of relative bias (ratio of estimated ORs) and
precision (ratio of standard errors (SEs) of log-transformed
ORy).

Results

Measured Metal Concentrations

Among controls, nearly all metals showed higher geometric
mean concentrations in women, younger subjects, participants
with higher educational levels, and those from Navarra and
Ledn, which corresponded to the groups with toenail samples of
less mass (Table 1). Adjusting for sociodemographic factors
and taking controls from the same province and sex as refer-
ence, breast cancer cases had geometric mean concentrations at
least 20% higher for thallium and leukemia patients for manga-
nese, whereas stomach cancer cases had geometric mean con-
centrations at least 20% lower for chromium, cobalt, and lead
(Table 2). The geometric mean mass of toenail samples was
6%—9% lower in colorectal and prostate cancer cases and 9%—
12% higher in breast, stomach, and leukemia cases than in the
corresponding controls after accounting for sociodemographic
characteristics.

Adjusting for sociodemographic factors, the odds of stomach
cancer decreased by at least 20% for each 2-fold increase in meas-
ured concentrations of cobalt, copper, zinc, selenium, and lead,
whereas the odds of leukemia increased over 20% per 2-fold
increase in copper and zinc concentrations (Table S2). However,
because toenail samples had less mass in colorectal and prostate
cancer cases and more mass in breast, stomach, and leukemia cases
than in the corresponding controls, further adjustment for sample
mass resulted in consistently lower ORs for colorectal and prostate
cancer and higher ORs for breast, stomach cancer, and leukemia
for all metals (Table S2).

Assessment of Heteroscedastic Spline Mixed Model

Information criteria were used to assess the relative contribution of
fixed effects, random effects, and variance parameters to the maxi-
mum likelihood fit of Model 1 (Table S3). The progressive decrease
in Akaike information criterion indicated model fit improvements
with the inclusion of each component related to sample mass and
laboratory batch, consistent with results from likelihood ratio tests.
Indeed, the Bayesian information criterion with higher penalty for
model complexity still assigned the lowest values to the full model
for most metals, suggesting that Model 1 was unlikely to overcorrect
metal concentrations.

Systematic Bias Associated with Toenail Sample Mass

In preliminary analyses within each laboratory batch, all metals
displayed consistently increasing geometric mean concentrations
with decreasing the mass of toenail sample, albeit the mean con-
centrations at a given mass and the mass-related changes varied
substantially across batches (Figure S2). The average smooth
trends in geometric mean metal concentrations over all laboratory
batches are shown in Figure 1 (thick black curves), as estimated by
the fixed spline parameters 8y, 9,, and &3 in Model 1 (Table 3).
Although the increase in geometric mean concentrations with
decreasing toenail sample mass was evident for all metals, it was
somewhat stronger for vanadium, molybdenum, and thallium.
With the exception of zinc, the upward bias in measured metal con-
centrations was particularly marked for toenail samples below
20 mg. There was no evidence of batch compositional effects for
most metals, as determined by the fixed spline parameters 1y, 1,,
and n; (Table 3), indicating that the toenail mass composition of
the batches did not affect the bias in measured metal concentrations
for their individual samples. The only exception was molybdenum,
which showed greater upward bias for toenail samples of the same
mass analyzed in batches with geometric mean mass higher than
20 mg (Figure S3). The average mass-related bias over all labora-
tory batches accounted for a large proportion of the total variance
of measured metal concentrations given case—control status and
sociodemographic factors, ranging from nearly 10% for chromium

Table 4. Variance components of measured metal concentrations in toenail samples in a population-based multicase—control study in Spain, 2008-2013

(n=17.923).
Variance component (%)
Between-batch
Average variance in Between-batch Within-batch Within-batch residual

Metal Total variance” mass-related bias” mass-related bias variance in intercept® mass-related variance variance®
Aluminum 0.730 0.153 (20.9) 0.018 (2.5) 0.109 (14.9) 0.001 (0.2) 0.449 (61.4)
Vanadium 0.684 0.175 (25.6) 0.026 (3.8) 0.120 (17.5) 0.002 (0.3) 0.362 (52.8)
Chromium 1.104 0.096 (8.7) 0.012 (1.0) 0.062 (5.6) 0.007 (0.7) 0.927 (84.0)
Manganese 0.790 0.088 (11.2) 0.019 (2.5) 0.094 (11.9) 0.004 (0.5) 0.584 (73.9)
Iron 0.722 0.107 (14.9) 0.023 (3.2) 0.143 (19.8) 0.002 (0.3) 0.447 (61.9)
Cobalt 0.866 0.143 (16.5) 0.029 3.4) 0.136 (15.7) 0.001 (0.1) 0.557 (64.4)
Nickel 1.499 0.172 (11.5) 0.038 (2.5) 0.217 (14.4) 0.008 (0.5) 1.064 (71.0)
Copper 0.340 0.039 (11.5) 0.013 (3.9) 0.049 (14.4) 0.006 (1.7) 0.233 (68.5)
Zinc 0.286 0.040 (14.0) 0.020 (6.9) 0.058 (20.2) 0.003 (1.1) 0.165 (57.8)
Arsenic 0.706 0.116 (16.5) 0.037 (5.3) 0.270 (38.2) 0.001 (0.1) 0.282 (39.9)
Selenium 0.400 0.039 (9.8) 0.029 (7.1) 0.073 (18.2) 0.010 (2.5) 0.249 (62.3)
Molybdenum 0.698 0.178 (25.5) 0.047 (6.8) 0.174 (25.0) 0.003 (0.5) 0.295 (42.3)
Cadmium 0.789 0.209 (26.5) 0.033 (4.1) 0.176 (22.3) 0.001 (0.1) 0.370 (46.9)
Thallium 1.116 0.316 (28.3) 0.042 (3.7) 0.454 (40.7) 0.001 (0.1) 0.303 (27.2)
Lead 0.768 0.171 (22.2) 0.013 (1.6) 0.068 (8.8) 0.005 (0.7) 0.512 (66.6)
Uranium 0.727 0.148 (20.3) 0.019 (2.7) 0.113 (15.5) 0.005 (0.7) 0.442 (60.8)

Note: Variance components (%) were obtained by combining sample means and variances of mass-related covariates with parameter estimates from mixed models of log-transformed
metal concentrations on natural cubic splines of log-transformed toenail sample mass allowing for average mass-related bias over all batches, random variation in mass-related biases
across batches, and heterogeneous mass-related variance of within-batch errors. See “Methods” section “Variance Components and Calibrated Metal Concentrations” for details on
variance decomposition.

“Conditional variance of log-transformed measured metal concentrations given disease status and sociodemographic factors at their overall percentages.

b Average mass-related bias over all batches including average sample-level bias and batch compositional bias.

“Between-batch and within-batch variances at the overall mean log-transformed mass.
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and selenium to more than 25% for vanadium, molybdenum, cad-
mium, and thallium (Table 4).

The bias associated with toenail sample mass varied substan-
tially across laboratory batches, as indicated by the standard devi-
ations of random spline parameters dy;, dy;, and d3; (Table 3). The
batch-specific smooth trends in geometric mean metal concentra-
tions as a function of toenail mass are displayed in Figure 1 (gray
curves), with larger variation in slopes for arsenic and selenium.
The between-batch variance in mass-related biases explained
more than 5% of the total variance of measured concentrations
for zinc, arsenic, selenium, and molybdenum (Table 4).

Random Error Associated with Toenail Sample Mass

The mass of toenail sample affected not only the mean, but also the
variance of measured metal concentrations. The smooth trends in
the within-batch error variance, as estimated by the variance spline
parameters Y, Y,, and y3 (Table 3), closely resembled the hetero-
geneous variances observed by percentile of toenail sample mass
(Figure 2). As expected, most metals showed higher variance of

log-transformed metal concentrations at large sample masses, which
corresponded to higher geometric standard deviations around lower
geometric mean concentrations at large masses. For copper, zinc,
and selenium, however, there was a marked J-shaped pattern with
an upturn in within-batch error variance at small sample masses,
which explained between 1% and 2.5% of their total variance.
Combining the bias in mean concentrations and the heterogeneity in
error variances, the mass of toenail sample accounted for 10%—15%
of the total variance of measured concentrations for chromium,
manganese, and nickel, 15%—20% for iron, cobalt, copper, and sele-
nium, 20%-25% for aluminum, zinc, arsenic, lead, and uranium,
and 30%—35% for vanadium, molybdenum, cadmium, and thallium
(Table 4).

Calibrated Metal Concentrations

In addition to mass-related changes, the measured metal concentra-
tions varied across laboratory batches. For toenail samples fixed at
the overall geometric mean mass (17.6 mg), the intra-batch corre-
lation coefficient ranged from 0.062/(0.062+0.927) =0.06 for
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Figure 2. Within-batch error variance in measured metal concentrations associated with toenail sample mass in a population-based multicase—control study in
Spain, 2008-2013 (n=7,923). The smooth curve for the within-batch residual SD in log-transformed measured metal concentrations was determined by the
estimates of the variance spline parameters ¢, v, v,, and y3 associated with log-transformed toenail sample masses in heteroscedastic spline mixed models.
The circles corresponded to the within-batch residual SDs by <fifth, fifth—ninth, 10th—19th, 20th—39th, 40th—59th, 60th—79th, 80th—89th, 90th—94th, and >95th
percentile of the overall toenail sample mass distribution. Note: SD, standard deviation.
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chromium to 0.454/(0.454 + 0.303) = 0.60 for thallium (Table 4).
The calibrated metal concentrations corrected the measurements
for both the heterogeneity in sample masses and the variability
between batches. Conditional on case—control status and socio-
demographic factors, the variance of calibrated concentrations
represented between 40% and 74% of the total variance of the
measurements for most metals, with extreme values of 27% for
thallium and 84% for chromium (Table 4, last column). This var-
iance reduction and the removed association of calibrated metal
concentrations with toenail sample mass are shown in Figure 3.
Given case—control status and sociodemographic factors, partial
correlations between log-transformed calibrated concentrations and
log-transformed sample mass were below 0.002 in absolute value
for all metals, showing that the calibration method was effective in
removing the effect of sample mass on toenail metal determinations.
Partial correlations between log-transformed measured and cali-
brated concentrations ranged from 0.55 to 0.93.

Adjusting for sociodemographic factors, the odds of prostate
cancer increased by 26% and 20% per 2-fold increase in cali-
brated concentrations of arsenic and uranium, respectively; the

Aluminum Vanadium

Concentration (ppb)

odds of stomach cancer decreased by 34%, 22%, and 23% for
each 2-fold increase in calibrated concentrations of copper, zinc,
and lead, respectively; and the odds of leukemia increased by
43% per 2-fold increase in calibrated copper concentrations
(Table S4). These ORs for calibrated metal concentrations dif-
fered substantially from those obtained for measured concentra-
tions (Figure 4). Even though standard adjustment for toenail
sample mass was able to control for the average bias in measured
metal concentrations, the variation in mass-related biases across
laboratory batches and the mass-related heterogeneity in error
variances were not taken into account. Thus, in comparison with
ORs for calibrated concentrations, the mass-adjusted ORs for
measured concentrations remained biased either toward or away
from the null, with 42 and 18 of the 80 metal-cancer associations
(52.5% and 22.5%) exceeding the 5% and 10% bias thresholds in
either direction, respectively (Figure 4). In addition, due to the
reduced variability of calibrated concentrations, the SEs of log-
transformed ORs were larger for calibrated than for measured
concentrations [median (interquartile range) increase of 18.3%
(12.1%-28.0%)], exceeding 50% only for thallium.
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Figure 3. Measured and calibrated metal concentrations by toenail sample mass in a population-based multicase—control study in Spain, 2008-2013
(n="17,923). Measured metal concentrations (black dots) were obtained by inductively coupled plasma mass spectrometry in toenail samples of different mass
in 122 laboratory batches. Calibrated metal concentrations (gray dots) were calculated from heteroscedastic spline mixed models and represented the concentra-
tions that would have been observed had all toenail specimens been analyzed in the same average batch and toenail sample masses been set to the geometric

mean for all participants (17.6 mg). Note: ppb, parts per billion.
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Odds ratio for cancer per two-fold increase in toenail metal concentrations (95% confidence interval)
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Figure 4. ORs for common cancers per 2-fold increase in toenail metal concentrations in a population-based multicase—control study in Spain, 2008-2013
(n=17,923). The ORs (black squares) were obtained from logistic regression models on log-transformed measured metal concentrations adjusted for geographi-
cal region (12 Spanish provinces), sex (male, female), age (<35 y and 5-y intervals from 35 to 84 y), and educational level (primary or less, high school, and
college). The ORs (gray squares) were obtained from the same models on log-transformed measured metal concentrations further adjusted for toenail sample
mass (natural cubic spline of log-transformed values with internal knots at the overall 35th and 65th percentiles and boundary knots at the fifth and 95th per-
centiles). The ORs (white squares) were obtained from logistic regression models on log-transformed calibrated metal concentrations adjusted for geographical
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95% confidence intervals. Values are available in Tables S2 and S4. Note: OR, odds ratio.

Discussion

In this paper, we propose a heteroscedastic spline mixed model to
fully account for the heterogeneity in sample masses and the vari-
ability between batches, which may pose a threat to validity and
precision of toenail metal determinations in epidemiological stud-
ies. The model facilitates decomposition of the total variance of
measured metal concentrations into the extraneous variances
merely due to differing toenail sample masses and laboratory
batches and the intrinsic variance resulting from heterogeneous
metal exposures. The calibrated metal concentrations derived
from the model remove these extraneous variations and represent
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the predicted concentrations if all toenail samples had been of the
same mass and analyzed in a single batch.

Since the mid-2000s, there has been growing interest in the
use of toenails as biomarkers of metal exposure.>* Toenail sam-
ples collected in epidemiological studies vary greatly in size,
with substantial proportion of small samples, and their metal con-
tents are analyzed in multiple laboratory batches. Most studies do
not address the impact of sample mass and batch on toenail metal
determinations, but our results from MCC-Spain highlight that
both factors may account for a quarter to half the variability of
measured concentrations for most metals. Thus, although the
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development of standardized collection and analysis protocols
could partly reduce such extraneous variations,”>* metal concen-
trations should be calibrated for sample mass heterogeneity and
between-batch variability to obtain unbiased estimates of their
health effects.

The toenail sample mass introduced both systematic and ran-
dom errors in the measured metal concentrations. As already
reported for selenium and cadmium,®=° we observed an increase in
geometric mean concentrations with decreasing sample mass for
all analyzed metals, which was exacerbated for samples below
20 mg. At a minimum, standard adjustment and residual meth-
ods,”%-11716 should expand the usual linear term for sample mass
with splines or other flexible specifications?!'23 to allow close con-
trol for nonlinear mass-related biases. Moreover, the upward bias
in small toenail samples varied substantially across laboratory
batches, which may further require correcting for batch-specific
mass-related biases. This correction has been accomplished by
including fixed interaction terms between sample mass and batch
indicators,'>'° but random between-batch variations provide more
robust and efficient estimates of batch-specific mass-related biases
with many batches of limited size.!*2°The proposed model also
tested for batch compositional effects'® and found no association
between the toenail mass composition of batches and the bias in
individual samples for most metals.

Aside from the systematic bias in mean concentrations, the toe-
nail sample mass also affected the random error of the measure-
ments. Most log-transformed metal concentrations showed higher
error variances at large sample masses, which corresponded in the
original scale to higher error percentages relative (not absolute)
to the lower geometric mean concentrations at large masses.
However, commonly studied essential metals such as copper, zinc,
and selenium also exhibited severe decreases in relative precision
at small sample masses. This lower precision has already been
documented for selenium!® and could be due to small toenail sam-
ples producing low experimental signals out of the optimal predic-
tion range of the calibration line>* To our knowledge, the
proposed heteroscedastic model is the first attempt to correct for
the nonnegligible heterogeneity in error variances related to sam-
ple mass.

Results from MCC-Spain further show that, even for toenail
samples of the same mass, there may be considerable variation in
metal determinations between laboratory batches. Using the esti-
mated between-batch and within-batch variances at the geometric
mean mass, the intra-batch correlation coefficient of measured
concentrations was above 0.10 for most metals and exceeded
0.30 for arsenic, molybdenum, cadmium, and thallium. Factors
accounting for this between-batch variation may include different
storage periods®> and sample digestion processes, distinct recov-
ery rates,”® and uncontrolled instrument or operator variability.
As implemented in a previous study,?’ our model includes a ran-
dom intercept to correct metal concentrations for between-batch
variability at fixed sample masses.

We use a heteroscedastic linear mixed model for log-
transformed concentrations, but other modeling approaches are
possible to correct toenail metal determinations. A generalized
linear model with log link and gamma errors for untransformed
concentrations would provide nearly identical control for the av-
erage mass-related bias,?® but would not readily extend to both
random between-batch variations and heteroscedastic relative
errors, with no simple and general derivation of variance compo-
nents.?%3% The proposed model can be applied to population-
based or nested case—control studies, as well as to baseline metal
determinations in cohort studies, upon conditioning on stratify-
ing and matching factors used in study design and on disease sta-
tus in case—control studies. For repeated measurements over
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follow-up, however, their correlation should be accounted for by
extending the model with a random intercept for subjects, either
nested within batch if toenail samples from the same participant are
included in a single batch or cross-classified by batch if analyzed in
different batches.'® In addition, the model can be used to correct
metal concentrations in toenails and other biological samples of het-
erogeneous and usually reduced size, such as fingernail, hair, and tu-
mor tissue, analyzed with different laboratory techniques.

As illustrated in this MCC-Spain multicase—control study,
ignoring the impact of sample mass and laboratory batch on toenail
metal determinations results in biased estimates of their ORs for
cancer. We found that calibrated metal concentrations are effective
in correcting this bias but yield somewhat larger SEs and wider con-
fidence intervals. The loss of precision was most marked for metals
strongly affected by sample mass and batch (e.g., thallium determi-
nations in MCC-Spain with almost three-quarters of extraneous var-
iation), suggesting that toenails might not be reliable exposure
biomarkers for certain metals in current practice. Regardless of
the statistical correction method, the development of standar-
dized protocols for sample collection and analysis would enhance
the use and interpretation of toenail metal concentrations in epi-
demiological studies.>*

In conclusion, we provide a unified modeling approach to correct
for major sources of systematic and random errors in measured metal
concentrations, namely, sample mass heterogeneity and between-
batch variability. The proposed model could be applied to toenail
samples or other biological specimens of heterogeneous size, distinct
laboratory techniques, and different study designs. The annotated R
script COMET intends to support the implementation of this
approach in future research on health effects of metal exposure.
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