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Abstract

Metabolomics is a systems biology tool providing small molecule signatures of disease etiology. In order to
estimate the biologic variability of the human serum metabolome, this study calculated intraclass correlation
coefficients (ICCs) for 178 stably-detected metabolites measured by untargeted chromatography/mass spec-
trometry. We studied a subsample of 60 participants (57% males, 70% Caucasians, aged 73.77£5.3 years) in
the Atherosclerosis Risk in Communities (ARIC) Study who provided two fasting serum samples 4-6 weeks
apart. The median ICC across all metabolites was 0.60, and 82% of metabolites had at least fair variability (i.e.,
ICC>=0.40). There was variation in the medium-term variability among metabolites, with those in the
pathways of amino acid and lipid metabolism showing relatively high ICCs, and those in the carbohydrate
pathway showing relatively low ICCs. The results of this study provide a valuable resource for future study

design and outcome interpretation of mass spectrometry-based metabolomic studies in epidemiology.

Introduction

ETABOLOMICS IS AN EMERGING APPROACH to quantitate
large numbers of low molecular weight molecules in a
biological sample (Lewis et al., 2008), and it allows for
global characterization of metabolic networks in an un-
targeted manner (Wang et al., 2011). Of the current meta-
bolomic studies, most have used a single measure of
metabolites for data analysis (Cheng et al., 2012; Suhre et al.,
2011; Wang et al., 2011), with the assumption that individual
metabolomic measurements are consistent at least over a
medium-term period. However, the metabolome is dynamic
and sensitive to external stimuli. There may be consider-
able day-to-day variations that are separate from technical
laboratory phenomena or measurement error. Thus, a single
measure of a metabolomic profile may have minimal relation
to health beyond its physiologic effects over a medium-term
period (e.g., one month). Low medium-term variability may
also lead to a situation where a metabolomic profile related to
disease may be missed (i.e., a false negative finding).
There are little data concerning medium-term, or week-to-
week, biologic variability associated with metabolomic bio-

markers (Evans et al., 2003; Floegel et al., 2011), although a
number of population studies have collected and preserved a
multitude of samples appropriate for untargeted metabolomic
measurements (Cheng et al., 2012; Sreekumar et al., 2009;
Suhre et al., 2010; 2011). The present report describes the
intraclass correlation coefficients (ICCs) (Fleiss, 1986) and
the coefficients of variation for the stably detected metabo-
lites from a convenience subsample of 60 participants in the
Atherosclerosis Risk in Communities (ARIC) Study (Wa-
genknecht et al., 2009). The study reported here investigated
the biological variability of the serum metabolome measured
by an untargeted mass spectrometry based protocol over a
period of 4-6 weeks apart.

Materials and Methods
Study population and data collection

The ARIC Study is an observational biracial cohort study
comprising 15,792 adults aged 45-64 years at baseline from
four U.S. communities: Forsyth County, NC; Jackson, MS;
suburban Minneapolis, MN; and Washington County, MD
(Investigators, 1989). As an ancillary study, the ARIC
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VARIABILITY OF HUMAN METABOLOME

Carotid MRI Study consisted of 2066 ARIC participants and
was aimed to identify novel cellular, metabolic, and genomic
correlates of atherosclerotic plaque in the carotid arterial
wall. In order to quantify the variation in flow cytometry
measurements, each field center recruited 15 volunteers, and
they repeated the entire clinic visit at 4—6 weeks of their
original visit in 2005-2006 (Catellier et al., 2008). These 60
participants formed the population of current medium-term
biologic variability study. Blood samples were collected un-
der standardized conditions (investigators, 1987), and the
participants were assigned alternate phantom IDs for data
collection to ensure blinding of sample handling and labo-
ratory measurements. The average age of the participants was
73.77+5.3 years, and 57% of the participants were male.
African Americans made up 30% of the sample, while Cau-
casians made up the remainder (Table 1). This project
was approved by the institutional review boards at each site,
and written informed consents were provided by all study
participants.

Assessment of metabolites

Metabolite profiling was completed in June 2010 using
serum samples which had been stored at —80°C since collec-
tion in 2004-2005. Metabolite levels in the serum were de-
tected and quantified by Metabolon (Durham, USA). An
untargeted, gas chromatography-mass spectrometry and lig-
uid chromatography-mass spectrometry based metabolomic
quantification protocol was used in detecting and analyzing
serum samples (60 pairs of samples for this variability study).
This approach identifies and quantifies named compounds
whose chemical identity is known, as well as additional un-
named compounds that do not currently have a chemical
standard, and these unnamed compounds were tagged begin-
ning with “X’* and followed by numbers, such as “X-12345".

The samples were prepared according to the manufacturer’s
protocol (Evans et al., 2009; Ohta et al., 2009) and the assay
procedures have been described previously (Zheng et al.,
2013a). Briefly, the analytical platform used here incorporated
two separate ultrahigh performance liquid chromatography/
tandem mass spectrometry (UHPLC/MS/MS?) injections; one
injection was optimized for basic species, and the other was
optimized for acidic species. The resulting MS/MS? data were
searched against an in-house generated authentic standard li-
brary that included retention time, molecular weight (m/z),
preferred adducts, and in-source fragments, as well as their
associated MS/MS spectra for all molecules in the library. The

TABLE 1. CHARACTERISTICS OF THE STUDY PARTICIPANTS

All
(n=60)

Male
(n=34)

Female
(n=26)

Age (years) 73.77£53 74.21+£5.0 73.19+5.7

Caucasians (%) 42 (70.0) 25 (73.5) 17 (65.4)
Centers (%)

Forsyth County 7 (11.7) 5 (14.7) 2(7.7)
Jackson 18 (30.0) 9 (26.5) 9 (34.6)
Minneapolis 15 (25.0) 8 (23.5) 7 (26.9)
Washington County 20 (33.3) 12 (35.3) 8 (30.8)

*statistics: mean x standard error for continuous variables and n
(%) for categorical variables.
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instrument variability in our study was 4%, which was deter-
mined by the median relative standard deviation (%RSD) of
the injection standards, and the overall process variability was
10% by calculation %RSD of all endogenous metabolites
present in 100% of the technical replicate samples. Samples
were run over four instrument run days (i.e., 30 samples per
day). The day groups were selected serially from the shipment
box order, and each metabolite was corrected in run-day
blocks by registering the medians to equal one and normaliz-
ing each data point proportionately.

Statistical analysis

Metabolites meeting the following criteria were included
in this analysis: 1) at least 12 pairs of measureable values
across the 60 paired samples; 2) at least moderate blind du-
plicate repeatability (repeatability coefficient >0.6) calcu-
lated from 70 duplicate samples from ARIC participants at
the baseline examination (Supplementary Data Text; sup-
plementary material is available online at www .liebertonline
.com/omi). Metabolites with low blind duplicate repeatabil-
ity indicated relatively high measurement variance or insta-
bility during sample processing were excluded in order to
focus on the components of biologic variances among those
metabolites that are stably-detected. There were 178 metab-
olites, including 106 named and 72 unnamed metabolites,
meeting both inclusion criteria. Medium-term variabilities
information for all detected metabolites, regardless of their
blind duplicate repeatability, is shown in Supplementary
Data Table S1.

To assess the medium-term variability of the serum me-
tabolites, the ICCs and 95% confidence intervals were cal-
culated using a repeated-measures mixed ANOVA model
(Weir, 2005), with metabolomic platform measurement
treated as a fixed effect and participants considered as a
random effect. The ICC was calculated as: O'b2 / (ab2+ awz),
where .2 is the between-individual variance and o, is the
within-individual variance over time. SAS procedure PROC
GLM was used to partition the total variability into compo-
nents due to between participant and within participant
sources. The ICCs were categorized as: >0.75 excellent
variability, 0.40-0.75 fair to good variability, and <0.40 poor
variability (Fleiss, 1986). An ICC is a relative measure of
variability, and it has been successfully applied in previous
analyte studies (Bijari et al., 2011; Ma et al., 1995). The
coefficients of variation, calculated by standard deviation/
mean, were also presented as a dispersion measurement of
the metabolite distribution for both the between- and within-
individual components.

The level of a metabolite within a sample may be below the
detection limit of the technology. For this medium-term
variability study, each metabolite was analyzed in two ways:
without and with imputation. Without imputation, only pairs
with measureable values in both samples were included in the
analysis and the ICC is labeled as ICC_noimp. For the im-
putation, values missing/below the detected limits (m/bdl)
were assigned the lowest detected value for that metabolite in
all samples and the ICC is labeled as ICC_imp. To explore
the influence of outliers on the variability estimates, a third
ICC (i.e., ICC_imp+no_outlier) was calculated for those
metabolites with one or more outlier pairs. An outlier pair
was defined if the difference between the paired measures is
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more than 3 standard deviations from the mean of the dif-
ference between paired measures among all paired observa-
tions for that metabolite.

All statistical analyses were performed in SAS version 9.2
(SAS Institute, Cary, NC).

Results

Among the 106 named metabolites, the majority were in
the pathways of lipid (N=41) and amino acid (N=31) me-
tabolism. The median ICC_noimp and ICC_imp for all ana-
lyzed metabolites were 0.60 and 0.63, respectively; for all
named metabolites they were 0.57 and 0.60, respectively; for
all unnamed metabolites they were 0.66 and 0.67, respec-
tively. Based on the ICC_noimp, 51 (29%) metabolites had
excellent variability, 94 (53%) had fair to good variability,
and 33 (19%) had poor variability. Overall, 82% of meta-
bolites had at least fair variability. For the ICC_imp, the
distribution of variability groups was very similar (31%,
53%, and 16%, respectively). The distribution of variability
groups across annotated pathways is shown in Figure 1. In
general, the metabolites in amino acid and lipid pathways had
higher variability than the metabolites in other pathways.

The coefficients of variance and ICCs (ICC_noimp and
ICC_imp) of metabolites in the amino acid and lipid path-
ways are shown in Table 2 and Table 3, respectively. Among
metabolites in the amino acid pathway, the medium-term
variability was lowest for 3-methylhistidine (ICC_noimp:
0.07 and ICC_imp: 0.15) and highest for indoleacetate (both
ICC_noimp and ICC_imp: 0.90), with a median ICC (both
ICC_noimp and ICC_imp) of 0.64. Among metabolites in the
lipid pathway, variability was lowest for hyodeoxycholate
(ICC_noimp: 0.22 and ICC_imp: 0.34) and highest for
pregnen-diol disulfate (both ICC_noimp and ICC_imp:

25

ZHENG ET AL.

0.99), with a median ICC_noimp of 0.65 and a median IC-
C_imp of 0.60. Table 4 shows the coefficients of variance and
ICCs of metabolites in the remaining pathways (i.e., peptide,
xenobiotics, nucleotide, carbohydrate, cofactors and vita-
mins, and energy).

There were 136 metabolites that had at least one outlier
pair of measures (8 had three pairs, 40 had two pairs, and the
rest had one pair). The median difference between ICC_imp
and ICC_imp +no_outlier was 0.06, with a range of —0.23
(theophylline and X - 07765_201) to 0.77 (pyridoxate) (Fig.
2). The difference between ICC_imp and ICC_imp+no_
outlier was largest for the metabolite pyridoxate (differ-
ence=0.77), which had only one extreme outlier pair. The
detailed information of ICC_imp +no_outlier for each me-
tabolite is shown in Supplementary Data Table 1.

Discussion

Applications of untargeted metabolomics to the study of
human disease have begun to emerge (Pirman et al., 2013;
Wetmore et al., 2010; Wikoff et al., 2007; Zheng et al., 2013a;
2013b), but few studies have investigated the medium-term
variability of the metabolomic measurements. We report that
approximately 80% of the 178 stably-detected metabolites
had at least fair medium-term variability (i.e., ICC =0.40).
Previous similar studies focused on selected metabolites of
interests (Floegel et al., 2011), were from urine samples
(Saude et al., 2007), or explored the long-term (i.e., ~1 year)
variability (Sampson et al., 2013; Townsend et al., 2013). The
data presented here are to our knowledge the first medium-
term variability study of the untargeted human serum meta-
bolome, and it provides valuable information for the design
and interpretation of future metabolomic, epidemiologic, and
clinical studies.
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FIG. 1. Distribution of variability 10

groups across pathways among 106
stably-detected named metabolites.

ICC1 indicates ICC_noimp
ICC2 indicates ICC_imp

W > 0.75 (excellent)
"m 0.40 - 0.75 (fair to good)
B < 0.4 (poor)
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Nubmer of outlier pairs

The variability results for several metabolites, such as
bile acids, deserve discussion as examples. Bile acids are
commonly measured as routine tests for the screening and
diagnosis of hepatobiliary disease (Steiner et al., 2011). In
this study, the median ICC_noimp and median ICC_imp of
metabolites in the bile acids pathway were 0.49 and 0.52,
respectively. In general, these metabolites had considerable
between-individual and within-individual variances among
the endogenous metabolites. This phenomenon may par-
tially result from activity of gut microflora (Swann et al.,
2011). The levels of (glycine- and taurine-) conjugated bile
acids mainly vary depending on food intake (Steiner et al.,
2011) and the conjugated bile acids in this report had gen-
erally fair variability. The levels of the unconjugated bile
acids are influenced by diurnal changes independent of
food intake (Steiner et al., 2011). In this study, even though
the samples were collected at the same time of day, the
unconjugated bile acids had generally poor variability ex-
cept for ursodeoxycholate. Previous studies relating bile
acid profiles to disease have yielded inconsistent results
(Abrams et al., 1982; Bennion and Grundy, 1977; Brufau
et al., 2010; Steiner et al., 2011), and we speculate the
relatively low over-time ICC may partially contribute to this
phenomenon.

The second example is metabolites in the sex steroids
pathway, for which the medium-term variability were gener-
ally good or excellent. Compared to a previous report in
menstruating females (Shultz et al., 2011), the results from our
males and postmenopausal females showed higher variability,
suggesting that a single sample may be enough to measure
their association with disease among an elderly population.
We further explored the difference in variability across gen-
ders (Supplementary Data Table S2). Progestagens, such as
pregn steroid monosulfate, 21-hydroxypregnenolone disulfate,
and pregnen-diol disulfate, had higher ICCs, while S¢-preg-
nan-3f3,200-diol disulfate had lower ICCs in males than that in
females. In general, androgens (andro steroid monosulfate 2,
androsterone sulfate, Se-androstan-3$,17f-diol disulfate and
4-androsten-3 3,17 8-diol disulfate 2, dehydroisoandrosterone
sulfate (DHEA-S) in this study) had higher ICCs in females
than that in males.

We identified two previous studies that reported over-time
variability of human untargeted serum metabolomic mea-
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FIG. 2. The distribution of difference between
ICC_imp and ICC_imp+no_outlier among 136
metabolites that had at least one outlier pair of
observations.

surements (Sampson et al., 2013; Townsend et al., 2013). The
median unimputed ICC of 0.60 from 178 metabolites col-
lected 4-6 weeks apart reported here is higher than the me-
dian variability of 0.43 from 385 metabolites measured on
nonfasting samples from 60 Chinese females over a 1-year
period (Sampson et al., 2013). It is similar to that of 0.58 from
210 metabolites (Townsend et al., 2013) over ~1.5 years
reported by Townsend et al. in a sample of 80 white Amer-
icans. The metabolites in the amino acid and lipid pathways
have higher variability than the metabolites in other pathways
(Fig. 1), and this may be expected because amino acids and
lipids are relatively endogenous and genetically regulated
compared to the metabolites in carbohydrate and xenobiotic
pathways that are more likely to be influenced by the dietary
intake and other environmental factors. This phenomenon
may partially explain the observation that prominent findings
in metabolomic biomarker discovery are often amino acids
and lipids (Menni et al., 2013; Newgard et al., 2009; Wang
et al., 2011).

There are a large number of factors that may influence the
over-time variability of metabolites, including the time be-
tween measurements, selection of the metabolites, and the
age, race, gender, life style, and overall health status of the
study sample (Chambless et al., 1992). Similar to the previ-
ous studies (Floegel et al., 2011; Sampson et al., 2013), a
limitation of the current report is the relatively small sample
size, and restricted capability to assess these potential influ-
ences on the variability of metabolites. The study has been
conducted among elderly ARIC participants in the U.S.;
special attention should be paid when we generalize results to
other populations.

There may be bias in studies of association between a
single metabolite measurement and disease when the
within-individual variance of the metabolite, including bi-
ology variance and measurement error, is large compared to
the between-individual variance (i.e., ICC <0.5) (Floegel
et al., 2011; Verghese et al., 2011). In simple linear or lo-
gistic regressions, it leads to bias toward the null hypothesis;
that is, the size of relationship between the metabolite and
the outcome under consideration is underestimated (Fuller,
1987). There are two possible ways to solve this problem
(Chambless et al., 1992). One is to decrease the measure-
ment variation by refining laboratory processes or making
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multiple measurements. The second solution is to adjust the
estimate of relationships between a metabolite and disease
for the amount of within-individual variation in the inde-
pendent variable (e.g., the metabolite). For simple regres-
sions this is accomplished by replacing the ordinary
estimate f3,,, with f8,;; = f,,4/ICC (Chambless et al., 1992).
Therefore, for metabolites with low ICCs as the potential
predictor variable of interest, the above equation suggests
the way to adjust for ICC in estimating the relationship
between a metabolite and disease. However, the true ICC of
a metabolite over a certain period is seldom known.

Conclusions

We report the medium-term variability for untargeted
metabolomic measurements in the human serum from 60
individuals from four U.S. communities having two fasting
samples collected 4-6 weeks apart. The median ICC was
0.60, and imputation of values below the detection limit had
little impact on this estimate, and as expected, the impact of
outliers in ICC varies among metabolites. There was varia-
tion among metabolites in this estimate with those in the
pathways of amino acid and lipid metabolism showing higher
ICCs, and those in the carbohydrate pathway showing lower
ICCs. The results of this study serve as a resource to aid future
study design and result interpretation.
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