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Abstract
Background—Interest in biomarker patterns and disease has led to the development of
immunoassays that evaluate multiple analytes in parallel with little sample. However, there are no
current standards for multiplex configuration, validation, and quality, thus, validation by platform,
population, and question of interest is recommended. We sought to determine the best blood
fraction for multiplex evaluation of circulating biomarkers in postmenopausal women and to
explore body composition phenotype discrimination by biomarkers.

Methods—Archived serum and plasma samples from a sample of healthy postmenopausal
women with the highest (n=9) and lowest (n=11) percent lean mass, by dual-energy X-ray
absorptiometry, were used to measure 90 analytes by bead-based, suspension multiplex assays.
Replicates of serum and plasma were analyzed in a random selection of 4 of these individuals.

Results—Ninety-percent of the analytes were detectable for ≥50% of samples; when limited to
these well detected analytes, mean replicate correlations for serum and plasma were 0.87and 0.85
respectively. Serum had lower error rates discriminating phenotypes; 7 serum versus 2 plasma
analytes discriminated extreme body phenotypes.

Conclusion—Serum and plasma performed similarly for the majority of the analytes. Serum
demonstrated a slight advantage in predicting extreme body composition phenotypes in
postmenopausal women using parallel evaluation of analytes.
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Introduction
The desire to measure blood-based biomarkers as components or indicators of chronic
disease states (i.e., cytokines, growth factors), has resulted in a number of industry-
developed multiplex platforms.(1–3) The availability of these prefabricated multiplex
technologies to measure circulating analytes in parallel, on limited sample, offer a unique
opportunity to derive complex information in association studies and possibly clinically
useful patterns. However, the parallel approach and use of these multiplex platforms pose
specific challenges for epidemiologists conducting large-scale discovery based biomarker
studies. These include consideration of the sensitivity and specificity of the analyte
measures, reproducibility of the measurement, performance of the type of biologic (i.e.,
serum or plasma), as well as consideration of study design approaches that promote
reduction of complex panels to a limited set of high interest candidates for validation in
large sample sets.(3)

Here we describe a biomarker validation study to evaluate the performance of matched
serum and plasma samples in a complex panel of analytes. We hypothesized that serum and
plasma would perform equally well on the platform to evaluate the 90 analytes. We also
conducted exploratory analyses to assess the performance of serum and plasma analytes
included in the panel for discriminating between individuals with high and low skeletal
muscle mass phenotypes.

Materials and methods
Study design

Archived serum and plasma samples from the Women’s Breast and Bone Density (WBBD)
study were used for this validation study.(4) The WBBD study was conducted at the
University of Arizona between 2001 and 2004, and enrolled 238 pre (41–50 years) and
postmenopausal (56–70 years) White and Hispanic women from the greater Tucson
community. Participants were generally healthy, and did not have a history of chronic
diseases or other health conditions related to bone health including autoimmune disorders,
diabetes, cancer, or thyroid disease.

Age adjusted percent lean mass was generated from full body dual energy X-ray
absorptiometry (DXA) scans (Hologic QDR 4500w v8.26, Hologic Inc, Waltham, MA,
USA, www.hologic.com) taken during the parent study (WBBD). DXA-derived skeletal
muscle mass has been validated against lean body mass and skeletal muscle mass measured
on MRI. (5) Postmenopausal women in the highest (n=9) and lowest (n=11) tails of percent
lean mass were selected for biomarker analysis. Both serum and plasma samples were run
for each of the women selected. In addition, replicate serum and plasma samples were
analyzed in a random subset of the same women (n=4). Institutional review board approval
and participant written informed consent were obtained prior to study initiation. All blood
samples used in the validation study described here were identified as either serum or
plasma (sample type), but were otherwise blinded for analyte analysis.

Serum and plasma collection
Following a 12-hour fast, blood by venipuncture was drawn by a trained phlebotomist.
Serum separator tubes and EDTA treated tubes were used to collect serum and plasma
respectively. Samples were allowed to coagulate for 30 minutes and were then centrifuged
for 10 minutes (1,300 × g) at 4°C. Serum and plasma fractions were transferred to cryovials
for storage in 0.5 ml aliquots and stored at −70° C until shipped on dry-ice for cytokine
measurements detailed below; all samples remained frozen and arrived at the laboratory in
good condition.
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Cytokine measurements
Ninety analytes (Supplemental Data Table 1) were measured by bead based, suspension
multiplex assays (Human Multi-Analyte Profile (MAP) version 1.6, Rules Based Medicine
(RBM), Austin, TX, USA, www.rulesbasedmedicine.com) using serum and plasma samples.
The multiplex assays were developed using the principles of immunoassay,(6) including:
selection of respective antigens and antibodies per analyte, optimization of sensitivity,
specificity, and dynamic range for each analyte as a single test, and then the incorporation of
single assays into a multiplex. Assay development also included validation studies for each
multiplexed analyte including determination of least detectable dose (LDD), lower assay
limit (LAL), dynamic range, imprecision, spiked recovery, cross-reactivity, and matrix
interferences. LDD reflects the mean background (blank readings) value for 20
determinations plus three standard deviations. LAL reflects each assay's sensitivity based on
the lowest concentration calibrator used for quantitation; it is often referred to as the assay
limit of detection. Values above the LDD were designed to be highly precise and to have
coefficients of variation (CV) <20%. Values between the LDD and LAL are considered less
precise than values above the LDD, but are reported. Values below the LAL indicate that a
sample cannot be measured on the standard curve and are reported as “low”. To acquire
values for each analyte evaluated in our study, parallel cytometric quantitation on 8
multiplexes, with calibrators and controls on each plate, was run from 100uL sample using
microtiter techniques and Luminex technology. Values were interpreted and summarized by
RBM proprietary data analysis software. For each analyte and sample type, RBM provided
the LDD, LAL, dynamic range, and sample value, if detectable.

Statistical analysis
Descriptive statistics by percent lean tail were performed using Wilcoxon-rank sum test for
continuous variables and chi-squared test for categorical variables. Analyte descriptives
including, the percent below LAL (% undetectable) and the percent between the LAL and
LDD were calculated. Analytes with greater than 50% undetectable rates were excluded in
correlative analyses. Spearman correlation coefficient was used to assess replicate
correlations and to calculate the correlation between serum and plasma for each analyte.

Recursive partitioning (7) and random forest (8) models were used to examine the power of
serum and plasma markers to discriminate subjects with high percent lean mass from those
with low percent lean mass. A total of 1,000 bootstrap datasets were generated from the
serum and plasma marker data separately, and both recursive partitioning and random forest
models were fit to each of them separately. For the recursive partitioning method, five-fold
cross-validation was used to calculate the discriminating error for each bootstrap dataset,
while the error of the random forest method is calculated using out-of-bag (OOB) samples.
For each method, the 1,000 discriminating errors calculated from the bootstrap datasets can
be considered as a sample drawn from the distribution of error in identifying high vs. low
lean mass individuals. These errors are then summarized by descriptive statistics and
exploratory graphical tools, and are also compared using Wilcoxon rank sum test. To
estimate the strength of discriminating power for each individual serum and plasma marker,
a random forest with 10,000 trees was built on the original marker dataset and the
importance measure for each marker was estimated along with its standard error.

Values for any marker in the high lean mass group were compared to those in the low lean
mass group also by the Wilcoxon rank sum test. The Benjamin-Hochberg (9) procedure was
used to control the false discovery rate (FDR) at the 0.1 level. For recursive partitioning and
random forest models, undetectable values for any marker were imputed as half of the
lowest observed level for the same marker.
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Results
Study population

The low and high percent lean groups were similar with respect to demographic
comparisons. The mean age of the study population was not statistically different (58.9 vs.
59.3 years respectively). Both groups had similar years of estrogen exposure, and years of
hormone therapy was not statistically different between the groups. Smoking history was
also equally distributed between the two groups, with approximately 35% of both groups
reporting never smoking, 45% former smoking, and 20% current smoking. Medical
conditions such as, high cholesterol, hypertension, osteoarthritis, and osteoporosis were also
not statistically different between the two groups (Table 1).

As expected, there were significant differences between groups for body composition
measures due to selection criteria. The low percent lean tail had significantly higher weight
(97.3 vs 56.7 kg), body mass index (BMI) (36.8 vs. 22.5 kg/m2), waist to hip ratio (0.84 vs.
0.76), total fat mass (45.6 vs. 15.4 kg), total percent fat (48.5 vs. 27.7%), appendicular fat
mass (22.1 vs. 7.68), and marginally higher total lean mass and appendicular lean mass.
Both total body (p<0.001) and appendicular (p=0.053) lean to fat ratio were lower in the low
percent lean tail compared to the high percent lean tail. Complete demographic information
and body composition information by percent lean mass is summarized in Table 1.

Detection and replicate performance of analytes
Analyte performance was assessed using detection rates and the serum and plasma replicate
correlation. Overall analyte detection was high in both fractions, 87% of serum and 92% of
plasma analytes had less than a 50% undetectable rate. Four analytes did not perform well in
both serum and plasma (i.e. >50% undetectable) including: calcitonin, GM-CSF, IL-1α, and
lymphotacin. Serum had an additional 8 analytes (endothelin-1, IL-2, IL-4, IL-6, MMP-2,
MMP-9, PAPP-A, and PSA free) with greater than 50% undetectable rates, whereas plasma
only had an addition 3 analytes (IGF-1, MMP-3, and TNF-β) with greater than 50%
undetectable rates. Seven analytes in both serum and plasma had >50% of their values
between the LAL and LDD (creatine kinase-MB, fatty acid binding protein, fibrinogen,
IL-5, IL-10, IL-12p70, IL-15). One additional serum analyte (IL-12p40) and seven other
plasma analytes had >50% of their values between LAL and LDD (IL-2, IL-3, IL-4, IL-7,
PAPP-A, tissue factor, thrombopoietin). Analyte performance by sample type can be found
in Supplemental Data, Table 1.

Excluding the analytes for which >50% of sample were below the LAL, the mean (95%
confidence interval (CI)) spearman correlation for the replicate measures was 0.87 (CI; 0.83,
0.91) in serum and 0.85 (CI; 0.81, 0.89) in plasma. The overall replicate performance was
high with 64% of analytes in serum and 63% of analytes in plasma having a correlation 0.9
or higher for replicate samples. Correlation<0.5 between replicates were observed for 6
serum (apolipoprotien CIII, cancer antigen 125, FGF basic, IL-12p70, SGOT, and TNF-β)
and 6 plasma (cancer antigen 125, endothelin-1, glutathione s-transferase, IL-12p70, IL-7,
and SGOT) analytes. When these analytes were removed, the mean spearman correlation of
the replicate samples increased to 0.92 (95% CI; 0.89, 0.94) in serum and 0.89 (95% CI;
0.87, 0.92) in plasma.

Serum and plasma concordance
Excluding those analytes for which 50% or more of subjects were below the LAL, the mean
serum to plasma spearman correlation was 0.65 (95% CI; 0.59, 0.71). Fifteen analytes
demonstrated serum to plasma correlations ≥0.90 and an additional 14 analytes
demonstrated serum to plasma correlations between 0.80 and 0.89; descriptive statistics
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(mean, SD, range) for these analytes are presented in Table 2. Twenty-four analytes had a
serum to plasma correlation < 0.50; descriptive statistics for these analytes may be found in
Table 3. After removing analytes with serum to plasma correlations of <0.50, the mean
serum to plasma correlation increased to 0.80 (95% CI; 0.77, 0.84). The individual analyte
concordance between sample types is detailed in Supplemental Data, Table 1 for all 90
analytes.

Exploring phenotype discrimination by sample type
Recursive partitioning and random forest models were used to assess the percent lean mass
discriminating power in each sample type. The discriminating errors of serum and plasma
markers calculated from cross-validation on 1,000 bootstrap datasets in both model types are
summarized in Table 4. The mean error of serum markers was 0.119 (SD=0.085), while the
mean error of plasma markers was 0.170 (SD=0.10). Wilcoxon rank sum test shows that the
model based on serum markers had significantly lower error rate than the model based on
plasma markers (p<0.0001). The median and maximum, as well as the 1st and 3rd quartiles
of the serum marker error are all lower than the corresponding parameters of the plasma
errors.

For random forest models, the mean error of serum markers was 0.081 (SD=0.05), while the
mean error of plasma markers was 0.097 (SD=0.06). Note that the errors of random forest
models were generally lower than errors of the recursive partitioning models. As above, the
Wilcoxon rank sum test showed that the model based serum markers had significantly lower
error rate than that based on the plasma markers (p<0.0001). The 3rd quartile and the
maximum of the serum marker error are all lower than the corresponding parameters of the
plasma errors, while the minimum, 1st quartile and median are the same.

The Wilcoxon rank sum test was used to compare biomarker values between the high lean
mass group and the low lean mass group. The Benjamin-Hochberg (9) procedure was used
to control the FDR at the 0.10 level among all serum markers and the same procedure was
applied also to the plasma markers. Seven serum markers had significantly or marginally
significantly different levels between the two groups of subjects (adjusted p-values are given
in parentheses). Those in the lower percent lean mass group demonstrated higher leptin
(0.018), insulin (0.049), complement 3 (0.051), and serum amyloid P (0.074) levels, and
lower adiponectin (0.074), growth hormone (0.049), and eotaxin (0.096) levels than those in
the upper percent lean mass group. Two plasma derived markers followed a similar pattern;
leptin (0.048) and insulin (0.094) were higher in the lower percent lean mass group.

Discussion
Mulitplexed cytokine technologies are increasingly available as interest shifts towards the
evaluation of patterns of multiple biomarkers associated with physiologic processes and
disease states. Multiplex platforms offer unprecedented efficiency for evaluating several
analytes simultaneously and the parallel screening of multiple biomarkers requires relatively
little sample, reagent, and time. (1–3, 10, 11) Luminex based platforms have been found to
have generally high reliability and reproducibility (10), but cytokine values may vary greatly
depending on analyte, anticoagulant, and inter-individual differences (12). In addition,
sample type may play a role in cytokine variability (12). This emerging field is in need of
standards to guide assay configuration, analytical validation, and quality control before
applying these methods to large longitudinal cohorts, clinical trials, diagnostics, or
prognostics.(2, 3) As such, our goal was to evaluate a Luminex based multiplexed assay
platform for several outcomes in order to judge its suitability for evaluating multiple
biomarkers in a much larger clinical trial of a similar population of women and to optimize
analyte detection and quantification in the population. Therefore, performance differences
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between sample types of serum and EDTA treated plasma on a complex panel of analytes
were evaluated. We also sought to gain insight on the performance characteristics of the
specific analytes on the multiplex to discriminate between known lean mass phenotypes in
women. Analytes that were best able to distinguish between extreme lean mass phenotypes
may also be used to narrow down the analyte panel to more specific candidates for our
planned evaluation of biomarker associations with lean mass in the setting of a large clinical
trial.

We were able to minimize several sources of potential variability in analyte quantification
by standardized sample collection, anticoagulant, storage time, freeze/thaw cycles, and
temperature in this study.(13, 14) However, serum and plasma are not the same. While the
cellular fraction of the whole blood has been eliminated from both, serum protein levels may
be lower than plasma protein levels by 0.24–0.29 gm/dL.(14) Although albumin may be
higher in serum,(14, 15) others have noted that the absence of fibrinogen and other
coagulant associated high-molecular weight proteins may create a technical advantage over
plasma in quantifying less abundant proteins. Particular analytes may also be more stable,
and thus produce more reliable measures, in serum versus plasma depending on the analyte.
However, immediate separation of both serum and plasma from cellular elements, as in this
protocol, enhances analyte stability in both. (14, 16, 17)

Based on the results from this validation study, we rejected the null hypothesis that serum
and plasma perform equally well for the biomarkers of interest on this platform. Although
analyte detection was high for both sample types and replicates in both serum and plasma
were in general agreement, serum had slightly better replicate correlations and better
reproducibility overall. In addition, analyte values derived from serum were better able to
discriminate between the high and low skeletal muscle mass groups in our exploratory
analyses, as evidenced by a lower error rate in identifying high versus low percent skeletal
muscle mass in recursive partitioning and random forest models compared to plasma. There
were also a higher number of serum derived markers (n=7) that distinguished between the
high and low percent skeletal muscle mass groups compared to plasma (n=2) at a FDR<0.1
level. Therefore, based on the comparison of serum to EDTA treated plasma, serum would
be the recommended blood fraction from healthy postmenopausal women to evaluate
skeletal muscle mass associations with biomarkers on the RBM Human MAP version 1.6.

Some studies suggest that various sample preparations introduce assay interference
dependent on the analyte of interest. (18, 19) For example, EDTA is a known chelator of
divalent cations and may interfere with assays dependent on calcium or other divalent
cations, while heparin may dilute samples during collection, which must be taken into
account. (20) Citrate and heparin treated plasma samples were not available for this
validation study to more globally compare serum to common plasma preparations (EDTA,
citrate, and heparin treated plasma) by analyte. These samples are also not available for the
large clinical trial to which the validation study results will be applied. Collecting
biospecimens using multiple sample preparations is cost prohibitive and overly burdensome
to participants in large clinical trials and observational studies where biomarker studies are
often secondary endpoints. Additionally, multiple sample preparations were not applied in
many large archived studies that continue to be utilized to investigate new research
questions. This serves as a specific limitation, but also speaks to the relevance of this
validation study. Since the optimal preparation method may vary by analyte, sample
preparation should be carefully considered during assay planning in order to target
optimization of the greatest number of analytes of interest when evaluating biomarker
patterns without compromising primary study objectives.
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Secondarily, we explored the ability of biomarkers to discriminate between the low and high
percent lean mass phenotypes selected for the validation study. Only a small number of
analytes on the panel were able to discriminate between high and low skeletal muscle mass
phenotypes and were predominated by leptin, which is most likely segregating on adiposity
in our extreme sampling that not only enriched on lean mass but also on BMI. Thus, factors
previously associated with adiposity, including leptin (21), insulin (22), and some
inflammatory factors, including serum amyloid A (SAA) (23, 24), complement 3 (25–28),
and eotaxin (29, 30), were expectedly predominant in this pilot.

The main purpose of this validation study was to determine the best blood fraction for use in
a larger epidemiologic study for which only serum or EDTA plasma are available to
evaluate multiple candidate biomarkers related to skeletal muscle mass and potentially to
reduce the number of candidate markers to be evaluated in the planned study. Results
presented herein suggest that serum has the better reliability and reproducibility on this
platform, in addition to the greatest number of discriminating biomarkers for body
composition phenotype. Thus, serum will be used as our sample type for a larger planned
association study of anabolic/catabolic factors in blood and the skeletal muscle mass
phenotype in postmenopausal women. Biomarkers for which replicate correlations and
detection were low in serum will be considered for elimination on the final biomarker panel
planned for the large clinical trial.

Strengths and limitations
A strength of the study is the generalizability of our evaluation procedures to other studies of
circulating biomarkers regarding best sample (serum or plasma), in spite of limited
anticoagulant testing. Our study also reflects the normal aging population, which we expect
to be studied intensively in the coming years with the aging of “baby boomers”.
Additionally, the use of bootstrapping statistical techniques illustrates the utility of this
approach for robust statistical interpretation of the small sample set while protecting
biospecimens against waste in early planning of biomarker studies. Most current
comparative papers evaluating multiplex assay techniques suggest early validation studies to
assess dynamic range, linearity, CV, and percentage recovery by each analyte on a particular
platform prior to large scale implementation for diagnostic or prognostic studies (1, 2). Our
strategy here imparts significant cost savings for larger studies planning to evaluate
biomarker associations by early culling of poorly measured biomarkers to achieve a smaller
multiplex panel of analytes. Additionally, for those biomarkers for which the detection rate
or performance characteristics are low, but for which compelling evidence suggests a role in
a specific disease state (in our case sarcopenia or low skeletal muscle mass), such early
biomarker analyses will direct early decision making regarding the need to use an alternative
platform or acceptability of dichotomous (present/absent) analysis in place of continuous
variables that may potentially limit interpretation. However, we must emphasize that the
small sample size and multiple analyses performed on the sample set is also a limitation of
this study. The discriminatory ability of cytokines for the prediction of body composition
phenotype should be considered very preliminary and should be used for study design
purposes only. The biomarkers identified as potential body composition discriminators may
not be used for diagnostic purposes or identifying high risk groups at this time. Our planned
application of serum for multiplex biomarker analyses to a large cohort is needed to
replicate the discriminatory findings herein and to provide important information regarding
biomarker predictors of body composition across the continuum of phenotypes.

Conclusion
We found that 60% of the analytes in both serum and plasma were largely equivalent, with a
correlation ≥80%; however, our results slightly favor the use of serum for the parallel
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evaluation of candidate biomarker predictors of lean mass phenotypes in postmenopausal
women.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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List of abbreviations, in order cited

WBBD Women’s Breast and Bone Density Study

DXA dual energy X-ray absorptiometry

EDTA

MAP multi-analyte panel

LDD least detectable dose

LAL lower assay limit

CV coefficient of variation

FDR false discovery rate

CI confidence interval

EGF Epidermal Growth Factor

ENA Erythrocytic Nuclear Abnormalities

RAGE Receptor for Advanced Glycation End products

EN-RAGE Extracellular Newly identified RAGE-binding protein

FGF basic Fibroblast Growth Factor

G-CSF Granulocyte Colony-Stimulating Factor

GM-CSF Granulocyte-Macrophage Colony Stimulating Factor

ICAM-1 Intercellular Adhesion Molecule

IFN Interferon

Ig Immunoglobulin

IGF Insulin-like Growth Factor

IL Interleukin

MCP Monocyte Chemotactic Protein

MDC Macrophage-Derived Chemokine

MIP Macrophage Inflammatory Protein

MMP Matrix Metalloproteinase

PAI Plasminogen Activator Inhibitor
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PAPP Pregnancy Associated Plasma Protein

RANTES Regulated upon Activation Normal T-cell Expressed, and presumably
Secreted

SGOT Serum Glutamic Oxaloacetic Transaminase

SHBG Sex Hormone Binding Globulin

TIMP Tissue Inhibitor of Metalloproteinases

TNF Tumor Necrosis Factor

TNF R TNF-Receptor

VCAM Vascular Cell Adhesion Molecule

VEGF Vascular Endothelial Growth Factor
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