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A B S T R A C T

There is mounting evidence of systemic inflammation in post-traumatic stress disorder (PTSD) and Parkinson’s
disease (PD), yet inconsistency and a lack of replicability in findings of putative biological markers have delayed
progress in this space. Variability in performance between platforms may contribute to the lack of consensus in
the biomarker literature, as has been seen for a number of psychiatric disorders, including PTSD. Thus, there is a
need for high-performance, scalable, and validated platforms for the discovery and development of biomarkers
of inflammation for use in drug development and as clinical diagnostics. To identify the best platform for use in
future biomarker discovery efforts, we conducted a comprehensive cross-platform and cross-assay evaluation
across five leading platform technologies. This initial assessment focused on four cytokines that have been
implicated PTSD – interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, and interferon (IFN)-γ. To assess
platform performance and understand likely measurements in individuals with brain disorders, serum and
plasma samples were obtained from individuals with PTSD (n = 13) or Parkinson’s Disease (n = 14) as well as
healthy controls (n = 5). We compared platform performance across a number of common analytic parameters,
including assay precision, sensitivity, frequency of endogenous analyte detection (FEAD), correlation between
platforms, and parallelism in measurement of cytokines using a serial dilution series. The single molecule array
(Simoa™) ultra-sensitive platform (Quanterix), MESO V-Plex (Mesoscale Discovery), and Luminex xMAP®
(Myriad) were conducted by their respective vendors, while Luminex® and Quantikine® high-sensitivity ELISA
assays were evaluated by R&D System’s Biomarker Testing Services. The assay with the highest sensitivity in
detecting endogenous analytes across all analytes and clinical populations (i.e. the highest FEAD), was the
Simoa™ platform. In contrast, more variable performance was observed for MESO V-plex, R&D Luminex® and
Quantikine®, while Myriad’s Luminex xMAP® exhibited low FEAD across all analytes and samples. Simoa™ also
demonstrated high precision in detecting endogenous cytokines, as reflected in < 20 percent coefficient of
variance (%CV) across replicate runs for samples from the healthy controls, PTSD patients, and PD patients. In
contrast, MESO V-Plex, R&D Luminex® and Quantikine® had variable performance in terms of precision across
cytokines. Myriad Luminex xMAP® could not be included in precision estimates because the vendor did not run
samples in duplicate. For cross-platform performance comparisons, the highest cross-platform correlations were
observed for IL-6 such that all platforms – except for Myriad’s Luminex xMAP® – had strong correlations with one
another in measurements of IL-6 (r range = 0.59 – 0.86). For the other cytokines, there was low to no correlation
across platforms, such that reported measurements of IL-1β, TNF-α, and IFN-γ varied across assays. Taken to-
gether, these findings provide novel evidence that the choice of immunoassay could greatly impact reported
cytokine findings. The current study provides crucial information on the variability in performance between
platforms and across immunoassays that may help inform the selection of assay in future research studies.

https://doi.org/10.1016/j.cytox.2020.100027
Received 7 November 2019; Received in revised form 25 March 2020; Accepted 10 April 2020

Abbreviations: BLQ, below limit of quantification; CV, coefficient of variance; FEAD, frequency of endogenous analyte detection; IFN-γ, interferon-γ; IL-1β, in-
terleukin-1β; IL-6, interleukin-6; IUGB, Indiana University Genetics Biobank; LLOD, lower limit of detection; LLOQ, lower limit of quantification; MSD, Mesoscale
Discovery; PBMC, peripheral blood mononuclear cells; PD, Parkinson’s disease; PMA, phorbol myristate acetate; PTSD, post-traumatic stress disorder; TNF-α, tumor
necrosis factor-α; ULOD, upper limit of detection; ULOQ, upper limit of quantification

⁎ Corresponding author.
E-mail address: heather.lasseter@cohenbio.org (H.C. Lasseter).

1 Goldfinch Bio, 215 First Street, Cambridge, MA 02142, United States.
2 McLean Hospital, Department of Psychiatry, Harvard Medical School, Oaks Building 328, Mailstop 212, 115 Mill Street, Belmont, MA 02478-1064, United States.

Cytokine: X 2 (2020) 100027

Available online 28 April 2020
2590-1532/ © 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/25901532
https://www.journals.elsevier.com/cytokine-x
https://doi.org/10.1016/j.cytox.2020.100027
https://doi.org/10.1016/j.cytox.2020.100027
mailto:heather.lasseter@cohenbio.org
https://doi.org/10.1016/j.cytox.2020.100027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cytox.2020.100027&domain=pdf


Further, the results emphasize the need for performing comparative evaluations of immunoassays as new
technologies emerge over time, particularly given the lack of reference standards for the quantitative assess-
ments of cytokines.

1. Introduction

Post-traumatic stress disorder (PTSD) is a common, debilitating
condition that affects ~ 8% of the U.S. population [1,2]. Current clin-
ical diagnostics for PTSD are subjective and based solely on symptoms
experienced by the individual and assessed through interview. Even
with specified diagnostic criteria, there is enormous heterogeneity in
the PTSD population given that over 636,000 symptom combinations
meet current diagnostic criteria [3]. Although extensive research has
explored the utility of physiological markers as discrete biomarkers of
PTSD, there are no objective biomarkers of this highly complex and
heterogenous condition to aid in diagnosis, predict symptom trajectory,
or help stratify the patient population [4–6].

Further, while biomarker development may be a time-consuming
and resource-intensive process, biomarkers play an essential role in
drug development and can help increase success in clinical trials, de-
crease costs, and ultimately improve patient outcomes. However, the
identification of biomarkers is limited by the sensitivity, accuracy, and
precision of available methods of detection. To this end, there is a need
to evaluate existing bioassays and technologies around prospective
targets such as cytokines to identify high-performing, scalable plat-
forms that can aid in the development of biomarkers for use in drug
development and as clinical diagnostics.

There is mounting evidence of systemic inflammation characterized
by elevated cytokines in PTSD [7]. For instance, evidence from recent
reviews and meta-analyses suggests that a panel of inflammatory cyto-
kines, including interleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-
α, and interferon (IFN)-γ, are elevated in PTSD patients as compared to
healthy controls [8–12]. Similarly, inflammation is suggested to play a
role in Parkinson’s disease (PD) pathologic features and symptoms, such
that neuroinflammation may be a potential therapeutic target [13–16].
For example, data extracted from 25 studies and 2654 participants
showed that PD patients exhibit heightened levels of peripheral IL-6,
TNF-α, IL-1β, IL-2, IL-10, C-reactive protein, and RANTES (regulated on
activation, normal T-expressed, and presumably secreted) in compar-
ison to healthy controls [17]. Together, the above studies strongly
suggest the utility of an inflammation panel to help diagnose or stratify
patients with PTSD or PD, but more work is needed to discover, vali-
date, and develop these as biomarkers.

To that end, validation of platforms for measuring clinical samples
is urgently needed. Although many assays are available for the mea-
surement of inflammatory markers, assays vary in performance and
sensitivity [18]. The assessment of endogenous cytokines is challenging
given these are typically at very low levels in blood samples (pg/mL to
sub-pg/mL) and require highly sensitive technologies to ensure bio-
marker detection, thereby impacting interpretation of biomarker find-
ings [18,19]. For instance, recent platform comparison studies have
shown that IL-6 and TNF-α are present at moderate levels in human
blood and can be detected by most commercial assays [20,21]. How-
ever, IL-1β and IFN- γ were not reliably detected using high-sensitivity
cytokine multiplex assays on a Luminex or electrochemiluminescence
platform and may necessitate use of more sensitive techniques [19,22].

To the best of our knowledge, the current large-scale cross-platform
comparison is the first to compare inflammatory platforms in patients
with PTSD and PD. While multiple studies have conducted cross-plat-
form comparisons using pooled control samples and samples with
known cytokine concentrations, few have done this in endogenous
samples from clinical populations [18,19,22–26]. Hence, a compre-
hensive cross-platform and cross-assay evaluation was conducted using
five leading immunoassay platforms to identify best-in-class platforms

for assessing inflammatory markers. The goal of this study was to
evaluate both technical performance and dynamic range in samples
from healthy controls and individuals with brain disorders to inform
platform selection for future studies that would be powered to make
comparison between these populations. Thus, while evaluating the in-
flammatory signature of psychiatric diseases is beyond the scope of the
current study, future research can optimize the rigor and robustness of
their cytokine measurements based on findings presented in the current
publication.

The current manuscript focuses on four cytokines of particular in-
terest in both PTSD and PD (IL-1β, IL-6, TNF-α, and IFN-γ), which have
been extensively studied across a variety of technologies and platforms.
A total of twelve cytokines were evaluated in the platform comparison,
based on cytokines implicated in PTSD [8–12] as well those based on
recommendations by the Michael J. Fox Foundation to ensure coverage
of PD inflammatory markers. Comprehensive assessment of all twelve
cytokines is beyond the scope of detail possible through manuscript
publication and will be assessed, with results available in a subsequent
white paper. To enable the research community to optimize measure-
ment of cytokines of interest, all curated data is found in the
Supplementary materials and is publicly available on the Brain Com-
mons, a cloud-based platform for computational discovery designed for
the brain health community (https://data.braincommons.org/
dashboard/Public/publication-page/cytokineplatformcomparison/
index.html).

2. Methods

2.1. Platform performance design

Both serum and plasma samples were included in the cross-platform
comparison given the frequent use of both biofluids in psychiatric re-
search. Serum and plasma samples and technical controls were eval-
uated using commercially available kits provided by each vendor, with
processing done at the vendor site when possible to ensure optimal
technical performance of each assay. In total, 72 samples were run on
each platform, including PTSD (n = 13) and PD (n = 14) plasma
samples and both plasma and serum samples from healthy controls
(n = 5). All other samples were technical samples, including a dilution
curve and stimulated serum culture. Each vendor received identical sets
of plasma and serum samples that had undergone the same number of
freeze–thaw cycles. The evaluated technology platforms included plate-
and bead-based assays with singleplex and/or multiplex capabilities,
and signal detection using fluorescence, electrochemiluminescence, and
chromogenic systems for single molecule counting outputs (Table 1).

Platform performance was evaluated based on analytical perfor-
mance standards, including sensitivity, precision, reproducibility, and
parallelism. Sample concentrations were compared between platforms
for each analyte to confirm high-performing platforms correlate with
one another. Lastly, relative performance in plasma and serum was
explored to understand (i) likely measurements from individuals who
have low levels of cytokines and chemokines and (ii) whether platform
performance differs between biofluid modalities.

For platform comparisons in clinical populations, the measured
dynamic range in PTSD and PD for each platform was assessed to de-
termine whether platforms have adequate sensitivity and linear range
to detect cytokines in these representative patient samples and, there-
fore, inform biomarker discovery. This was evaluated by calculating the
frequency of endogenous analyte detection (FEAD) in samples from
clinical populations and healthy controls.
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For further technical comparisons, isolated peripheral blood
mononuclear cells (PBMC), which consist of lymphocytes and mono-
cytes, were added to serum samples and then stimulated with phorbol
myristate acetate (PMA)/ionomycin to provoke an immune response.
This stimulated blood culture enabled testing of samples with elevated
levels of endogenous cytokines and chemokines indicative of an acti-
vated immune response. The stimulated serum was also evaluated
across a serial dilution to assess the parallel behavior of each assay
across a range of endogenous cytokines levels and ensure that sample
dilution does not result in biased measurements (trending up or down)
of the analyte concentration.

2.2. Plasma and serum samples

Plasma and serum samples from healthy donors were purchased
from a commercial vendor (n = 5; BioreclamationIVT [BioIVT],
Westbury, NY). Clinical samples were obtained for (i) PTSD from the
Translational Research Center for TBI and Stress Disorders (TRACTS)
cohort and PrecisionMED (n = 13; TRACTS, VA Central Repository,
Boston, MA; PrecisionMED, Solana Beach, CA) and (ii) PD from the
LRRK2 cohort consortium (n = 14; Michael J. Fox Foundation, New
York, NY). For the PTSD populations from the TRACTS study and
PrecisionMED, diagnostic criterion was based on the Clinician-
Administered PTSD Scale (CAPS) for DSM-IV and CAPS-5, respectively.
For simplicity sake, we labeled the TRACTS participants as PTSD 1 to
PTSD 8. In fact, all of these participants also sustained a military mild
TBI, as assessed with the Boston Assessment of TBI-Lifetime (BAT-L),
assessed in Fortier et al. [27]. Information about the TRACTS long-
itudinal study has been previously reported by McGlinchey et al. [28].
For the PD population from the LRRK2 cohort, diagnostic instruments
included the Montreal Cognitive Assessment (MoCA), the Unified Par-
kinson's Disease Rating Scale (UPDRS), the Geriatric Depression Scale
(GDS) and the Non-Motor Symptoms (NMS) questionnaire, as was
previously reported [29]. For all participants, informed consent and
institutional review board approval was obtained at each site (TRACTS:
VA Boston Institution Review Board #2345; PrecisionMED: Western
Institutional Review Board® #2900; LRRK2: Tel Aviv Medical Center
Ethical Committee; BioIVT: Western Institutional Review Board®
#2010-017).

Because the goal of this study is to enable comparison of vendor
performance across representative clinical samples, and given both the
value of and limited access to large volumes of clinical blood samples,
some aliquots for the PTSD population consisted of plasma obtained
from two diagnosed individuals from either TRACTS and/or
PrecisionMED. Similarly, healthy control serum and plasma aliquots
consisted of samples pooled from several healthy donors. This was done
to ensure sufficient sample volume for enabling distribution of identical
sets of samples to the 5 vendors. Demographic characteristics and
pooling details are provided in Supplementary Appendix (Table A.1).
Demographic details are provided for informational use only and not to
inform population comparisons, which are beyond the scope of the
current study.

For the healthy donors, serum samples were obtained by drawing
whole blood into serum tubes (SSTs) mixed pursuant to specifications
by BioIVT. Following collection, 60 min was allowed for the clot to
retract in the tube at room temperature, after which the tube was spun
to obtain serum at 1,300 × g for 20 min in a refrigerated centrifuge
(5 °C). Plasma was collected by BioIVT by drawing whole blood into a
collection bag containing anticoagulant. Contents were mixed gently
for 15 s then placed into a cold sterilizing water bath. Within 15 min the
whole blood was spun to obtain plasma at 2,800 × g for 20 min in a
refrigerated centrifuge (5 °C). For clinical samples, blood was drawn
into 10 mL EDTA plasma tubes that were gently inverted 8–10 times
and then spun within one hour of collection at either 1200 × g for
10 min at room temperature (PTSD patients from PrecisionMED),
2000 × g for 15 min at 4 °C (PTSD patients from TRACTS), or 1500 × gTa
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for 15 min at 4 °C (PD patients from MJFF), reflecting local optimized
conditions for each representative clinical cohort.

All samples were shipped on dry ice to Indiana University Genetics
Biobank (IUGB, Indianapolis, IN), where they were stored at −80 °C
until processing. Clinical and healthy control samples were all obtained
and sent to IUGB between March 2018 and June 2018. IUGB purchased
all reagents and stimulant products at the direction of Cohen Veterans
Bioscience. Commercially-purchased plasma and serum from the
healthy donors were subaliquoted, with subaliquots shipped to Quest
Diagnostics (Secaucus, NJ) to measure cytokines in technical control
samples (described below). The resulting data were returned to Cohen
Veterans Bioscience, who calculated and mapped serial dilution factors
for final processing. As described above, subaliquots from donors were
pooled, then spiked with the stimulated aliquot and serially diluted,
aliquoted to the volumes required for each assay, and labeled with
randomized barcodes to ensure sample blinding. IUGB then sorted all
samples in pre-defined box locations based on plating strategy provided
by Cohen Veterans Bioscience to ensure that variation within each
assay would be represented in technical replicates. All samples went
through identical freeze–thaw cycles before shipment to the vendors,
e.g. each sample went through 1 freeze/thaw cycle at IUGB, with the
exception of samples in the plasma and serum super pools, which went
through 2 freeze/thaw cycles to enable creation of the serial dilution
series.

Plates containing the plasma and serum samples were then sent in a
blinded manner to each vendor for evaluation in July 2018. Each vendor
received samples organized in an identical manner along with a sample
manifest that provided information regarding sample bar code, box name,
sample position and specimen type (plasma, serum). No information was
provided regarding clinical population or technical details of the sample
preparation. All vendors but Myriad performed analyses in duplicate per
the manufacturer’s protocols, and data from each vendor was returned to
Cohen Veterans Bioscience by September 2018.

2.3. Cytokine assays and technology platforms

Simoa (Quanterix), MESO V-Plex (Mesoscale Discovery), and
Luminex xMAP® (Myriad) were assessed by vendors at their respective
laboratories using optimized protocols, while Luminex® and high-sen-
sitivity Quantikine® enzyme-linked immunosorbent assay (ELISA) as-
says were evaluated by R&D System’s Biomarker Testing Services based
on recommendations by the latter two vendors for external testing of
their assay kits. Four cytokines (IL-1β, IL-6, TNF-α, and IFN-γ) were
evaluated using commercially available kits optimized by each vendor

using either singleplex or multiplex assay formats: Quanterix: Cytokine
3-Plex A for IL-10, IL-6, TNF-α (101160), IL-1b Simoa 2.0 Assay Kit
(101605), IFN-g Simoa 2.0 Assay Kit (100200); Mesoscale Discovery:
Custom Sample Testing (SU1CD-1); Myriad: Human CustomMAP®
(HMPCore 1, HMPCore 2); R&D Systems Luminex: Luminex Panel 1
(FCSTM09-09), Luminex Panel 2 (FCSTM18-02); R&D Systems
Quantikine: Human IL-1β/IL-1F2 High Sensitivity Quantikine ELISA
Kit (HSLB00D), Human IL-6 High Sensitivity Quantikine ELISA Kit
(HS600B), Human IFN-γ Quantikine ELISA Kit (DIF50), Human TNF-α
High Sensitivity Quantikine ELISA Kit (HSTA00E).

A brief description of each technology is described in Table 1. The
lower limit of quantification (LLOQ) and upper limit of quantification
(ULOQ) were provided by each vendor and are listed in Table 2, along
with the units of measure and dilution factor necessary for assessing
samples on each platform.

2.4. Preparation of stimulated endogenous cytokines dilutional series

Stimulated samples with elevated levels of endogenous cytokines
were generated by BioVT by isolating peripheral blood mononuclear
cells (PBMCs) then resuspending 1 million cells/mL of pooled serum
and stimulating this with PMA (50 ng/mL)/Ionomycin (1ug/mL).
Finally, 25 mL of stimulated serum was collected. A set of cytokines (IL-
1β, IL-6, and TNF-α) were then measured in stimulated serum using the
V-plex assay (MSD) by Quest Diagnostics (Secaucus, NJ) to guide pre-
paration of the endogenous serial dilution series. Concentrations of
3108, 4898, and 3329 pg/ml were reported for IL-1β, IL-6, and TNF-α,
respectively, indicating the stimulated serum aliquot should be diluted
by a factor of 16 using the “serum super pool” to generate 4 serial di-
lutions plus the original stimulated sample. The predicted concentra-
tion of cytokines across the serial dilution is shown in Table 3. Note that
the decision to measure this subset of cytokines in the stimulated
samples was made a priori and stemmed from technical limitations.
While IFN-γ was not measured in the stimulated samples, exclusion of
IFN-γ did not impact the outcome of dilutional linearity assessment.

2.5. Platform performance parameters

2.5.1. Measured range of cytokines
Vendors provided reports that included the absolute concentration

of each cytokine in all samples. Measurements were synthesized to
calculate the median (standard deviation) and measured range
(min–max) of cytokine concentrations for the current study and as re-
ported by each platform.

Table 2
Vendor-provided information on units of measure, dilution factor necessary for assessing the sample on each platform, and lower- and upper-limit of quantification
per platform and each cytokine (IL-Iß, IL-6, IFN-γ and TNF-α).

Analyte Measurement Simoa (Quanterix) MESO V-Plex (Mesoscale Discovery) Luminex (Myriad) Luminex
(R&D Systems)

Quantikine
(R&D Systems)

IL-1ß Units pg/mL pg/mL pg/mL pg/mL pg/mL
Dilution 4 2 5 NA NA
LLOQ 0.166 2.14 5.6 0.64 0.125
ULOQ 48 375 NR 2600 8

IL-6 Units pg/mL pg/mL pg/mL pg/mL pg/mL
Dilution 4 2 5 NA NA
LLOQ 0.044 1.72 4.1 1.66 0.156
ULOQ 94.4 531 NR 6800 10

IFN-γ Units pg/mL pg/mL pg/mL pg/mL pg/mL
Dilution 4 2 5 NA NA
LLOQ 0.306 8.67 5.7 8.46 15.6
ULOQ 800 1088 NR 34,650 1000

TNF-α Units pg/mL pg/mL pg/mL pg/mL pg/mL
Dilution 4 2 5 NA NA
LLOQ 0.204 0.858 62 1.52 0.156
ULOQ 170 308 NR 6200 10

Note: NA indicates not applicable, NR indicates not reported.
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2.5.2. Assay precision (inter-assay and intra-assay)
Precision of cytokine measurement on each platform was de-

termined by calculating the coefficient of variance (%CV) between re-
plicate runs, such that lower %CV was indicative of better performance.
This included both %CV of duplicate runs in the clinical samples (e.g.,
healthy controls, PTSD patients, and PD patients) as well as between
paired technical samples that were either plated at different positions
within one plate (intra-assay precision or repeatability) or were plated
across the two plates (inter-assay precision or platform stability).

2.5.3. Frequency of endogenous analyte detection (FEAD)
FEAD was assessed by analyzing a set of individual samples on each

assay/technology platform and calculating the percentage of samples
that did not contain detectable endogenous analyte concentrations, e.g.
the percentage of samples that were below the limit of quantification
(BLQ%). This was calculated for the plasma samples from the healthy
controls, PTSD patients, and PD patients as well as the serum samples
from the healthy controls.

2.5.4. Platform parallelism
Parallelism was evaluated across the different platforms for the

Stimulated Serum Dilution Series (Table 3). A repeated measures gen-
eral linear model was used to assess the relationships between vendor
measurements for each cytokine, with the expected concentration as
the between-subjects factor and measurements from the five platforms
as the within-subjects factor (SPSS IBM® v. 24). All measured analyte
concentrations were log transformed to achieve Poisson distribution.
Assumptions related to sphericity were validated using Mauchly’s test
of sphericity (all tests > 0.05). Sample measurements that were below
the level of quantification were analyzed using a data-driven half
minimum (HM) replacement approach [30,31]. To apply this approach
in the dilution curve samples, cytokine values below the threshold of
detection were replaced with half of the minimum of the lowest non-
missing value reported for that cytokine, within each vendor. This ap-
proach is recommended for values missing due to limits of quantifica-
tion when it is not possible to impute values from a larger distribution
of data [30]. Information on measurements that fell below the level of
quantification for all analyses and platforms are summarized in the
Supplementary Appendix (Table A.4).

2.5.5. Cross-Platform correlation
Cross-platform correlations were calculated using a subset of 33

plasma samples that were available for analysis (corresponding to 32
independent subjects plus one technical replicate) across the 60 assays
conducted in the current study (corresponding to 5 technologies X 12
proteins). Note that one sample from a control subject had outlier va-
lues across all assays, as confirmed by principal component analysis,
which necessitated its removal from all analyses. For downstream
analyses, values have been quantile normalized. Results were analyzed
from assays that reported values for a minimum of one third of the
samples (i.e., at least 11 samples with values). Pearson correlations
were calculated to assess the between-platform correlations for the each
of the four cytokines. Group comparisons of variability in measure-
ments (i.e., PD vs. healthy controls and PTSD vs. healthy controls) were
conducted with limma (http://bioinf.wehi.edu.au/limma), a linear

regression-based package in R, controlling for the existence of the re-
plicate sample [32]. In addition, Bland-Altman plots were used to ex-
amine differences between measurements of two assays for each cyto-
kine in the clinical samples.

2.5.6. Plasma vs. Serum comparison
To evaluate the effect of biofluid modality, cytokines measurements

were compared for plasma vs serum samples obtained from the same
subject. For the healthy control subjects (5 out of the 32 independent
subjects), both plasma and serum samples were collected at the same
visit, with observed data across 60 assays (corresponding to 5
technologies X 12 proteins). For the control subject with duplicate
samples (e.g., there were two different samples from one healthy con-
trol in different positions in the plate for both plasma and serum), the
max values of the two duplicates were used. Pearson correlation tests
were conducted for assays that reported values for at least 2 in-
dependent subjects for both biofluids to assess the relationship between
plasma and serum for the same cytokine.

3. Results

Five analytical platforms were evaluated for their ability to detect
endogenous cytokines in healthy controls and clinical populations
consisting of PTSD and PD patients. Given that recent meta-analyses and
reviews have indicated IL-1β, IL-6, IFN-γ, and TNF-α are elevated in
patients with PTSD and other trauma-related brain disorders [8–12] –
and that three of these have also been implicated in PD symptoma-
tology [13] – these cytokines were selected for the focus of this pub-
lication. To evaluate platform performance for all cytokines measures
by the platform assays included, curated data is available in the
Supplementary materials and is accessible on the Brain Commons, a
cloud-based platform for computational discovery designed for the
brain health community (https://data.braincommons.org/dashboard/
Public/publication-page/cytokineplatformcomparison/index.html).

3.1. Evaluation of measured cytokine range

Information on the measured range of cytokine concentration, as
well as the % BLQ, is provided for the plasma samples obtained from
each of the populations (healthy controls, PTSD patients, and PD pa-
tients) and across each platform in Table 4 and for the serum samples
obtained from the healthy controls in Table 5. Given that the measured
cytokine range differs substantially between platforms, head-to-head
comparisons across platforms is not possible, necessitating the use of
the following analytical measures to assess immunoassay performance.

3.2. Evaluation of assay precision

Assay precision was evaluated for the detection of each cytokine by
each platform (Table 4). Precision for each cytokine varied widely
based on both the specific cytokine being measured and the platform/
assay. Simoa (Quanterix) demonstrated high precision (e.g.,
%CV < 20) in detecting IL-6, IFN-γ, and TNF-α in samples from the
healthy controls, PTSD patients, and PD patients (%CV range = 5% −
19%). Only for IL-1ß in the PTSD and PD patients did Simoa

Table 3
Stimulated Serum Dilution Series: Description of endogenous cytokines elevated via stimulated PBMCs and then serially diluted using serum from the healthy
controls plus predicted concentrations of cytokines in the dilution series.

Type Measured Cytokines Dilution Factor Diluent Type
Elevated Endogenous Cytokines IL-1β, IL-6, TNF-α 16 Serum from healthy controls
Cytokine Dilution 0 (pg/ml) Dilution 1 (pg/ml) Dilution 2 (pg/ml) Dilution 3 (pg/ml) Dilution 4 (pg/ml)

IL-1β 3108 194 12 0.8 0.05
IL-6 4898 306 19 1.2 0.07
TNF-α 3329 211 16 3.5 2.75

H.C. Lasseter, et al. Cytokine: X 2 (2020) 100027
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(Quanterix) have “intermediate” performance (PTSD: %CV = 21%, PD:
%CV = 25%). In contrast, MESO V-Plex (MSD), Luminex (R&D Sys-
tems), and Quantikine (R&D Systems) had variable performance across
cytokines. For IFN-γ, precision was low to intermediate for MESO V-
Plex (%CV range = 27–43%), and the %CV was not calculated for R&D

Luminex or Quantikine as all samples were below the limit of detection.
For IL-1ß, IL-6, and TNF-α, precision for these three platforms varied
from intermediate to high, with generally higher precision seen using R
&D’s Luminex and Quantikine platforms (%CV range: IL-1ß; MESO V-
Plex MSD = 46–50%, R&D Luminex = 4–7%, R&D

Table 5
Statistical parameters of the measured cytokine concentrations, %CV between replicate runs, and the FEAD (BLQ%) across the technology platforms for serum
samples derived from the healthy controls*.

Simoa (Quanterix) MESO V-Plex (Mesoscale Discovery) Luminex xMAP (Myriad) Luminex
(R&D Systems)

Quantikine
(R&D Systems)

Cytokine Measure HCs HCs HCs HCs HCs
IL-1ß Median (St Dev) 0.5 (0.05) 0.81 (1.51) 3.23 (0.47) 0.23 (0.47) 0.07 (0.02)

Min-Max 0.04 – 0.07 33.2–136.2 2.9–3.9 0–6.15 0.02–0.095
%CV (St Dev) 25 (10.8) 85.1 (50.0) NA 0.0 (2.9) 20.6 (15.5)
BLQ % 40% 80% 100% 100% 100%

IL-6 Median (St Dev) 1.59 (0.80) 1.0 (0.41) 2.30 (0.0) 2.63 (0.70) 3.03 (4.60)
Min-Max 0.92–3.05 0.53–1.65 2.3 1.27–3.20 1.36 (3.58)
%CV (St Dev) 0.3 (0.1) 4.5 (4.0) NA 0.0 (2.1) 1.0 (2.1)
BLQ % 0% 100% 100% 20% 0%

IFN-γ Median (St Dev) 0.18 (0.11) 2.76 (0.66) 2.0 (0.0) NA 3.2 (2.10)
Min-Max 0.07–0.35 3.55 (0.85) 2 NA 0.5–5.6
%CV (St Dev) 7.3 (11.2) 12.4 (39.0) NA 2.7 (3.3) NA
BLQ % 80% 100% 100% 100% 100%

TNF-α Median (St Dev) 0.95 (0.60) 1.07 (0.69) 21.33 (10.66) 5.94 (3.33) 0.35 (0.32)
Min-Max 0.91–2.3 0.54–2.6 11.0–36.0 0.8–10.62 0.20–1.10
%CV (St Dev) 13.9 (3.7) 2.0 (3.3) NA 1.9 (1.6) 2.1 (6.4)
BLQ % 0% 80% 100% 20% 0%

High: Precision, CV ≤ 20%; FEAD (BLQ%) < 50%.
Intermediate: Precision, CV 20–75%; FEAD (BLQ%) 50–75%.
Low: Precision, CV > 75%; FEAD (BLQ%) > 75.

* Assay performance was ranked as follows.

Fig. 1. Comparison of measured cytokine concentrations for (A) IL-Iß, (B) IL-6, (C) IFN-γ and (D) TNF-α assessed in plasma obtained from the clinical samples and
healthy controls. Statistical comparisons were conducted for PTSD and PD groups versus healthy controls (*p < 0.05). Black lines indicate the median concentration
detected in each sample, while the blue and red dotted lines indicate LLOQ and LLOD, respectively.

H.C. Lasseter, et al. Cytokine: X 2 (2020) 100027
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Quantikine = 9–26%; IL-6; MSD = 12–18%, R&D Luminex = 2–5%%,
R&D Quantikine = 4–5%; TNF-α; MESO V-Plex = 3–4%, R&D Lu-
minex = 2%, R&D Quantikine = 1.5–2%). The Luminex xMAP®
(Myriad) assay was conducted by the vendor per their specifications,
and samples were not run in duplicate, such that the Luminex assay
could not be included in precision estimates.

For the serum samples, a similar pattern of findings was obtained
from the healthy controls (Table 5). Precision was high across all four
cytokines for R&D Luminex (%CV range = 0–2%) and ranged from
intermediate to high for Quanterix’ Simoa platform (%CV
range = 0.3–24.6%). Precision by MESO V-Plex and R&D Quantikine
ranged from low to high, depending on the cytokine: (%CV range: IL-
1ß; MESO V-Plex = 85%, R&D Quantikine = 21%; IL-6; MESO V-
Plex = 5%, R&D Quantikine = 0%; IFN-γ; MESO V-Plex = 12%, R&D
Quantikine = NA%; TNF-α; MESO V-Plex = 2%, R&D Quanti-
kine = 2%).

The Supplementary Appendix (Figs. A.2 and A.3) provides intra-
assay and inter-assay precision based on paired technical samples that
were plated in different positions on the same plate (intra-assay pre-
cision for an estimate of repeatability) or were on both plates 1 and 2
(inter-plate precision for an estimate of platform stability).

3.3. Evaluation of frequency of endogenous analyte detection (FEAD)

The ability of the platforms to detect the presence of endogenous
cytokines was evaluated by calculating the FEAD, or the percentage of
samples from each population (healthy controls, PTSD patients, and PD
patients) that had analytes below the limit of quantification (BLQ%),
such that lower BLQ% was indicative of better performance (Table 4,

Fig. 1). Assays were ranked as having high, intermediate, and low
performance if the corresponding BLQ% were < 50%, 50–75%, >75%,
respectively. There was intermediate to high performance for the more
abundant cytokines, IL-6 and TNF-α, across most platforms, with the
notable exceptions of MESO V-Plex and Myriad Luminex: both MESO V-
Plex and Myriad Luminex failed to detect IL-6 in the majority of sam-
ples and Myriad Luminex additionally failed to detect TNF-α (BLQ%
range: IL-6, MESO V-Plex = 92–100%, Myriad Luminex = 92–100%;
TNF-α, Myriad Luminex = 92–100%). For the less abundant cytokines,
IL-1ß and IFN-γ, only the Simoa (Quanterix) platform consistently de-
tected these analytes in the clinical populations with intermediate to
high performance. In contrast, MESO V-Plex, Myriad Luminex, and R&D
Luminex assay had very low FEAD for both IL-1ß and IFN-γ; in addition,
R&D Quantikine performed poorly in detecting IFN-γ (BLQ% range: IL-
1ß, MESO V-Plex = 92–100%, Myriad Luminex = 92–100%, R&D
Luminex = 62–100%; IFN-γ, MESO V-Plex = 78–100%, Myriad Lu-
minex = 100%, R&D Luminex = 100%; R&D Quantikine = 100%).

A similar pattern of findings was observed in detecting cytokines in
serum samples from the healthy controls (Table 5). Quanterix’s Simoa
platform exhibited high performance, detecting all cytokines in the
majority of serum samples, with the exception of IFN-γ (BLQ%= 80%).
Both R&D’s Luminex and Quantikine platforms had excellent perfor-
mance in terms of detecting IL-6 and TNF-α, but were unable to detect
IL-1ß and IFN-γ at levels above the limit of quantification in 100% of
the samples. In contrast, MESO V-Plex and Myriad Luminex platforms
had poor performance across cytokines, failing to detect IL-1β, IL-6,
IFN-γ, and TNF-α in most samples (BLQ% range: MESO V-
Plex = 80–100%; Myriad Luminex = 100%).

3.4. Evaluation of parallelism for the stimulated serum dilution series

To further explore the ability of each platform to detect cytokines in
endogenous blood samples, the stimulated serum was serially diluted
using serum from healthy controls to create a serial dilution series. To
test whether the relationship between the expected and measured
analyte concentration varied between platforms and across the dilution
curve, the degree of parallelism was determined by comparing the
concentration of each analyte of interest (IL-1ß, IL-6, and TNF-α) as
measured by each platform to the expected concentration curve in the
serial dilution (Fig. 2). IFN-γ was not included in this analysis due to
technical limitations; however, exclusion of IFN-γ did not impact the
overall outcome of dilutional linearity assessment.

Parallelism was lowest for stimulated endogenous levels of IL-1ß
and TNF-α, as the relationship between actual and expected measure-
ments for both cytokines varied by platform (Platform Main Effect IL- ß:
F(1,4) = 3.32, p = 0.047; TNF-α: F(1,4) = 7.35, p = 0.003). For both IL-
1ß and TNF-α, platform performance was affected by the analyte
concentration across the dilution curve (Platform × Calculated
Concentration Interaction Effect IL- ß: F(1,4) = 5.36, p = 0.010; TNF-α:
F(1,4) = 6.16, p = 0.006). For stimulated endogenous levels of IL-6, an
overall effect of platform was not detected, but the efficacy of all
platforms was affected by the analyte concentration across the serial
dilution (Platform Main Effect: F(1,4) = 1.27, p = 0.335;
Platform × Calculated Concentration Interaction Effect: F(1,4) = 15.58,
p < 0.001).

For the assessment of stimulated IL-1ß levels within platforms,
measured concentration accounted for between 76.5% and 99.9% of
the reported concentration across the dilution curve, such that up to
23.5% of reported concentration was due to unaccounted for variation
(R2: RD Luminex, 99.9%; Myriad, 94.1%; MSD, 98.0%; Quanterix,
87.6%; RD Quantikine, 76.5%). The starting IL-1ß concentration pre-
dicted the reported IL-1ß concentration for all vendors (p < 0.05),
except RD Quantikine (F1,5 = 9.76, p = 0.052). For a single unit
change in calculated concentration, unit change in reported con-
centration ranged from 1.06 to 1.99 (b1). Thus, most platforms were
hypersensitive to change in IL-1ß across the dilution curve.

Fig. 2. Stimulated Serum Dilution Series – Parallelism Assessment: Comparison
of cytokine measurement across platform to the calculated concentration curve.

H.C. Lasseter, et al. Cytokine: X 2 (2020) 100027
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For stimulated IL-6 levels within platforms, calculated concentra-
tions in the dilution curve accounted for 79.1% to 97.6% of reported
concentrations, such that up to 20.9% of reported values resulted from
unaccounted for variation (R2: RD Luminex, 97.6%; Myriad, 96.8%;
MSD, 95.3%; Quanterix, 89.7%; RD Quantikine, 79.1%). Starting levels
of IL-6 predicted reported levels for all vendors (p < 0.05). For a single
unit change in the actual concentration, the unit change in the mea-
sured concentration ranged from 1.22 to 3.97 (b1). Thus, all platforms
were hypersensitive to changes in IL-6, to the degree that a platform
reported a single-unit change as nearly a four-unit change (RD
Quantikine).

For stimulated TNF-α levels within platforms, calculated con-
centrations across the dilution curve accounted for between 85.9% and
99.9% of the reported concentration, such that up to 14.1% of the re-
ported concentration was unaccounted for variation (R2: RD Luminex,
99.8%; Myriad, 99.5%; MSD, 99.3%; Quanterix, 89.3%; RD Quantikine,
85.9%). Starting TNF-α concentration predicted the reported con-
centration for all vendors (p < 0.05). For a single unit change in the
actual TNF-α concentration, the unit change in the reported con-
centration ranged from 0.85 to 1.44 (b1), indicating that platforms
varied in hypo- or hyper-sensitivity to changes in TNF-α levels.

3.5. Cross-platform correlation of cytokine results

Correlation between platforms is shown in Fig. 3 along with scatter
plots depicting the degree of agreement between platforms for each
cytokine. The highest platform correlations were observed for IL-6 such
that all platforms except for Myriad Luminex had strong correlations
with one another (r range = 0.59 – 0.086). For the other cytokines,
there was no specific pattern of platform correlation and there was
generally low to no correlation for most assays. Platforms with sig-
nificant correlations for specific cytokines included Simoa and R&D
Quantikine (TNF-α: r = 0.63), Simoa and R&D Luminex (TNF-α:
r = 0.38), Simoa and MESO V-Plex (IFN-γ: r = 0.42), and R&D’s Lu-
minex and Quantikine platforms (IL-1β: r = 0.82).

3.6. Cross-platform comparison to detect cytokines in plasma vs. serum

To identify whether plasma or serum samples might provide a better
matrix for assessing inflammatory markers, Pearson correlations were
conducted to assess the plasma-serum correlations for the same protein
across the five platforms (Fig. 4). Perhaps due to the small number of
individuals represented by both biofluids (e.g. corresponding plasma
and serum samples were obtained from only 5 healthy controls), cor-
relations across biofluid measures of IL-Iß, IL-6, TNF-α in plasma vs.
serum were significant for only some of the platforms (see Fig. 4A, B,
D), and no significant correlations were detected for IFN-γ (Fig. 4C).

4. Discussion

This is the first cross-platform comparison study to assess cytokine
measurement in PTSD and PD clinical samples across five high-performing
technologies, including the single molecule array Simoa™ platform
(Quanterix), MESO V-Plex (Mesoscale Discovery), Luminex xMAP®
(Myriad), Luminex®(R&D Systems), and Quantikine® (R&D Systems). The
goals of this study were to inform platform selection for future studies and
to facilitate the interpretation of previous research findings within the
context of immunoassays employed for measuring endogenous cytokines.

Sensitivity, one of the most critical analytic parameters for comparing
assay performance, was measured as the percentage of samples that had
detectable endogenous analyte concentrations for each cytokine. This as-
sessment reflects the relative sensitivity of the assay to detect endogenous
cytokines as the absolute concentration of cytokines differed significantly
between platforms. Simoa (Quanterix) had the best sensitivity across all
four cytokines for both the plasma and serum samples. More variable
performance was observed across MESO V-Plex (Mesoscale Discovery),
Luminex (R&D Systems), and Quantikine (R&D Systems), particularly for
IL-1β and IFN-γ. In contrast, Luminex (Myriad) did not detect even the
higher-abundant analytes in any of the endogenous blood samples, in-
clusive of both plasma and serum, and was only capable of measuring
cytokines in the stimulated serum, as described below.

Fig. 3. Platform comparisons for (A) IL-Iß, (B) IL-6, (C) IFN-γ and (D) TNF-α, with Pearson’s correlations conducted for all pair-wise comparisons for assays that had
results in >33.33% of the samples (*p < 0.05, **p < 0.01, ***p < 0.001).
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These results merit careful consideration because a number of factors
can impact relative sensitivity as assessed by FEAD: (1) FEAD values de-
pend on the individual vendor’s reported threshold of analytical sensitivity,
(2) endogenous analyte measurements may not be specific, as seen with
multiplexed assays, given that non-specific background interactions can
produce high FEAD results not representative of the analyte of interest, and
(3) procedures employed to amplify the signal from an analyte may sig-
nificantly inflate FEAD results stemming from non-specific interactions
[18,33]. Hence, it is necessary to consider additional validation measures
to ensure that platforms are detecting the actual analytes of interest and
that reported concentrations can be reliably measured over time.

Precision was measured by %CVs between duplicate runs in the
clinical samples as well as between technical samples plated at different
positions within one plate (intra-assay precision) or across the two
plates (inter-assay). Across platforms, precision was designated as high
when %CV was > 20%, or low when %CV was > 75%. As anticipated,
most platforms exhibited intermediate to high performance for the
more abundant cytokines, IL-6 and TNF-α, with lower performance for
the less abundant cytokines, IL-1β and IFN-γ. A similar pattern of per-
formance on the precision metric was observed across the five platforms
as was reported for assay sensitivity: Quanterix exhibited the highest
inter- and intra-assay precision, and more variable precision was ob-
served across MESO V-Plex (Mesoscale Discovery), Luminex (R&D
Systems), and Quantikine (R&D Systems).

We also assessed parallelism across the five vendors for the
Stimulated Serum Dilution Series, with only IL-6, TNF-α, and IL-1β
included in this analysis. In general, platform performance declined on
either end of the dilution spectrum based on the measured vs. expected
curve, and impact on platform performance was significant for all the
measured cytokines. Nevertheless, parallelism was generally high
across all platforms and cytokines, particularly for Luminex (Myriad), R
&D Luminex, and MESO V-Plex (Mesoscale Discovery). The starting
concentration of IL-6, TNF-α, and IL-1β (e.g. Dilution 1 – no dilution)

predicted the measured concentration for all vendors (p < 0.05), ex-
cept for R&D Quantikine for IL-1β. Thus, most platforms were sensitive
to change in each cytokine across the dilution curve.

Because a “gold standard” does not exist for the accurate quanti-
tation of inflammatory markers, cross-platform correlations were con-
ducted as exploratory analyses to assess between-platform variation.
This analysis assumes that trends in measurements should correlate
across high-performing platforms, independent of the specific assay/
technology used. Cross-platform correlations were highly variable
across the four analytes, and none of the platforms exhibited strong
correlations for IFN-γ. The most significant cross-platform comparisons
(i.e., the greatest concordance between platforms) were observed for
the high-abundant cytokine, IL-6, which is not surprising given most
platforms detected this analyte at levels above the limit of quantifica-
tion. Significant correlations were reported for (1) Simoa (Quanterix)
and MESO V-Plex (Mesoscale Discovery), Luminex, and Quantikine and
(2) MESO V-Plex (Mesoscale Discovery) and Luminex (R&D Systems)
and Quantikine (R&D Systems). To note, the lack of comparable per-
formance between platforms may be explained by differences in the
epitopes of the capture and detection antibodies employed for these
analytes in the immunoassays. However, this information was not made
available by the vendors and is typically not disclosed, and thus war-
rants further exploration.

These findings were recapitulated when comparing the relative
concentration of cytokines between plasma and serum samples ob-
tained from healthy controls in that significant positive correlations
were observed for various platforms for all analytes, with the notable
exception of IFN-γ. This suggests that the evaluated platforms will have
similar performance in plasma and serum for measuring inflammatory
markers.

Lastly, to provide an overview of platform performance, the five
technology platforms were ranked based on precision (%CV) and re-
lative sensitivity (BLQ%) in the plasma samples obtained from the

Fig. 4. Plasma vs. Serum Assessment: Comparison of cytokine measurement across platforms for (A) IL-Iß, (B) IL-6, (C) IFN-γ and (D) TNF-α, with Pearson’s
correlations conducted for all pair-wise comparisons (*p < 0.05, **p < 0.01, ***p < 0.001).
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clinical populations (Table 6) and on precision and relative sensitivity
in the serum samples obtained from the healthy controls (Table 7), with
relative performance signified by color (high: green, intermediate: or-
ange, low: red). In summary, Simoa (Quanterix) had the highest sen-
sitivity and precision across all four cytokines (IL-1β, IL-6, TNF-α, and
IFN-γ). Luminex (R&D Systems) and Quantikine (R&D Systems) had
generally high performance for these analytical parameters for all cy-
tokines with the exception of IFN-γ. In contrast, MESO V-Plex (Me-
soscale Discovery) performed at a poor to intermediate level for IFN-γ
and IL-1β, while performing well for the higher abundant cytokines, IL-
6 and TNFα. Luminex (Myriad) failed to detect cytokines of interest in
any of the blood samples, indicating this platform may not be appro-
priate for measuring cytokines known to be at low, sub-pg/mL levels,
which may necessitate further investigation.

These findings are of high interest given the extensive body of lit-
erature evaluating the relationship between elevation in pro-in-
flammatory cytokines in PTSD. There is mounting evidence of systemic
inflammation in PTSD, which may underpin enhanced risk for chronic
diseases and adverse health outcomes in PTSD populations, as reviewed
by Speer et al. [7]. However, studies investigating inflammatory mar-
kers in patients with PTSD have yielded inconsistent findings, with a
recent meta-analysis and meta-regression analysis identifying im-
munoassay as one source of heterogeneity [6–8,10].

Consistent with this study, findings from our cross-platform compar-
ison indicate that choice of platform and assay can have a dramatic impact
on cytokine measurement and must be carefully considered when de-
signing future studies. Further, it supports the relative comparison of cy-
tokines concentrations across platforms, particularly given the lack of
“gold standards” for the quantitative assessment of inflammatory marker
and highlights the need to develop reference methods for these analytes.

A recent study by Yeung et al. [18] utilized samples from healthy
controls and multiple sclerosis patients to conduct a comprehensive cross-
platform and cross-assay evaluation and identified similar outcomes with
respect to the analytical performance of the selected platforms. The plat-
forms evaluated in the current study were selected based on availability
and use in the literature. These findings will allow for the development of
specific recommendations for their use in clinical studies, which must also
factor in variables such as cost, availability, and throughput and, ulti-
mately, the opportunity for additional validation for potential clinical use.
Future studies should also take into consideration the robustness of these
platforms across multiple sites. For example, a cross-site evaluation of the
Quanterix IL-6 biomarker kit was recently conducted, which found ex-
cellent inter-site reproducibility [34].

It is important to note that although clinical samples were included
in this platform comparison, this study was not powered to detect dif-
ferences in cytokines between these populations, but rather to inform

Table 6
Summary of platform performance across the five technology platforms based on precision and FEAD in the plasma
samples from the clinical populations and healthy controls.

Platform Precision (%CV) Sensitivity (BLQ %)

Simoa 
(Quanterix)

IL-1beta 7 – 25% 0 – 40%

IL-6 5 – 7% 0 – 50%

IFN-γ 9 – 18% 50 – 55%

TNF-alpha 5 – 9% 0%

MESO V-Plex 
(MSD)

IL-1beta 46 – 50% 92 – 100%

IL-6 12 – 18% 92 – 100%

IFN-γ 27 – 43% 78 – 100%

TNF-alpha 3 – 4% 0 – 27%

Luminex (Myriad)

IL-1beta NA 92 – 100%

IL-6 NA 92 – 100%

IFN-γ NA 100%

TNF-alpha NA 92 – 100%

Luminex (R&D)

IL-1beta 4 – 7% 62 – 100%

IL-6 2 – 5% 0 – 23%

IFN-γ NA 100%

TNF-alpha 2% 0%

Quantikine (R&D)

IL-1beta 9 – 26% 33 – 62%

IL-6 4 – 5% 0%

IFN-γ NA 100%

TNF-alpha 2% 0 – 7% 

*Assay Performance was ranked as follows:
High: Precision, CV ≤ 20%; FEAD (BLQ%) < 50%.
Intermediate: Precision, CV 20–75%; FEAD (BLQ%) 50–75%.
Low: Precision, CV > 75%; FEAD (BLQ%) > 75%.
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the likely levels of inflammation markers observed in such individuals.
Given the small number of samples, demographic variables were not
included as covariates in our analysis, and future studies must examine
the impact of factors like patient age, gender, race/ethnicity, and so-
cioeconomic status on inflammation markers.

Additionally, considerations around pre-analytical handling and
stability of samples should also be taken into account in prospective
studies. In this study, individual samples were obtained from existing
cohort efforts across different organizations, which vary in procedures
for sample collection, handling, processing, and shipping. Such differ-
ences could impact cytokine measurements and should be minimized
when possible in subsequent large-scale studies.

Overall, the single molecule array (Simoa) ultra-sensitive platform
developed by Quanterix exhibited the best performance across all cyto-
kines and should be recommended for use when highly sensitive and
precise immunoassays are required. For MESO Vplex (Mesoscale
Discovery), Luminex (R&D Systems), and Quantikine (R&D Systems), de-
spite the more variable sensitivity for detection of low abundant cytokines
(IFN-γ and IL-1β), these platforms performed well in measuring higher
abundant cytokines (IL-6 and TNF-α) and should be considered for use
when assessing cytokines at low to high pg/mL levels. Further con-
sideration when choosing the best assay for use may also include factors
beyond performance parameter, such as cost, ease of use (e.g. manual vs.
automated platforms), technical expertise or equipment required, access
and availability, and scalability of the assay.

5. Conclusions

The current study is one of few to compare platform performance in
clinical populations and the first, to the best of our knowledge, to do so in
PTSD and PD patients [18,19,35,36]. Our findings contribute to the field’s
understanding of whether a given assay offers the necessary sensitivity and
linear range to evaluate endogenous cytokines in both healthy controls
and in populations with a potentially heightened inflammatory state.
Thus, the current results can inform future case-control studies that are
sufficiently powered for the discovery of a clinical biomarker signature.
Additionally, our study demonstrates that immunoassays yield different
results across commonly assessed cytokines, which (i) emphasizes the
importance of performing such comparative evaluations to guide large-
scale biomarker discovery and replication studies, particularly as new
technologies emerge over time and (ii) provides insights into which im-
munoassay is best suited for a particular research endeavor. Moreover, it
highlights the need to generate reference materials to allow for commut-
ability across assay platforms.
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Appendix

(See Tables A1–A4)

Table A1
Demographic Characteristics and Pooling Information.

Aliquot Cohort Age Gender Ethnicity

Post-traumatic Stress Disorder
PTSD 1 TRACTS 23 Male White

TRACTS 24 Male White
PTSD 2 TRACTS 24 Male White

TRACTS 28 Male Hispanic
PTSD 3 TRACTS 29 Male White

TRACTS 29 Male White
PTSD 4 TRACTS 35 Male Hispanic

TRACTS 35 Male White
PTSD 5 TRACTS 35 Male White

TRACTS 42 Male African American
PTSD 6 TRACTS 42 Male White

TRACTS 42 Male African American
PTSD 7 TRACTS 21 Male Hispanic

TRACTS 29 Male White
PTSD 8 TRACTS 27 Male Hispanic

PrecisionMed 25 Male White
PTSD 9 PrecisionMed 31 Female White
PTSD 10 PrecisionMed 31 Male Hispanic
PTSD 11 PrecisionMed 31 Male Asian
PTSD 12 PrecisionMed 33 Female White
PTSD 13 PrecisionMed 61 Female White
Parkinson's Disease
PD 1 MJFF 60 Female NR
PD 2 MJFF 62 Female NR
PD 3 MJFF 58 Female NR
PD 4 MJFF 72 Male NR
PD 5 MJFF 67 Female NR
PD 6 MJFF NA Male NR
PD 7 MJFF 67 Female NR
PD 8 MJFF 62 Male NR
PD 9 MJFF 67 Female NR
PD 10 MJFF 67 Female NR
PD 11 MJFF 70 Female NR
PD 12 MJFF 65 Male NR
PD 13 MJFF 78 Male NR
PD 14 MJFF 63 Female NR
Healthy Controls
HC 1 BioIVT 52 Female Black

BioIVT 47 Female Hispanic

(continued on next page)
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Table A1 (continued)

Aliquot Cohort Age Gender Ethnicity

HC 2 BioIVT NR (multiple donors) NR NR
HC 3 BioIVT NR (multiple donors) NR NR
HC 4 BioIVT NR (multiple donors) NR NR
HC 5 BioIVT 59 Male Black

BioIVT 58 Male Hispanic
BioIVT 60 Male Hispanic

NR indicates not reported.

Table A2
Intra-assay precision (%CV) across the technology platforms for paired technical replicates of healthy control samples plated at different positions within a plate.

Cytokine Replicate Type Simoa (Quanterix) MESO V-Plex (Mesoscale
Discovery)

Luminex xMAP
(Myriad)

Luminex (R&D
Systems)

Quantikine (R&D Systems)

IL-1beta Plasma Pool 1 10.5 NA NA 51.2 23.4
Plasma Pool 3 3.9 111.0 NA 8.5 57.6
Healthy Control 5 4.8 95.7 NA 0.0 9.9

IL-6 Plasma Pool 1 4.6 2.5 NA 7.1 0.2
Plasma Pool 3 3.8 20.3 NA 5.3 0.9
Healthy Control 5 4.6 12.4 NA 4.9 11.0

IFN-γ Plasma Pool 1 9.5 NA NA NA
Plasma Pool 3 1.2 57.9 33.3 NA NA
Healthy Control 5 16.2 3.3 NA NA NA

TNF-α Plasma Pool 1 7.4 9.0 NA 5.4 2.1
Plasma Pool 3 2.8 1.9 43.3 3.2 3.6
Healthy Control 5 14.2 2.7 0.0 1.5 1.4

Table A3
Inter-assay precision (%CV) across the technology platforms for paired technical replicates of healthy control samples on plate 1 vs plate 2.

Cytokine Replicate Type Simoa (Quanterix) MESO V-Plex (Mesoscale
Discovery)

Luminex xMAP
(Myriad)

Luminex (R&D
Systems)

Quantikine (R&D Systems)

IL-1beta Plasma Pool 1 0.1 129.3 NA 23.6 18.1
Plasma Pool 2 10.7 NA NA 19.3 35.9
Serum Pool 1 23.0 NA NA 12.5 BLD

IL-6 Plasma Pool 1 1.2 8.5 NA 3.9 1.0
Plasma Pool 2 7.0 1.8 NA 9.0 1.0
Serum Pool 1 10.2 1.6 NA 34.5 1.9

IFN-γ Plasma Pool 1 2.1 83.7 NA NA 14.3
Plasma Pool 2 7.5 53.4 NA NA 75.0
Serum Pool 1 13.3 16.4 0.0 NA NA

TNF-α Plasma Pool 1 0.1 6.2 NA 2.7 2.8
Plasma Pool 2 7.5 0.8 NA 8.4 0.4
Serum Pool 1 23.0 12.2 61.3 2.5 5.2

*Assay Performance was ranked as follows:
High: Precision, CV < 20%.
Intermediate: Precision, CV 20–75%.
Low: Precision, CV > 75%.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cytox.2020.100027.
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