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Abstract

Background—Multiplex analysis allows measurements of a large number of analytes 

simultaneously in each sample. Based on the Luminex multiplex technology (xMAP), kits for 

measuring multiple cytokines and chemokines (immunomodulators) are commercially available 

and are useful in investigations on inflammatory diseases. This study evaluated four multiplex kits 

(Bio-Plex, LINCOplex, Fluorokine, and Beadlyte) that contained 27, 29, 20 and 22 analytes each, 

respectively, for the analysis of immunomodulators in plasma of rheumatoid arthritis (RA) 

patients who underwent treatment with antibody against CD20 (rituximab), a B-cell reductive 

therapy.

Methods—Multiplex kits were tested on serial plasma samples obtained from six RA patients at 

baseline and multiple time points (3, 6, and 9 months) post-treatment with rituximab. The RA 

patients included in this study had previously failed therapy with disease modifying anti-arthritis 

drugs (DMARD) and treatment with anti-TNFα antibody (infliximab).

Results—Computer modeling and hierarchical cluster analysis of the multiplex data allowed a 

comparison of the performance of multiplex assay kits and revealed profiles of 

immunomodulators in the RA patients.
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Conclusions—In plasma of RA patients who appeared to have benefited from rituximab 

treatment the profile of significantly elevated immunomodulators by at least two of the three kits 

(BioPlex, LINCOplex, Beadlyte), is as follows: IL-12p70, Eotaxin, IL-4, TNFα, Il-9, IL-1β, IFNγ, 

IL-10, IL-6, and IL-13. Immunomodulator profiling by multiplex analysis may provide useful 

plasma biomarkers for monitoring response to B-cell reductive therapy in RA patients.
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Introduction

Cytokines and chemokines are key modulators of the immune system. Levels of these 

proteins may be altered in a variety of diseases, particularly inflammatory diseases (1–3). 

Measurements of cytokines and chemokines in plasma/serum and other body fluids may 

provide insights into disease mechanisms and can have clinical application for disease 

diagnosis, prognosis and therapy. To date, several dozen distinct cytokines (3) and 

chemokines (1,2) have been described. Because these immunomodulatory molecules exhibit 

a certain amount of redundancy and promiscuity in their functions (1–3), measurements of a 

large number of cytokines and chemokines to generate molecular profiles are likely to 

provide more biologically relevant information than measuring one or a few of these. 

Amounts of these analytes can be measured by immunoassays e.g., ELISA (body fluids), 

flow cytometery (cells), and indirect immunofluorescence in cells and tissues (4). However, 

for studying profiles of large numbers of cytokines, these conventional procedures are labor 

intensive and have limited throughput. In addition, small sample volume may prohibit 

performing multiple tests on a single sample. Recent advances in multiplex technologies 

enable measurement of multiple analytes simultaneously. Multiplexing provides data on a 

large number of analytes, even when sample volumes are limited (5,6). Several multiplex 

detection systems are available (7,8). A popular system is based on the Luminex xMAP 

technology. This technology allows simultaneous measurements of up to a hundred analytes 

in a single test sample (6).

Blood cytokine levels are likely to be altered in a number of diseases including cancer 

(9,10), cardiovascular diseases (11,12), inflammatory diseases (13–15), and infectious 

diseases (13,14,16). Therefore, plasma levels of cytokines and chemokines may serve as 

useful biomarkers for patient stratification and for monitoring efficacy of therapy. Because, 

the underlying molecular mechanism of disease is often not clear, it is difficult to predict 

which individual cytokines might be more useful for measurement. Therefore, a practical 

choice is to use multiplex technology with the capability to measure a large number of 

immunomodulators simultaneously.

Rheumatoid arthritis (RA) is a systemic, potentially debilitating, chronic autoimmune 

disease characterized by inflammation and destruction of the joints. Rituximab, a chimeric 

anti-CD20 monoclonal antibody that is FDA approved for the treatment of non-Hodgkins 

lymphoma and RA, reduces antibody production by depleting B-cells. However, its effect on 

cytokines and chemokines is not understood. The purpose of this study was to evaluate 
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changes that may occur over time in immunomodulator levels in RA patients undergoing 

rituximab therapy. The small sample volume required for multiplex testing also allowed for 

comparison of multiplex kits for the largest panels of analytes available from each 

manufacturer (Bio-Rad (BioPlex), LINCO (LINCOplex), R&D Systems (Fluorokine) and 

Upstate (Beadlyte) containing 27, 29, 21 and 22 cytokines and chemokines each, 

respectively. Such a comparison would be helpful to more accurately identify alterations in 

analyte concentrations in patient plasma.

Materials and Methods

Patients

Study subjects eligible for enrollment were adult (≥18 years), male or female, patients who 

had active, seropositive RA with at least 2 swollen and tender joints and functional class I, 

II, or III, as defined by the American College of Rheumatology (ACR) revised criteria, 

despite at least 3 months’ treatment with at least 1 DMARD, and who were able to give 

signed, informed consent. This study was approved by the Institutional Review Boards of 

the VA Northern California Health Care System and the University of California, Davis.

Patients were excluded if they had a history of hypersensitivity to murine proteins or a 

history of significant renal, hepatic, cardiac, or psychiatric impairment. Additional exclusion 

criteria were active infection (including seropositive hepatitis C) or a malignancy (except 

adequately treated basal cell or squamous cell carcinoma of the skin or in situ carcinoma of 

the cervix) within the previous 5 years. Female patients who were pregnant or were planning 

conception during the subsequent 2 years were also excluded. A total of seventeen patients 

were enrolled in the original study (17). Of the seventeen patients in the original study, 

plasma samples from 6 patients were available at multiple time points. For the rest of the 

patients, plasma samples had been exhausted during the original study. Therefore, in the 

present study we focused on samples from six patients for whom samples at different time 

points were available for the analysis of immunomodulator levels at baseline, and 3, 6, and 9 

months.

Treatment

Patients continued with their baseline DMARDs and other concomitant medications at a 

stable dose throughout the study period. Rituximab was administered as an intravenous (i.v.) 

infusion weekly for 4 consecutive weeks according to a dose escalation schedule that was 

prospectively agreed to, prior to the availability of Phase IIa data (17) by federal regulatory 

authorities, as a condition of approval of the investigational new drug (IND) application for 

this study.

Prior to each infusion, patients received acetaminophen 650 mg orally, diphenhydramine 50 

mg orally or intravenously, and dexamethasone 10 mg intravenously to attenuate possible 

infusion-related symptoms. During week 1, the dose of rituximab was 100 mg which was 

infused at a rate of 50 mg/h with incremental increases of 50 mg/h after 30 minutes as 

tolerated. During the second week, 375 mg/m2 of rituximab was infused at an initial rate of 

100 mg/h with incremental increases of 100 mg/h every 30 minutes as tolerated up to a 
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maximum infusion rate of 400 mg/h if the first dose was well tolerated. During weeks 3 and 

4, a dose of 500 mg/m2 of rituximab was infused at the same incremental rates as tolerated 

during week 2.

During the infusions, the patients were closely observed for infusion-related symptoms such 

as transient fever, rigors, hypotension, and dyspnea, in which event the infusion could be 

slowed or temporarily stopped and restarted when symptoms resolved. In this study, 

however, there were no such symptoms necessitating divergence from the above schedule. 

No further rituximab infusions were administered during the subsequent follow-up period, 

although patients remained on their baseline therapy according to clinical need.

Clinical assessments

At baseline, a thorough history and physical examination was conducted and recorded 

together with baseline demographic data. At baseline and at weeks 5, 8, 16, and 28, the 

number of tender joints (tender joint count [TJC]) and swollen joints (swollen joint count 

[SJC]) were recorded for each patient. At these time points the global assessment score of 

disease activity was recorded for each patient by the physician and by the patient using a 

100-mm horizontal visual analog score (VAS) where the left-hand extreme was labeled “no 

disease activity” and the right-hand extreme was labeled “maximum disease activity”. 

Similarly, at each assessment time point patients recorded their level of pain on a 100-mm 

VAS where the left-hand extreme was labeled “no pain” and the right-hand extreme was 

labeled “pain as bad as it could be”. In addition, patient-assessed disability was evaluated 

using the Multidimensional Health Assessment Questionnaire (17).

Blood samples were obtained at baseline and at follow-up visits for assessment of laboratory 

parameters including erythrocyte sedimentation rate (ESR), rheumatoid factor (RF), 

peripheral B and T cell counts, complement C3 and C4 levels, and immunoglobulin isotype 

(IgA, IgG, and IgM) and human anti-chimeric antibody (HACA) titers. Samples were 

processed and analyzed using standard techniques (17).

Healthy Controls

Control plasma samples were obtained randomly from fourteen healthy individuals 

regardless of sex but the donors were of advanced age (median age of 58 years). The median 

age of patients was 66 years.

Multiplex kits

Multiplex kits for measuring cytokines and chemokines on the Luminex platform were 

obtained from four different vendors. The kit manufacturers and the list of analytes included 

in each kit are shown in Table 1. Analytes that are common between the kits are indicated 

by asterisks. The kits were provided as generous gifts by the following manufacturers: Bio-

Plex by Bio-Rad (Hercules, CA), Beadlyte by Upstate (Charlottesville, VA), LINCOplex by 

LINCO (St. Louis, MO), and Fluorokine by R&D Systems (Minneapolis, MN). The kits 

were used per the manufacturers’ instructions. Plasma samples were diluted using the 

appropriate sample diluents provided in each kit in accordance with the manufacturer’s 

instructions.
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Data Analysis

Concentrations (pg/ml) of different analytes in the plasma samples were determined by 

using the standard curves generated in the multiplex assays. MasterPlex QT software for 

quantitation was used for 5 point curve fitting to generate standard curves and analyze data 

according to manufacturer’s instructions (MiraiBio, Alameda, CA). This software uses 

"Levenberg-Marquardt" nonlinear least squares minimization algorithms for the curve fitting 

by 5PL equation and determines the high and low limits of detection (MiraiBio, user’s 

manual). Data points for analytes that were occasionally above or below the detection range 

were discarded. The analyte concentrations were transformed to log2 scale for further 

analysis to accommodate the dynamic range in the concentration values. Many of the 

analytes measured, using the Fluorokine panel, were not detectable. Therefore, results 

obtained with the Fluorokine kit were dropped from further analysis. Investigation of 

reproducible differences between treatments was performed with the Bioconductor and R 

software package. Robust linear regression was used on the observed versus theoretical 

quantiles to determine the linear transformation of these t-statistics would confer a normal 

distribution, and then scaled accordingly (18). Data were visualized with box-and-whisker 

plots and scatter plots. Intensities were adjusted to the same interquartile range. A linear 

model fit was determined for each analyte using the LIMMA package using R, and lists of 

analytes with the most evidence of differential expression were obtained. The per-panel data 

corresponding to analytes with a positive signal were combined in a two-step process to 

obtain an initial analytical data set. First, the initial data set consisted of data for all the 

analytes for which a signal was detected for at least one treatment for one patient. Second, 

the data from all the patients were combined into a single data set. The resulting data set 

consisted of analytes that exhibited modulation for at least one patient for at least one of the 

treatment tested. Differential measurements in patient samples across the four time points 

(baseline, and 3, 6 and 9 months) were detected by an F test. A separate F test, was 

performed on each analyte and each panel; p-values for different analytes were transformed 

to compensate for multiple comparisons using the False Discovery Rate (FDR) adjustment 

for multiple comparisons using the Benjamini-Hochberg procedure. After tranforming the p-

values for these analytes, a table containing a select set of analytes for each panel was 

generated.

Fold changes (log2) and analyte concentrations (pg/ml ± standard error) are listed in Tables 

3 and 4. Fold changes in Table 3 are derived from multivariate statistical analysis. This 

analysis allows a comparison of more than one statistical variable at a time and therefore 

increases the statistical dimensionality of the data to get a meaningful fold change and 

p.value for multiple comparisons. As an example, fold change for Eotaxin was calculated as 

follows: mean value of the normal is 94 pg/ml, while that of the Patient 1 at 3, 6 and 9 

months are 959 pg/ml, 1505 pg/ml and 829 pg/ml, respectively (Table 4). Fold changes 

(log2) for patient 1 at 3, 6 and 9 months are 3.4 (log2 (959/94)), 4.0 (log2 (1505/94)) and 3.1 

(log2 (829/94)), respectively (Table 3).

Cluster analysis was based on Euclidean distance without standardization to identify the 

natural grouping of analyte expression profiles (19). All the data processing were performed 
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using R statistical environment (20,21). Plots were generated with a combination of Matlab 

(22) and SigmaPlot (23).

Results

Levels of cytokines and chemokines in patient samples

Kits were obtained from four different vendors as listed in Table 1. Eleven analytes overlap 

among the four kits. Values for analytes measured by the Fluorokine Kit were low in all 

samples, therefore, the results for this kit were not considered for further analysis. Removal 

of the Fluorokine kit from analysis also resulted in an increase in the total number of 

overlapping analytes between the other three kits (Bio-Plex, LINCOplex, and Beadlyte) to 

eighteen. Amounts of cytokines and chemokines in patients were compared to those 

measured in healthy individuals. Mean levels of fold changes (in log2 scale) of cytokines 

and chemokines as measured by a given kit are plotted in Fig. 1. The Bio-Plex kit displayed 

the clearest difference between healthy individuals (red dotted line) and patients (patients 1, 

2, 3, 4 and 6). Assay kits from Beadlyte and LINCOplex highlighted patients 1, 3 and 6. 

Patient 5 was not different from the healthy samples by any of the assay kits. In our previous 

analysis, patients 1, 3 and 6 were three of the patients among seventeen who benefited the 

most from Rituximab treatment (17).

Detection of cytokines and chemokines in RA patients by different assay kits

Comparison of cytokine and chemokine detection by individual assay kits is presented in 

Fig. 2; these data are based on the statistical analysis presented in Table 2. Note that these 

data do not represent individual patient cytokine/chemokine profiles but rather composite 

data of analytes in each patient sample (individual data are presented elsewhere in Fig. 3, 

and Tables 3 and 4). Under the conditions where fold change is greater than 2 (log2 scale) 

and p-value of less than 0.05 (5% confidence in null hypothesis), the Bio-Plex assay kit 

displayed significant differences in twenty three cytokines and chemokines in comparison 

between healthy individuals and RA patients. Beadlyte and LINCOplex kits displayed 

significant differences in seventeen and fourteen immunomodulators, respectively (Table 2). 

Decreasing the FDR adjusted p-value to 0.01 (1% confidence in null hypothesis) does not 

change the number of analytes measured by the Bio-Plex and LINCOplex kits, but the 

number of analytes in the Beadlyte kit was reduced from seventeen to fifteen. A Venn 

diagram (Fig. 2) shows the number of analytes shared between the various kits at the 

statistical selection criteria of log2 (FC) > 2 and p-value < 0.05. Six analytes (IL-12p70, 

IL-5, MCP-1, Eotaxin, IL-8 and IP-10) are shared between all the three kits, 5 analytes are 

shared between Bio-Plex and Beadlyte (IL-7, IL-4, IL-13, IL-10 and RANTES), and 2 

between Beadlyte and LINCOplex (GM-CSF and TNFα)

Cluster analysis to identify individual cytokines and chemokines significantly elevated in 
each RA patient sample

To identify the patients as well as the immunomodulators that contributed maximally to the 

observed elevation in the levels of different analytes in plasma samples described above 

(Fig. 1 and 2; Table 2), a hierarchical cluster analysis was performed. All the analytes 

selected in Table 2 were used for the analysis. As an example, cluster analysis of RA patient 
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data obtained by the Bio-Plex assay kit is shown in Fig.3. Out of twenty three analytes, 

fourteen were significantly elevated (p-value <0.05) in patients 1, 3 and 6 while elevation of 

analytes in patients 2 and 4 was not significant (Fig. 3). Out of the fourteen analytes that 

were significantly elevated, thirteen are cytokines (IL-9, IL-5, IL-12p70, IL-2, IL-7, IL-1b, 

IFNg, IL-4, IL-1ra, IL-13, IL-10, IL-6, GCSF) and one is a chemokine (Eotaxin). Similar 

cluster analysis was also performed on data obtained by the Beadlyte (14 analytes) and 

LINCOplex (17 analytes) assay kits. Results for patients 1, 3 and 6 by all three kits in terms 

of fold-changes (log2) are summarized in Table 3 and the actual values of their respective 

concentrations (pg/ml) are listed in Table 4. Elevation of analytes in patients 2 and 4 was not 

significant by any of the three multiplex kits and were therefore not included in Tables 3 ad 

4. Seven of fourteen selected Beadlyte analytes and ten of the seventeen selected 

LINCOplex analytes were significantly elevated (p-value <0.05) in the same set of patients. 

Data based on the cluster analysis of all three assay kits: Bio-Plex, Beadlyte and LINCOplex 

are summarized in Table 3. The cluster analysis revealed three analytes common between 

BioPlex, Beadlyte, and Lincoplex kits that were significantly elevated in comparison to 

healthy samples: IL-12p70, Eotaxin and IL-4. In addition, five analytes were common 

between BioPlex and LINCOplex assay kits (Il-9, IL-1β, IFNγ, IL-10 and IL-6), and one 

analyte was common between BioPlex and Beadlyte (IL-13). There was also one analyte 

common between Beadlyte and LINCOplex kits (TNFα). Results from all three kits, taken 

together, identified analytes that were elevated by at least two different multiplex kits and 

include IL-12p70, Eotaxin, IL-4, Il-9, IL-1β, IFNγ, IL-10, IL-6, IL-13 and TNFα.

Discussion

In this study, large-panel multiplex microbead immunoassay kits from four manufacturers 

were compared by measuring cytokines and chemokines in serial plasma samples from RA 

patients on rituximab therapy. Such a comparative analysis is likely to more accurately 

identify cytokine/chemokine profiles in RA patients. This is because there are differences in 

the kits (see below) and therefore, analytes that are found to be elevated in common between 

different kits are more likely to reflect the actual increases. Comparison of different 

Luminex based multiplex kits for a small set of analytes (5 cytokines) has been previously 

reported (24).

Cluster analysis (computer modeling) of the immunomodulator concentration data from 

patients was performed to identify significantly elevated (p-value <0.05) immunomodulators 

and the patients in which these analytes were elevated (e.g., by BioPlex kit as shown in Fig. 

3). Fourteen analytes were found to be elevated at different time points in three of six 

patients (patients 1, 3 and 6). Although patients 2 and 4 displayed elevation in composite 

levels of analytes as analyzed by the BioPlex kit (Fig. 1), cluster analysis did not identify 

individual analytes to be significantly elevated (p-value <0.05) (Fig. 3). Therefore, only the 

analytes classified by cluster analysis to be significantly elevated by all three multiplex kits 

in patients 1, 3 and 6 are summarized in Table 3. These differences in the detection of 

elevated cytokines highlight the differences in multiplex kits from different manufacturers. 

There may be a variety of reasons for variation in the performance of multiplex kits used in 

this study with a large number of cytokines and chemokines. In a previous study, for a 

limited set of five analytes, multiplex kits from different manufacturers (LINCOplex, Bio-
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Plex, Flourokine and BioSource multiplex kits) provided similar patterns of analytes. It is 

likely that the chances of differences between kits increase with the number of analytes in 

the multiplex assays. All three kits (Bio-Plex, LINCOplex and Beadlyte) were user friendly. 

We speculate that differences in antibody pairs used by different manufacturers for capture 

and detection of individual analytes are likely to be a key factor. In addition, differences in 

purified antigens (analytes) used for generating standard curves and compositions of sample 

diluents and assay buffers supplied by the manufacturers may also contribute to variation in 

results. In part, the differences may be due to interference by RF in the RA patient plasma 

samples. In this regard, the multiplex kit from LINCO contains a sample diluent that 

minimizes the effects of RF. Therefore, the data from LINCOplex kit may represent more 

accurate profiling of different analytes. Despite the differences in the kit compositions, it is 

reassuring to see that common analytes elevated between two of the kits, Bio-Plex and 

LINCOPlex (Eotaxin, IFN-γ, IL-10, IL12p70, IL-1β, IL-4, IL-6, and IL-9), were measured 

in similar concentrations in all samples (Table 4). We propose that for screening patient 

samples for biomarker profiling, selection of analytes by consensus between at least two kits 

would be more informative. Accordingly, analytes found to be elevated in patients, in 

comparison to healthy individuals, by at least two kits are as follows: IL-12p70, Eotaxin, 

IL-4, TNFα, Il-9, IL-1β, IFNγ, IL-10, IL-6, and IL-13 (Table 3).

Two key observations were made in this study: 1) Three of six patients (#1, 3 and 6), who 

benefited from rituximab therapy, displayed elevated plasma cytokines (IL-12p70, Eotaxin, 

IL-4, Il-9, IL-1β, IFNγ, IL-10, IL-6, IL-13 and TNFα), and 2) Rituximab therapy did not 

lead to reduction in the amounts of elevated cytokines within the nine month period of 

observation. The simplest explanation for these results is that because rituximab targets B-

cells and because most of these elevated cytokines are macrophage and T-cell products, the 

levels of these cytokines were not affected by B-cell reductive therapy (25). Furthermore, 

because rituximab treatment was effective in patients (17) that were found to contain 

elevated immunomodulators in this study, the results may suggest that the observed 

elevation in cytokine levels mediated or supported B-cell activation and survival, which in 

turn could lead to a disease state that is more responsive to B-cell reductive therapy. 

However, it is possible that if the study was continued over a longer period of time and if B-

cells were contributing to production of these cytokines (indirectly through activation by 

macrophages and T-cells), a decline in concentrations of these immunomodulators may have 

been observed. In RA patients, macrophages and fibroblasts in the synovium are thought to 

be responsible for elevation of some of the key cytokines, such as IL-12p70, TNFα, IL-1, 

GMCSF, IL-6, IL-15, IL-18 etc. (3,26). TNFα can lead to activation and enhanced survival 

of B-cells and fibroblasts exposed to TNFα and IFNγ (3).

The findings reported here are for a small number of patients. However, taken together with 

the results of previous studies that demonstrated efficacy of rituximab therapy in patients 

with RA (17,27), our findings may suggest that it is not the elevation of cytokines per se that 

drives the disease but rather B-cells that are activated, better survived and which produce 

auto-antibodies in this specific cytokine milieu presumably contribute to the disease 

pathogenesis. Because rituximab targets B-cells, an overall reduction in the number of B-

cells (17), including those that are presumably activated due to elevation in certain cytokines 
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as discussed above, would lead to a reduction in the severity of disease. If true, this implies 

that measurements of a subset (or all) of the above cytokines in patient plasma may identify 

patients who are likely to benefit from B-cell reductive therapy. These results indicate that 

further studies are needed to clarify the relationship of elevation in cytokines and 

chemokines and efficacy of B-cell reductive therapy.
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Figure 1. 
Fold changes of analytes measured by multiplex kits: The results represent fold differences 

(Log2 Scale) of all the cytokines collectively between RA patients and healthy individuals 

(red dotted line; n=14) as measured using each kit. The first data point for each patient is 

pretreatment and the rest are post-treatment samples (3, 6 and 9 months). Sample (patient) 

number 1 is missing pretreatment and sample 6 is missing six month time point, 

respectively.
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Figure 2. 
Analysis of analytes measured by different multiplex kits. Venn diagram of elevated 

analytes selected with fold change (log2 scale) > 2 and using FDR adjusted p-value < 0.05, 

as shown in Table 2.
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Figure 3. 
Cluster analysis of analytes measured by Bioplex. Fold changes of the analytes measured 

using Bioplex kit (log2(FC) > 2 and p-value < 0.05) are classified by hierarchical cluster 

analysis (Eucledian distance metric). The clustering approach groups the patients into two 

major groups denoted by bidirectional arrows (red (elevated analytes) and blue (healthy 

control levels) along the top horizontal direction) and the respective analytes (red bars along 
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the right vertical axis denote significantly elevated analytes). The heat-map scale at the top 

indicates analyte levels in patient plasma as compared to healthy controls (n=14).

Khan et al. Page 14

Cytometry B Clin Cytom. Author manuscript; available in PMC 2015 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Khan et al. Page 15

T
ab

le
 1

L
is

t o
f 

an
al

yt
es

 f
ro

m
 v

ar
io

us
 p

an
el

s

N
o

A
na

ly
te

s
B

io
pl

ex
B

ea
dl

yt
e

L
IN

C
O

pl
ex

F
lu

or
ok

in
e

C
om

m
on

1
E

G
F

x

2
E

N
A

78
x

3
E

ot
ax

in
x

x
x

4
FG

F
x

5
FG

F 
ba

si
c

x

6
Fr

ac
ta

lk
in

e
x

7
G

-C
SF

x
x

x
x

*

8
G

M
-C

SF
x

x

9
IF

N
g

x
x

x
x

*

10
IL

-1
0

x
x

x
x

*

11
IL

-1
2p

40
x

x

12
IL

-1
2p

70
x

x
x

13
IL

-1
3

x
x

x

14
IL

-1
5

x
x

x

15
IL

-1
7

x
x

x

16
IL

-1
α

x
x

x

17
IL

-1
β

x
x

x
x

*

18
IL

-1
ra

x
x

x

19
IL

-2
x

x
x

x
*

20
IL

-3
x

21
IL

-4
x

x
x

x
*

22
IL

-5
x

x
x

x
*

23
IL

-6
x

x
x

x
*

24
IL

-7
x

x
x

25
IL

-8
x

x
x

x
*

26
IL

-9
x

27
IP

-1
0

x
x

x

28
M

C
P-

1
x

x
x

x
*

Cytometry B Clin Cytom. Author manuscript; available in PMC 2015 May 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Khan et al. Page 16

N
o

A
na

ly
te

s
B

io
pl

ex
B

ea
dl

yt
e

L
IN

C
O

pl
ex

F
lu

or
ok

in
e

C
om

m
on

29
M

IP
-1

α
x

x
x

x
*

30
M

IP
-1

β
x

x
x

31
PD

G
F-

bb
x

32
R

A
N

T
E

S
x

x
x

33
sC

D
40

L
x

34
T

G
Fα

x

35
T

N
Fα

x
x

x
x

36
T

PO
x

37
V

E
G

F
x

x
x

T
ot

al
27

22
29

21
11

Cytometry B Clin Cytom. Author manuscript; available in PMC 2015 May 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Khan et al. Page 17

T
ab

le
 2

Su
m

m
ar

y 
of

 th
e 

st
at

is
tic

al
 a

na
ly

si
s 

fo
r 

th
e 

va
ri

ou
s 

pa
ne

ls

P
an

el
s

N
um

be
r 

of
 a

na
ly

te
s 

w
it

h 
F

D
R

 a
dj

us
te

d 
p.

va
lu

e 
fo

r
m

ul
ti

pl
e 

co
m

pa
ri

so
n 

fo
r 

F
ol

d 
C

ha
ng

e 
> 

2 
(l

og
2

sc
al

e)

T
ot

al
C

yt
ok

in
es

p.
va

l <
0.

00
01

p.
va

l <
0.

00
1

p.
va

l <
0.

01
p.

va
l <

0.
05

B
io

Pl
ex

20
23

23
23

27

L
IN

C
O

pl
ex

11
11

14
14

29

B
ea

dl
yt

e
14

15
15

17
22

Cytometry B Clin Cytom. Author manuscript; available in PMC 2015 May 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Khan et al. Page 18

T
ab

le
 3

Fo
ld

 c
ha

ng
es

 o
f 

se
le

ct
 a

na
ly

te
s 

in
 p

at
ie

nt
s 

cl
as

si
fi

ed
 b

y 
cl

us
te

r 
an

al
ys

is
 f

or
 B

io
Pl

ex
, L

IN
C

O
pl

ex
 a

nd
 B

ea
dl

yt
e 

ki
ts

.

P
at

ie
nt

#/
T

im
e 

P
oi

nt
1

3 
M

on
th

1
6 

M
on

th
1

9 
M

on
th

3
0 

M
on

th
3

3 
M

on
th

3
6 

M
on

th
3

9 
M

on
th

6
0 

M
on

th
6

3 
M

on
th

6
6 

M
on

th

B
io

P
le

x

E
ot

ax
in

@
3.

4
4.

0
3.

1
4.

8
3.

5
3.

7
5.

0
3.

7
3.

0
3.

7

G
-C

SF
3.

0
4.

0
3.

3
4.

5
3.

4
4.

0
4.

7
3.

6
2.

3
3.

5

IF
N

γ*
5.

3
5.

9
5.

0
5.

9
4.

5
5.

0
5.

8
4.

4
3.

2
5.

0

IL
-1

0*
3.

1
5.

6
3.

0
6.

6
5.

2
5.

8
6.

5
5.

2
3.

0
3.

6

IL
12

p7
0@

6.
0

7.
6

6.
6

6.
6

5.
2

5.
7

5.
8

6.
3

4.
3

3.
8

IL
-1

3#
5.

4
5.

8
5.

0
6.

1
5.

2
5.

3
4.

7
4.

4
2.

9
3.

2

IL
-1

β*
6.

1
6.

9
5.

7
6.

7
5.

4
5.

7
6.

5
5.

5
4.

1
5.

6

IL
-1

ra
5.

7
5.

7
4.

5
6.

2
4.

8
5.

1
6.

1
4.

5
3.

6
4.

9

IL
_2

5.
6

6.
6

4.
2

7.
2

6.
2

6.
7

7.
1

6.
3

5.
3

5.
7

IL
_4

@
5.

4
6.

1
4.

5
6.

1
4.

6
5.

2
5.

7
4.

7
3.

6
4.

9

IL
-5

9.
0

9.
2

9.
0

7.
7

6.
4

6.
5

8.
1

6.
4

4.
6

5.
0

IL
-6

*
4.

3
5.

0
3.

7
5.

7
4.

4
4.

6
5.

2
4.

1
3.

1
4.

1

IL
-7

5.
4

7.
4

7.
2

7.
0

5.
8

6.
6

7.
1

5.
8

4.
3

4.
1

IL
-9

*
6.

4
6.

9
7.

0
4.

2
3.

8
3.

5
4.

2
4.

9
3.

2
3.

2

B
ea

dl
yt

e

E
ot

ax
in

@
3.

9
1.

9
3.

9
7.

7
5.

1
4.

0
4.

2
2.

0
4.

1
4.

1

G
M

-C
SF

4.
2

2.
5

4.
2

12
.9

6.
9

5.
4

6.
2

3.
1

5.
5

5.
3

IL
12

p7
0@

4.
4

0.
8

4.
4

9.
4

6.
1

5.
8

5.
7

1.
7

4.
5

3.
7

IL
-1

3#
4.

7
2.

0
4.

7
7.

9
5.

8
6.

0
6.

4
3.

0
4.

6
4.

7

IL
-3

8.
4

2.
7

8.
4

9.
2

8.
8

9.
2

9.
2

3.
8

8.
3

8.
9

IL
-4

@
4.

3
0.

8
4.

3
6.

9
5.

3
6.

2
6.

8
1.

9
4.

5
5.

2

T
N

Fα
%

7.
1

2.
6

7.
1

8.
9

7.
0

8.
0

9.
6

4.
0

6.
2

6.
2

L
IN

C
O

pl
ex

E
ot

ax
in

@
3.

9
4.

5
3.

5
5.

1
3.

9
4.

1
5.

2
4.

3
4.

3
3.

4

Cytometry B Clin Cytom. Author manuscript; available in PMC 2015 May 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Khan et al. Page 19

P
at

ie
nt

#/
T

im
e 

P
oi

nt
1

3 
M

on
th

1
6 

M
on

th
1

9 
M

on
th

3
0 

M
on

th
3

3 
M

on
th

3
6 

M
on

th
3

9 
M

on
th

6
0 

M
on

th
6

3 
M

on
th

6
6 

M
on

th

IF
N

γ*
4.

5
5.

1
4.

2
5.

0
3.

6
4.

2
5.

0
4.

4
3.

7
2.

7

IL
-1

0*
2.

4
4.

8
2.

1
5.

9
4.

3
4.

8
5.

5
2.

7
4.

2
2.

6

IL
12

p7
0@

4.
9

6.
6

5.
6

5.
7

3.
7

4.
5

4.
3

2.
6

5.
1

3.
1

IL
-1

5
2.

8
3.

3
2.

5
4.

8
3.

8
3.

8
4.

9
3.

5
3.

5
2.

6

IL
-1

β*
4.

0
4.

9
3.

2
4.

7
2.

8
3.

3
4.

4
3.

0
2.

9
1.

6

IL
-4

@
5.

2
5.

8
4.

3
5.

9
4.

3
4.

9
5.

6
4.

5
4.

5
3.

1

IL
-6

*
4.

0
4.

9
3.

3
5.

6
4.

0
4.

4
5.

0
3.

7
3.

9
2.

5

IL
-9

*
5.

7
6.

7
6.

6
3.

8
3.

5
3.

1
3.

9
4.

2
3.

1
2.

9

T
N

Fα
%

4.
2

5.
6

3.
3

5.
5

3.
5

4.
5

5.
6

3.
4

2.
9

1.
7

A
na

ly
te

s 
sh

ar
ed

 b
y 

al
l t

hr
ee

 k
its

 a
re

 d
en

ot
ed

 b
y 

@
, t

ho
se

 s
ha

re
d 

be
tw

ee
n 

B
io

pl
ex

 a
nd

 L
IN

C
O

pl
ex

 a
re

 n
ot

ed
 b

y 
*,

 #
 d

en
ot

es
 a

na
ly

te
s 

co
m

m
on

 b
et

w
ee

n 
B

io
Pl

ex
 a

nd
 B

ea
dl

yt
e 

an
d 

%
 d

en
ot

es
 th

os
e 

co
m

m
on

 
be

tw
ee

n 
B

ea
dl

yt
e 

an
d 

L
IN

C
O

pl
ex

. F
ol

d 
ch

an
ge

s 
lis

te
d 

in
 T

ab
le

 a
re

 d
er

iv
ed

 b
y 

m
ul

ti-
va

ri
at

e 
st

at
is

tic
s 

as
 d

es
cr

ib
ed

 in
 th

e 
M

at
er

ia
ls

 a
nd

 M
et

ho
ds

.

Cytometry B Clin Cytom. Author manuscript; available in PMC 2015 May 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Khan et al. Page 20

T
ab

le
 4

C
on

ce
nt

ra
tio

ns
 o

f 
th

e 
se

le
ct

 a
na

ly
te

s 
in

 h
ea

lth
y 

co
nt

ro
ls

 a
nd

 p
at

ie
nt

s 
B

io
Pl

ex
, L

IN
C

O
pl

ex
 a

nd
 B

ea
dl

yt
e 

ki
ts

.

B
io

-P
le

x 
– 

A
na

ly
te

 C
on

ce
nt

ra
ti

on
s 

(p
g/

m
l)

P
at

ie
nt

 1
P

at
ie

nt
 3

P
at

ie
nt

 6

P
ro

te
in

s
H

ea
lt

hy
3 

M
on

th
6 

M
on

th
9 

M
on

th
0 

M
on

th
3 

M
on

th
6 

M
on

th
9 

M
on

th
0 

M
on

th
3 

M
on

th
6 

M
on

th

E
ot

ax
in

@
15

9 
±

 3
2

96
5 

±
 1

08
15

15
 ±

 1
80

83
2 

±
 6

6
25

57
 ±

 1
25

10
31

 ±
 2

12
32

 ±
 1

94
29

23
 ±

 1
70

12
52

 ±
 5

5
73

3 
±

 2
0

12
29

 ±
 6

3

G
-C

SF
11

4 
±

 1
9

65
7 

±
 6

4
13

53
 ±

 1
51

86
3 

±
 1

21
18

39
 ±

 1
2

89
4 

±
 2

4
13

41
 ±

 5
4

22
45

 ±
 1

7
10

36
 ±

 3
1

40
0 

±
 6

92
9 

±
 2

0

IF
N

γ*
33

8 
±

 8
5

82
27

 ±
 1

36
12

63
7 

±
 1

04
2

67
09

 ±
 3

92
12

41
4 

±
 8

9
49

46
 ±

 3
10

68
19

 ±
 3

82
11

99
7 

±
 1

40
4

46
34

 ±
 2

5
19

64
 ±

 1
62

70
07

 ±
 4

IL
-1

0*
33

 ±
 7

18
1 

±
 2

98
7 

±
 1

49
17

0 
±

 2
9

19
53

 ±
 2

3
78

2 
±

 3
11

58
 ±

 3
4

19
12

 ±
 4

01
73

6 
±

 9
16

2 
±

 1
7

24
9 

±
 1

9

IL
12

p7
0@

31
 ±

 6
13

10
 ±

 1
21

38
51

 ±
 7

71
19

79
 ±

 4
66

19
22

 ±
 4

6
72

8 
±

 5
3

10
38

 ±
 5

5
11

71
 ±

 2
26

15
71

 ±
 7

9
40

2 
±

 2
6

28
9 

±
 3

2

IL
-1

3#
5 

±
 1

12
7 

±
 3

16
9 

±
 1

8
91

 ±
 8

19
4 

±
 1

3
10

7 
±

 1
11

9 
±

 4
87

 ±
 4

3
63

 ±
 2

22
 ±

 1
27

 ±
 2

IL
-1

β*
16

 ±
 6

47
8 

±
 4

2
85

0 
±

 1
62

34
6 

±
 2

7
73

2 
±

 2
7

27
8 

±
 2

34
4 

±
 1

8
64

2 
±

 9
7

30
0 

±
 1

9
12

1 
±

 3
32

4 
±

 2

IL
-1

ra
51

0 
±

 1
78

11
61

7 
±

 1
17

3
11

82
6 

±
 1

61
4

49
22

 ±
 5

34
16

33
3 

±
 5

02
60

29
 ±

 3
1

76
91

 ±
 7

12
15

19
3 

±
 1

12
1

52
29

 ±
 2

06
26

29
 ±

 6
8

64
65

 ±
 2

28

IL
_2

10
1 

±
 4

7
11

98
 ±

 8
3

23
52

 ±
 4

23
43

4 
±

 4
7

36
21

 ±
 1

53
18

06
 ±

 1
25

25
78

 ±
 2

74
33

54
 ±

 3
58

18
63

 ±
 1

17
95

7 
±

 5
8

12
36

 ±
 5

9

IL
_4

@
31

 ±
 1

0
64

4 
±

 3
1

10
70

 ±
 1

21
35

9 
±

 3
7

10
56

 ±
 3

38
2 

±
 2

1
56

7 
±

 4
4

86
0 

±
 3

20
41

9 
±

 1
4

19
7 

±
 1

6
45

7 
±

 3
7

IL
-5

1 
±

 0
23

3 
±

 3
28

2 
±

 3
0

24
5 

±
 4

2
98

 ±
 1

40
 ±

 5
42

 ±
 3

12
4 

±
 1

0
40

 ±
 0

11
 ±

 1
15

 ±
 1

IL
-6

*
19

5 
±

 6
4

17
74

 ±
 1

32
29

74
 ±

 2
78

12
25

 ±
 1

57
46

40
 ±

 1
95

18
98

 ±
 1

60
23

02
 ±

 2
31

35
42

 ±
 6

45
15

80
 ±

 1
3

79
1 

±
 2

6
16

05
 ±

 3
5

IL
-7

7 
±

 2
14

9 
±

 2
63

4 
±

 8
7

54
2 

±
 7

1
45

9 
±

 2
4

19
5 

±
 2

34
1 

±
 2

8
50

3 
±

 3
19

8 
±

 1
69

 ±
 1

63
 ±

 0

IL
-9

*
25

5 
±

 4
6

13
72

2 
±

 5
43

19
26

5 
±

 3
15

2
20

76
1 

±
 3

30
7

30
45

 ±
 1

32
23

53
 ±

 2
23

18
16

 ±
 4

7
30

48
 ±

 3
18

48
59

 ±
 1

4
15

38
 ±

 2
0

15
06

 ±
 5

1

B
ea

dl
yt

e 
- 

C
on

ce
nt

ra
tio

ns
 (

pg
/m

l)

E
ot

ax
in

@
68

 ±
 3

0
39

9 
±

 2
34

39
9 

±
 2

34
39

9 
±

 2
34

52
47

 ±
 3

75
3

72
7 

±
 5

5
52

47
 ±

 3
75

3
72

7 
±

 5
5

91
7 

±
 5

22
38

5 
±

 1
1

90
7 

±
 5

33

G
M

-C
SF

4 
±

 1
42

 ±
 2

2
42

 ±
 2

2
42

 ±
 2

2
14

36
0 

±
 1

39
44

20
6 

±
 5

0
14

36
0 

±
 1

39
44

20
6 

±
 5

0
19

2 
±

 9
5

82
 ±

 1
5

17
7 

±
 1

10

IL
12

p7
0@

8 
±

 0
81

 ±
 6

9
81

 ±
 6

9
81

 ±
 6

9
26

47
 ±

 2
16

2
38

9 
±

 1
5

26
47

 ±
 2

16
2

38
9 

±
 1

5
16

8 
±

 6
2

71
 ±

 3
5

13
3 

±
 9

7

IL
-1

3#
6 

±
 1

67
 ±

 5
0

67
 ±

 5
0

67
 ±

 5
0

65
3 

±
 4

04
32

4 
±

 3
9

65
3 

±
 4

04
32

4 
±

 3
9

10
4 

±
 1

2
10

0 
±

 8
11

2 
±

 4

IL
-3

23
 ±

 1
4

14
43

 ±
 1

38
7

14
43

 ±
 1

38
7

14
43

 ±
 1

38
7

44
51

 ±
 5

50
50

00
 ±

 0
44

51
 ±

 5
50

50
00

 ±
 0

28
80

 ±
 1

11
2

29
18

 ±
 1

15
0

40
30

 ±
 3

8

IL
-4

@
11

 ±
 0

11
7 

±
 9

8
11

7 
±

 9
8

11
7 

±
 9

8
90

7 
±

 4
67

10
44

 ±
 2

26
90

7 
±

 4
67

10
44

 ±
 2

26
28

5 
±

 1
44

25
8 

±
 1

17
40

2 
±

 2
7

T
N

Fα
%

4 
±

 1
20

4 
±

 1
87

20
4 

±
 1

87
20

4 
±

 1
87

84
1 

±
 4

87
14

07
 ±

 7
21

84
1 

±
 4

87
14

07
 ±

 7
21

20
5 

±
 3

6
24

3 
±

 3
20

8 
±

 3
9

Cytometry B Clin Cytom. Author manuscript; available in PMC 2015 May 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Khan et al. Page 21

B
io

-P
le

x 
– 

A
na

ly
te

 C
on

ce
nt

ra
ti

on
s 

(p
g/

m
l)

P
at

ie
nt

 1
P

at
ie

nt
 3

P
at

ie
nt

 6

P
ro

te
in

s
H

ea
lt

hy
3 

M
on

th
6 

M
on

th
9 

M
on

th
0 

M
on

th
3 

M
on

th
6 

M
on

th
9 

M
on

th
0 

M
on

th
3 

M
on

th
6 

M
on

th

L
IN

C
O

pl
ex

 -
 C

on
ce

nt
ra

tio
ns

 (
pg

/m
l)

E
ot

ax
in

@
11

1 
±

 2
8

97
8 

±
 1

20
15

70
 ±

 1
49

76
4 

±
 4

7
23

49
 ±

 4
3

97
5 

±
 2

0
11

67
 ±

 1
05

24
51

 ±
 4

8
12

81
 ±

 1
8

70
5 

±
 1

8
13

16
 ±

 3
0

IF
N

γ*
65

7 
±

 1
27

10
36

2 
±

 2
70

15
92

9 
±

 1
21

2
86

51
 ±

 5
22

14
84

7 
±

 3
07

56
20

 ±
 6

4
88

02
 ±

 1
46

15
24

7 
±

 1
48

3
60

71
 ±

 8
2

30
51

 ±
 1

48
96

09
 ±

 3

IL
-1

0*
40

 ±
 5

16
7 

±
 2

91
0 

±
 1

54
13

6 
±

 1
8

19
58

 ±
 1

10
63

9 
±

 8
89

8 
±

 3
1

14
94

 ±
 2

63
60

8 
±

 4
4

19
4 

±
 2

5
20

4 
±

 0

IL
12

p7
0@

42
 ±

 2
11

93
 ±

 4
7

38
34

 ±
 1

04
0

18
87

 ±
 2

20
20

87
 ±

 5
7

49
3 

±
 5

88
9 

±
 1

07
93

5 
±

 5
03

13
36

 ±
 2

1
34

6 
±

 2
3

23
8 

±
 9

IL
-1

5
22

 ±
 4

10
8 

±
 1

6
14

8 
±

 1
8

91
 ±

 1
5

43
8 

±
 1

6
21

7 
±

 6
20

9 
±

 1
8

47
5 

±
 2

9
17

0 
±

 1
0

92
 ±

 1
2

18
0 

±
 1

2

IL
-1

β*
29

 ±
 3

41
6 

±
 5

75
2 

±
 7

8
23

0 
±

 3
6

63
4 

±
 3

3
17

5 
±

 1
0

25
8 

±
 2

8
52

3 
±

 9
2

18
8 

±
 1

5
75

 ±
 2

20
7 

±
 2

4

IL
-4

@
33

 ±
 9

72
5 

±
 2

1
11

45
 ±

 1
84

38
9 

±
 3

9
12

04
 ±

 3
2

40
2 

±
 2

3
59

9 
±

 1
0

97
6 

±
 2

06
45

4 
±

 1
5

16
9 

±
 4

44
0 

±
 1

1

IL
-6

*
22

2 
±

 6
6

19
82

 ±
 1

57
36

09
 ±

 4
40

12
06

 ±
 2

2
58

51
 ±

 3
78

19
04

 ±
 1

22
26

12
 ±

 6
7

39
51

 ±
 5

73
17

69
 ±

 3
5

70
6 

±
 7

8
15

87
 ±

 1
33

IL
-9

*
35

8 
±

 5
9

11
79

2 
±

 2
07

4
24

11
6 

±
 9

47
22

34
5 

±
 1

96
8

32
94

 ±
 1

12
25

29
 ±

 1
50

20
08

 ±
 7

33
30

 ±
 2

0
41

14
 ±

 8
0

19
34

 ±
 4

6
17

39
 ±

 8
5

T
N

Fα
%

10
7 

±
 1

1
16

31
 ±

 0
44

75
 ±

 1
06

88
6 

±
 1

7
40

85
 ±

 4
83

98
4 

±
 2

6
20

50
 ±

 1
08

46
35

 ±
 1

70
4

69
6 

±
 5

9
28

3 
±

 2
92

6 
±

 2

A
na

ly
te

s 
sh

ar
ed

 b
y 

al
l t

hr
ee

 k
its

 a
re

 d
en

ot
ed

 b
y 

@
, t

ho
se

 s
ha

re
d 

be
tw

ee
n 

B
io

pl
ex

 a
nd

 L
IN

C
O

pl
ex

 a
re

 n
ot

ed
 b

y 
*,

 #
 d

en
ot

es
 a

na
ly

te
s 

co
m

m
on

 b
et

w
ee

n 
B

io
Pl

ex
 a

nd
 B

ea
dl

yt
e 

an
d 

%
 d

en
ot

es
 th

os
e 

co
m

m
on

 
be

tw
ee

n 
B

ea
dl

yt
e 

an
d 

L
IN

C
O

pl
ex

. V
ar

ia
tio

n 
in

 th
e 

co
nc

en
tr

at
io

ns
 w

er
e 

ob
ta

in
ed

 f
ro

m
 th

e 
re

pl
ic

at
e 

m
ea

su
re

m
en

ts
 u

si
ng

 th
e 

lin
ea

r 
m

od
el

in
g 

(M
at

er
ia

ls
 &

 M
et

ho
ds

).

Cytometry B Clin Cytom. Author manuscript; available in PMC 2015 May 08.


