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Abstract

Background: It is important to assess the temporal reproducibility of circulating cytokines for their utility in
epidemiological studies. However, existing evidence is limited and inconsistent, especially for the elderly population.

Methods: Sixty-five elderly (mean age = 77.89 ± 6.14 years) subjects were randomly selected from an existing
prospective cohort study. Levels of 41 cytokines in 195 serum samples, collected at three separate visits that were
up to 15.26 years apart, were measured by the Luminex technology. The temporal reproducibility of cytokines was
estimated by the intraclass correlation coefficient (ICC) calculated using a mixed-effects model. In addition, data
analyses were stratified by the median (4.49 years) of time intervals across sample collection. Sensitivity analyses
were performed when excluding subjects with undetectable samples.

Results: A total of 23 cytokines were detectable in more than 60% of samples. Fair to good (ICC = 0.40 to 0.75) and
excellent (ICC > 0.75) reproducibility was found in 10 (Eotaxin, VEGF, FGF-2, G-CSF, MDC, GM-CSF, TGFα, IP-10, MIP-
1β, IL-1RA) and 5 (GRO, IFNγ, IL-17, PDGF-AA, IL-4) cytokines, respectively. The results were not changed dramatically
in the stratification and sensitivity analyses.

Conclusions: Serum levels of the selected 15 cytokines measured with Luminex technology displayed fair to
excellent within-person temporal reproducibility among elderly population.
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Background
Cytokines are secreted polypeptides or glycoproteins
that regulate proliferation, apoptosis, and angiogenesis,
and involved in the development and progression of
various diseases [1]. Cytokine-mediated intercellular
communication is regarded as the main mechanism of
crosstalk between immune cells [2]. Cytokine and other
inflammatory biomarkers play important roles in the
pathophysiology of chronic inflammatory diseases [3],
cardiovascular diseases [4], neuroinflammation [5],
asthma [6], and cancer [7].

Circulating inflammatory molecules are widely used in
epidemiological studies to investigate their association
with chronic diseases [8–10]. In some population-based
studies, especially the large-scale cohort studies with a
long follow-up period, a single measure of blood sample
collected at baseline is usually employed to represent the
long-term state of inflammation of participants. How-
ever, high intra-individual variability of cytokines may
lead to a misclassification of inflammatory status and
biased association analyses. Therefore, it is important to
establish the temporal reproducibility of cytokines when
investigating the cytokine-disease associations [11].
Several studies have explored the intra-individual tem-

poral reproducibility of cytokines in humans (see Add-
itional file 1: Table S1). However, there were some
limitations in the previous studies, including small sam-
ple size [12–16], assessment of short-term variability
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[14, 17–20], analysis of a limited number of cytokines
[15, 16, 18, 21], or limited to specific populations such
as women [11] or with particular physiological status of
pregnancy [19]. Furthermore, the temporal reproducibil-
ity of cytokines has been predominantly examined for
young and middle-aged adults, and the average age of
participants was less than 65 years in many previous
studies (see Additional file 1: Table S1). As cytokine
levels tend to increase with advanced age [18], a
phenomenon called inflammageing [22, 23], it is import-
ant to evaluate the temporal reproducibility of cytokines
in elderly populations.
In the present study, we aimed to investigate the de-

tectability and temporal reproducibility of a large panel
of inflammatory biomarkers among 65 elderly (≥ 65
years) subjects, with 3 serum samples each. Results from
this study will be useful to select appropriate cytokines
as inflammatory biomarkers for elderly population in the
future epidemiological studies.

Methods
Study design and participants
The Washington Heights-Inwood Community Aging
Project (WHICAP) is an ongoing, prospective,
population-based cohort study which is conducted to
identify risk factors and biomarkers for aging and de-
mentia. The sampling strategies, recruitment and exam-
ination methodology of WHICAP have been described
previously [24, 25]. Participants in WHICAP were socio-
economically and racially diverse, community residents
in northern Manhattan, aged ≥65 years, and fluent in
English or Spanish. At baseline and at the follow-up
visits every 18–24 months, participants received compre-
hensive medical, physical, neurological and neuro-
psychological examinations. Blood samples were
collected at the enrollment and the follow-up visits.
For the current study, we selected a total of 65 partici-

pants from the second and third waves of WHICAP who
met the following criteria: (a) ≥ 3 blood samples donated
at different visits, (b) large number of aliquots left, (c)
without history of diagnosed dementia, and (d) complete
information on ages at blood draw, sex, race/ethnicity
and years of education. To ensure individuals with cer-
tain demographic characteristics to be included in this
sample, we randomly selected subjects from each of the
24 strata, defined by sex (male vs. female), race/ethnicity
(White, Black, Hispanic), waves (1999 vs. 2009), and age
groups (< 80 vs. ≥80 years). For each selected individual,
we selected one serum sample from the baseline, the
most recent, and a middle visit. With three repeated
samples each for a total of 65 subjects, we had 80%
power to detect acceptable ICC of ≥0.55 with narrow
95% confidence interval (CI) (< ±0.13), or to detect ac-
ceptable ICC of ≥0.40 with narrow 95% CI (< ±0.15).

Cytokine quantification
Peripheral venous blood samples were collected from
the participants at the time of their health examination,
and were stored at − 80 °C. Never-thawed serum samples
were packed in dry-ice and sent to the laboratory for
analysis. A panel of 41 inflammatory biomarkers were
selected according to the results of previous literatures
(see Additional file 1: Table S1), biological functions of
cytokines, and availability of commercial assay kits, and
were analyzed by the Luminex technology. The magnetic
bead-based sandwich immunoassays for cytokines using
the MILLIPLEX Human Cytokine Panel 1 (HCYTO-
MAG-60 k) (MilliporeSigma, St. Louis, MO) were per-
formed according to the manufacturer’s instructions.
The serum samples (25 μL) were analyzed in duplicate
wells using a Luminex 200 (Luminex Corp, Austin, TX).
The cytokine concentrations were determined by Lumi-
nex xPONENT v4.2 and MILLIPLEX Analyst v5.1 using
5-p log analysis. All assays were performed using the
same lot of Luminex reagents. All samples from the
same subject are always in the sample plate. Two sets of
quality controls spiked in serum, provided by the manu-
facturer, were run in duplicate across the plates. This is
an ideal substitute for the pool samples since the sample
type in this study was also serum. The inter-assay preci-
sion is excellent with a mean coefficient of variation
(CV) of 6.74% (range: 1.87 to 16.03%), well below the
20% accepted cut off for a ligand-binding assay sug-
gested by the Bioanalytical Method Validation Guide-
lines for Industry in 2018 [26].
Samples with cytokine levels less than the lower limit

of detection (LLOD) were assigned a value of LLOD di-
vided by the square root of two [19]. Observations be-
yond the upper limit of detection (ULOD) were
substituted with ULOD for data analysis. Samples with
values between the LLOD and ULOD were regarded as
detectable for specific cytokines. The cytokines were
retained for further analyses when the proportions of de-
tectable values were at least 60% among all the 195
blood samples [11].

Statistical analysis
Due to the skewed distribution, cytokine levels were nat-
ural logarithm (log)-transformed for approximately nor-
mal distribution. The characteristics of subjects were
presented as mean [standard deviance (SD)] and number
[proportion (%)] for continuous and categorical variables,
respectively. The repeated measures correlation (95% CI)
between different cytokines were estimated with the R
package “rmcorr” which accounts for non-independence
among measurements from the same subject [27].
The intraclass correlation coefficient (ICC) was

employed to quantify the temporal reproducibility of cy-
tokines. The mixed-effects model, fitted by the R
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package “lme4” (version 1.1.21) [28], was established
when using the levels of each cytokine as dependent
variable, setting the random intercept on the repeated
measures, and adjusting for the covariates of age at re-
cruitment (years), sex (male, female), race/ethnicity
(non-Hispanic White, non-Hispanic Black, Hispanic)
and time intervals across blood collection (years). Based
on the results of mixed-effects model, ICC was calcu-
lated by dividing the between subject variance by the
total variance [29]. The model-based parametric boot-
strap for mixed models was used to estimate the 95% CI
of ICC. For the main analyses, ICC was calculated using
all three repeated measurements. The ICC levels of <
0.40, 0.40 ~ 0.75 and > 0.75 mean poor, fair to good and
excellent reproducibility, respectively [30].
To examine the impact of time intervals on the cyto-

kine reproducibility, data analyses were performed by
the stratification of median of time intervals between the
1st and 3rd measures. Besides, we also repeated analyses
by excluding samples with undetected values (< LLOD
or > ULOD), or by additionally adjusting for the baseline
comorbidities including hypertension, diabetes and car-
diovascular diseases, or by additionally adjusting for the
body mass index (BMI, kg/m2) categories (normal
weight [< 25], overweight [≥ 25 and < 30], and obese [>
30]) at each visit, or by additionally adjusting for the
time of day (ante meridiem or post meridiem) of blood
sample collection. Sensitivity analyses were also con-
ducted by the stratification of sex.
All the data analyses were performed with R (ver-

sion 3.6.1).

Results
Characteristics of subjects
Participant characteristics are presented in Table 1.
Among the 65 subjects, the mean of age at the collection
of first blood sample was 77.89 (SD = 6.14; range = 67.34
to 90.49) years. By design, about half of the subjects were
males, about two thirds were < 80 years and the rest ≥80
years, the White, Black and Hispanic population each
accounted for nearly one third of the sample, and the pro-
portions of individuals from the second and third waves of
WHICAP were 55.38 and 44.62%, respectively. The aver-
age (SD) years of education was 12.26 (4.95). At the collec-
tion of first blood sample, subjects at BMI categories of
normal weight, overweight, and obese accounted for
26.42, 35.85, and 37.74%, respectively. More than half
(58.00%) of the first blood samples were collected in the
morning. Participants with hypertension, diabetes, and
cardiovascular diseases at baseline accounted for 92.31,
29.23, and 56.92%, respectively. The medians of time in-
tervals were 2.45 [interquartile range (IQR) = 2.00 to 5.72],
1.78 (IQR = 1.63 to 2.19), and 4.49 (IQR = 3.91 to 8.09)

years between the 1st and 2nd, between the 2nd and 3rd,
and between the 1st and 3rd blood samples, respectively.

Levels of cytokines
The intra- and inter-assay CV, proportion of detectable
samples, and median and range of cytokines were estimated
among the 195 specimens from 65 participants (Table 2).
The detectable percentage ranged from 4.62 to 100% for
the 41 cytokines, of which 23 analytes with detectable per-
centage ≥ 60% were retained for further assessment on the
temporal reproducibility. The results of correlations indi-
cated that some cytokines were significantly correlated with
each other (p < 0.05) (see Additional file 1: Fig. S1).

Temporal reproducibility of cytokines
The ICC (95% CI) of cytokines measured in all samples
collected at three separate visits was ranked and pre-
sented in Fig. 1. The lowest ICC (95% CI) was approxi-
mated to zero for IL8, and the highest was 0.87 (0.81,
0.92) for GRO. Results showed that the temporal repro-
ducibility was fair to good for 10 cytokines (ICC = 0.40
~ 0.75; including Eotaxin, VEGF, FGF-2, G-CSF, MDC,
GM-CSF, TGFα, IP-10, MIP-1β, IL-1RA), and were ex-
cellent for 5 cytokines (ICC > 0.75; including GRO, IFNγ,
IL-17, PDGF-AA, IL-4). The remaining 8 cytokines dis-
played poor temporal reproducibility.
Stratification analyses were additionally conducted,

dividing by the median (4.49 years) of time intervals be-
tween the 1st and 3rd blood samples (Fig. 2). Compared
with the results of the main analyses using all the sub-
jects, the ICCs remained similar except for TNFα, for
which the ICC increased into fair to good levels among
those with time intervals ≥4.49 years.
After excluding the subjects with undetectable levels

of cytokines, for the cytokines with detectable rates less
than 100% (Table 2), the results remained similar al-
though in general the ICC reduced slightly except for
MCP-3, which the ICC increased (0.41, 95% CI = 0.20 to
0.62) (see Additional file 1: Fig. S2). Robust results were
obtained when additionally adjusting for the baseline co-
morbidities (see Additional file 1: Fig. S3), or for BMI
categories (see Additional file 1: Fig. S4), or for the time
of day of blood sample collection (see Additional file 1:
Fig. S5), except for IP-10 and IL-1RA of which the ICC
decreased when adjusting for BMI, and except for TNFα
of which ICC increased when adjusting for the time of day
of blood sample collection. The ICC levels stratified by
sex were similar compared with the main results of all
subjects, except that the ICC of TNFα increased into fair
to good levels in males (see Additional file 1: Fig. S6).

Discussion
In the present study of 65 elderly subjects from WHI-
CAP study, we assessed the temporal reproducibility of
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serum cytokines in samples collected at three separate
visits over a relatively long period of time. The results
revealed that 15 out of 41 cytokines measured by the
Luminex technology were detectable in over 60% of
serum samples and had good reproducibility (ICC >
0.40), indicating that a single measurement of these bio-
markers well captures the within-individual average level
over a long period of time.
By definition, ICC measures the inter-person variabil-

ity relative to the total variability [29]. The high values
of ICC indicated that the variation of cytokine levels was
considerably higher between subjects than within

subjects, which supports the good reproducibility of
these biomarkers over a long term. Therefore, cytokines
having high ICC can be used in the epidemiological
studies focusing on the associations between one-time
measured cytokines and diseases.
The temporal reproducibility of circulating cytokines

measured by multiplex immunoassays or ELISA has
been reported previously. Our findings are consistent
with previous studies, supporting good to excellent ICC
for IL-17 [17], Eotaxin [11], G-CSF [12, 14, 17], MIP-1β
[14, 17] and IL-1RA [11]. However, inconsistencies also
exist, which might be due to the discrepancies in study

Table 1 Characteristics of participants across three repeated measurements

Characteristics The 1st measurement The 2nd measurement The 3rd measurement

Sample size 65 65 65

Age (years), mean (SD) 77.89 (6.14) 82.50 (4.85) 84.43 (4.85)

65–75, n (%) 23 (35.38%) 5 (7.69) 2 (3.08)

75–80, n (%) 19 (29.23%) 13 (20.00) 9 (13.85)

≥ 80, n (%) 23 (35.38%) 47 (72.31) 54 (83.08)

Gender, n (%)

Male 32 (49.23) 32 (49.23) 32 (49.23)

Female 33 (50.77) 33 (50.77) 33 (50.77)

Race/ethnicity, n (%)

White 22 (33.85) 22 (33.85) 22 (33.85)

Black 21 (32.31) 21 (32.31) 21 (32.31)

Hispanic 22 (33.85) 22 (33.85) 22 (33.85)

Education duration (years), mean (SD) 12.26 (4.95) 12.26 (4.95) 12.26 (4.95)

BMI categories, n (%) a

Normal 14 (26.42) 14 (25.45) 16 (29.09)

Overweight 19 (35.85) 20 (36.36) 22 (40.00)

Obese 20 (37.74) 21 (38.18) 17 (30.91)

Time of day of blood collection, n (%) a

Ante meridiem 29 (58.00) 37 (57.81) 43 (66.15)

Post meridiem 21 (42.00) 27 (42.19) 22 (33.85)

WHICAP wave, n (%)

The second wave (1999 cohort) 36 (55.38) 36 (55.38) 36 (55.38)

The third wave (2009 cohort) 29 (44.62) 29 (44.62) 29 (44.62)

Baseline hypertension, n (%)

No 5 (7.69) – –

Yes 60 (92.31) – –

Baseline diabetes, n (%)

No 46 (70.77) – –

Yes 19 (29.23) – –

Baseline cardiovascular diseases, n (%)

No 28 (43.08) – –

Yes 37 (56.92) – –

SD standard deviance, n number of subjects, % proportion, BMI body mass index, WHICAP Washington Heights-Inwood Community Aging Project.
aSum of frequency of some characteristics was less than 65 at specific measurement due to missing data
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Table 2 Levels of serum cytokines
Cytokines Intra-assay CV (%) Inter-assay CV (%) Detectable proportions (%) a Median (P25-P75) (pg/mL) Range (pg/mL)

EGF 0.91 7.19 99.49 226.71 (126.59, 374.77) < 3.17 to 1657

Eotaxin 1.37 3.48 100 134.79 (98.66, 183) 8.46 to 562.15

FGF-2 1.68 7.56 88.72 48.23 (23.39, 105.09) < 13.05 to 429.02

Flt-3 L 3.17 7.99 48.21 3.29 (3.29, 30.1) < 4.65 to 1769

Fractalkine 2.05 12.69 43.59 21.48 (18.72, 61.34) < 26.48 to > 9834

G-CSF 3.06 8.69 91.28 20.45 (11.17, 49.02) < 3.97 to 404.65

GM-CSF 7.45 6.89 80.51 7.58 (3.54, 17.48) < 3.16 to 1287

GRO 1.07 4.65 77.44 2216 (1264, 7288.5) 470.26 to > 9906

IFNα2 5.34 5.92 55.90 7.9 (3.23, 25.39) < 4.57 to 924.48

IFNγ 0.44 8.50 75.38 5.06 (2.07, 11.76) < 2.04 to 1183

IL-10 5.26 4.49 25.13 2.21 (2.21, 3.21) < 3.13 to 1304

IL-12p40 3.47 6.37 30.26 4.79 (4.79, 11.68) < 6.78 to 605.62

IL-12p70 0.99 2.68 27.69 2.02 (2.02, 3.74) < 2.85 to 655.57

IL-13 3.05 5.86 26.15 3.33 (3.33, 6.25) < 4.71 to 598.37

IL-15 4.94 6.30 34.36 2.04 (2.04, 4.3) < 2.88 to 153.79

IL-17 2.90 4.36 70.77 2.57 (0.73, 7.72) < 1.03 to 451.19

IL-1α 9.92 5.47 43.59 3.6 (3.6, 25.14) < 5.09 to 3539

IL-1β 5.15 8.15 53.33 1.48 (0.88, 4.86) < 1.24 to 2581

IL-1RA 3.02 8.20 90.26 15.7 (7.66, 31.01) < 3.65 to 3857

IL-2 3.14 4.48 28.72 1.98 (1.98, 3.62) < 2.80 to 86.71

IL-3 11.71 12.30 4.62 1.97 (1.97, 1.97) < 2.78 to 13.07

IL-4 8.57 7.22 83.51 31.18 (9.96, 79.75) < 5.42 to 375.29

IL-5 4.03 1.87 22.05 0.76 (0.76, 0.94) < 1.07 to 72.28

IL-6 4.99 6.19 42.56 1.32 (1.32, 19.72) < 1.86 to 7220

IL-7 5.37 4.70 43.59 2.64 (2.34, 7.73) < 3.31 to 119.38

IL-8 2.91 4.22 97.44 36.4 (15.12, 245.41) 3.84 to > 9613

IL-9 3.91 5.98 15.38 1.99 (1.99, 1.99) < 2.81 to 128.69

IP-10 2.69 3.44 100 222.35 (175.6, 307.84) 49.15 to 1009

MCP-1 3.53 5.93 100 590.84 (429.88, 902.12) 118.05 to 9309

MCP-3 0.72 5.50 61.54 6.17 (2.47, 34.91) < 3.50 to 2891

MDC 9.14 8.11 100 1043 (758.06, 1409) 234.05 to 6725

MIP-1α 8.53 5.06 88.21 19.24 (6.44, 69.77) < 3.12 to > 5472

MIP-1β 0.65 6.53 99.49 48.04 (28, 89.12) < 4.50 to 1251

PDGF-AA 2.00 3.91 99.49 3576 (2533.5, 4803.5) 305.27 to > 8786

PDGF-AB/BB 6.91 9.83 30.77 9490 (8841, 9490) 3148 to > 9490

RANTES 8.08 12.69 96.92 2730 (1845.5, 3724.5) 619.28 to > 13,438

sCD40L 1.74 6.59 84.10 9529 (4893.5, 13,789) < 2.86 to > 17,067

TGFα 1.09 16.03 66.15 4.72 (2.18, 8.31) < 3.09 to > 5120

TNFα 2.78 7.59 95.90 16.48 (9.66, 27.52) < 2.93 to 716.76

TNFβ 4.15 5.78 19.49 2.01 (2.01, 2.01) < 2.84 to 639.95

VEGF 4.22 7.00 88.21 161.45 (71.86, 326.21) < 20.50 to 919.48

CV coefficient of variation, P25-P75 the 25th to the 75th percentiles, EGF epidermal growth factor, FGF-2 fibroblast growth factor 2, Flt-3 L fms-like tyrosine
kinase 3 ligand, G-CSF granulocyte colony-stimulating factor, GM-CSF granulocyte macrophage colony-stimulating factor, GRO growth regulated oncogene,
IFNα2 interferon alpha 2, IFNγ interferon gamma, IL interleukin, IL-1RA interleukin-1 receptor antagonist, IP-10 interferon gamma-induced protein 10, MCP
monocyte chemotactic protein, MDC macrophage-derived chemokine, MIP macrophage inflammatory proteins, PDGF platelet-derived growth factor, RANTES
regulated on activation, normal T cell expressed and secreted, TGF transforming growth factor, TNF tumor necrosis factor, VEGF vascular endothelial growth
factor, sCD40L soluble cluster of differentiation 14 ligand.
aValues in bold mean that the proportions of subjects with detectable values (between LLOD and ULOD) were < 60%. A total of 18 cytokines were
excluded in the further data analyses due to the low detectable rate
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design, sample size, type of specimen, and assay methods
[18, 31]. For example, extremely low ICC of IL-8 was
found in our study (near to 0) and other studies (from
0.02 to 0.05) [11, 14] in which cytokine levels were ex-
amined in serum. Conversely, a good reproducibility of
IL-8 has been demonstrated in plasma (> 0.40) [12, 14,
18]. It has been reported that the concentrations of cyto-
kines and the corresponding ICC are higher in plasma
than in serum [14, 31, 32]. Levels of some cytokines can
be different between matched specimens of plasma and
serum collected from the same individual, and also can
be affected by different anticoagulants used in plasma
samples, suggesting the important roles of specimens

and anticoagulants in the measurement of cytokines
[33]. As a result, different ICC values of a same cytokine
reported by different studies may also be caused by vari-
ous specimens and anticoagulants used.
The circulating levels of cytokines are reported to be

influenced by various factors including demographics
(age, gender, race/ethnicity), life styles (exercise, sleep,
smoking, drinking, diet and adiposity), medical treat-
ment and circadian physiological variability [11, 18, 34–
36]. Therefore, the inconsistency might also be partially
due to the discrepancies in characteristics of the study
population, and time periods across measurements [18,
31]. For instance, compared with the reproducibility of

Fig. 1 ICC (95% CI) of cytokines. The dots and horizontal bars represent the ICC and corresponding confidence intervals, respectively. ICC was
estimated by the mixed-effects model adjusting for age at recruitment, gender, race/ethnicity and time spans across blood collection. The ICC
levels of 0.40 ~ 0.75 and > 0.75 are corresponding to fair to good and strong reliabilities, respectively. ICC: intraclass correlation coefficient; CI:
confidence interval
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IL-4 (ICC = 0.76) in our study, similar results were ob-
served among the healthy women from Sweden (ICC =
0.70) [12] and USA (ICC = 0.92) [11], but lower ICC
values (< 0.40) were reported in populations from other
areas [17, 18]. We found an excellent reproducibility of
IFNγ (ICC = 0.82) in the elderly subjects. In contract,
lower values of ICC for IFNγ (about 0.50) have been ob-
tained from the younger populations for which the mean
age was less than 60 years [17, 18, 37]. Data from labora-
tory studies indicate that the secretion of IFNγ, a pro-

inflammatory cytokine mainly produced by the type 1 T
cells, and the IFNγ inducible inflammation cascade are
increased with aging [38, 39]. Thus, inconsistent repro-
ducibility of IFNγ between current and previous studies
was supported by the aging effects.
An assessment of the long-term reproducibility of bio-

markers is essential to explore the associations between
biomarkers and diseases with long etiological windows,
such as the neurodegenerative disease, cardiometabolic
disease, or cancer. Majority of the previous studies

Fig. 2 ICC (95% CI) of cytokine levels stratified by the median (4.49 years) of time interval between the 1st and 3rd measures. The dots and
horizontal bars represent the ICC and corresponding confidence intervals, respectively. Results of the subjects with time spans < 4.49 years (n =
32) and≥ 4.49 years (n = 33) were plotted in the panel (a) and (b), respectively. ICC: intraclass correlation coefficient; CI: confidence interval
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evaluating the reproducibility of cytokines had used sam-
ples spanning a shorter period of time, such as 14 days
[17], several months [14, 15, 18, 19, 21], 1 ~ 2 years [16],
or 2 ~ 3 years [11, 12, 37]. The current study has a me-
dian time span of 4.49 (range = 2.86 to 15.26) years be-
tween the first and the last samples, probably fitting
better the goal of evaluating the long-term reproducibil-
ity of cytokines. Only two previous studies covered simi-
lar (over 5 years) [13] or markedly longer (median = 18.3
years) [30] periods of time. However, the generalization
of results in the two previous studies might be precluded
due to the small sample size (n = 28) [13] or restriction
to males [30].
With increasing time intervals, the temporal reprodu-

cibility of G-CSF kept good to excellent over 14 days
(ICC = 0.50) [17], 7 months (ICC = 0.73) [14], 1 ~ 3 years
(ICC = 0.75) [12] and ≥ 4.49 years (ICC = 0.79, the
present study). Meanwhile, previous studies showed in-
consistent trends of temporal reproducibility of some cy-
tokines within a fixed population [15, 30]. The ICC of
TNFα was reported to be diminished from 0.54 to 0.49
with increased time intervals from 0 ~ 1.9 to ≥15 years,
respectively, in males whose median age was 45.6 years
[30]; however, it was reported to be increased from 0.39
to 0.47 for time spans of 6 weeks and 9months, respect-
ively, in the combination of males and females whose
mean age was 64 years [15]. In line with the ICC trends
of the second study mentioned above [15], we found a
lower temporal reproducibility of TNFα in subjects with
time spans < 4.49 years (ICC = 0.28) compared with
those with longer time intervals (≥ 4.49 years, ICC =
0.50). The ICC trends over different durations may be
influenced by various factors including the physiological
homeostasis, storage conditions, degradation rate, pre-
analytical processing, and other characteristics which
can influence the biomarker levels and are changeable
within a subject [30, 40]. Further studies are needed to
examine the effect of duration between samples on cyto-
kine reproducibility.
In the sensitivity analyses without undetectable values,

we found similar, although slightly reduced, temporal re-
producibility for most cytokines except for MCP-3 of
which the ICC increased (see Additional file 1: Fig. S2).
The reduction of ICC might be due to the exclusion of
subjects who had consistently low or undetectable levels
of analytes across different samples. On one hand, the
undetectable values of cytokines mean imprecise mea-
surements. On the other hand, the consistently un-
detectable levels can reflect acceptable temporal
reproducibility within a subject, implying potential use-
fulness of these undetectable levels. For instance, sub-
jects with consistently low or undetectable values of
cytokines can be categorized into the low “exposure”
group in the epidemiological studies. The impact of

undetectable biomarkers was limited in our study be-
cause cytokines with inadequate detection rates (< 60%)
were excluded in the primary analyses [11, 14]; and simi-
lar results were observed when additionally removing
the subjects with undetectable values of cytokines (see
Additional file 1: Fig. S2).
Results from previous studies demonstrated sex differ-

ences in levels of some cytokines among young adults
(median age = 22 years) [41], and in cytokine secretion
responsiveness of lymphomonocytes under stress condi-
tions [42]. We found nonsignificant differences of cyto-
kine levels (data not shown, p > 0.10) and similar
reproducibility of cytokines between older males and fe-
males in this study, which might be due to the depletion
of sex steroid hormones in elderly subjects. Although it
has been reported that BMI is significantly correlated
with levels of cytokines in cerebrospinal fluid [43], and
that circadian clock is a regulator of cytokines [36], we
found robust ICC of serum cytokines when additionally
adjusting for BMI or time of day of blood sample collec-
tion, indicating limited influence of BMI and time of day
of blood drawn on the reproducibility of cytokines in the
present study.
There were several advantages in this study. Few stud-

ies have examined the elderly population previously. Our
study was performed among subjects with a mean age of
77.89 years, which provided useful information for the
studies focusing on the health effects of cytokines among
elderly individuals. In addition, a large panel of cytokines
(41 in total) were analyzed in the present study, while
fewer (no more than 20) cytokines were investigated in
some previous studies [13, 15–19, 21, 37]. Additionally,
because subjects in this study were racially diverse and
community-sourced, our findings can be widely
generalized.
Some limitations should be noted. Although this study

represent one of the largest study in terms of number of
cytokines measured, a total of 41 cytokines may still not
give a comprehensive insight into the overall inflamma-
tory profile, which may involve more cytokines [44, 45].
Besides, cytokine ICC could not be estimated by stratifi-
cation of race due to the limited sample size. Secondly,
while subjects in this study were limited to those with-
out dementia, the influences of other diseases could not
be fully excluded. However, the results were similar
when adjusting for the history of hypertension, diabetes
and cardiovascular diseases, suggesting limited influence
of these comorbidities. Although incident diseases devel-
oped in the midst of blood collection intervals may dis-
rupt the cytokine homeostasis and enhance the
variability of cytokine levels, inducing the underestima-
tion of cytokine ICC, it is still reasonable to use the se-
lected cytokines with good reproducibility in the future
epidemiological studies to investigate the cytokine-
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associated diseases. Thirdly, the disparity in time inter-
vals might have induced biased estimation of ICC. To
overcome this issue, the ICC was calculated with adjust-
ments of time intervals. We also found robust results
after a series analyses within subgroups with shorter in-
tervals between samples, suggesting limited impacts of
time intervals on the temporal reproducibility of selected
cytokines. Fourthly, the results should be interpreted
with caution for the cytokines of which the point estima-
tion of ICC was more than the cut-off value of 0.40 but
the confidence intervals included 0.40 (IP-10, MIP-1β,
IL-1RA).

Conclusions
In conclusion, the present study demonstrated a good
temporal reproducibility of 15 serum cytokines (Eotaxin,
VEGF, FGF-2, G-CSF, MDC, GM-CSF, TGFα, IP-10,
MIP-1β, IL-1RA, GOP, IFNγ, IL-17, PDGF-AA, IL-4)
which were measured by the multiplex technology. This
suggests that a single measurement of the selected cyto-
kines is likely to be suitable for characterizing the im-
mune and inflammation status over a long period in the
prospective epidemiological studies, especially for the
elderly population.
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