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Chronic fatigue syndrome (CFS) is a prevalent and disabling condition among adolescents. The patho-
physiology is poorly understood, but low-grade systemic inflammation has been suggested as an impor-
tant component. This study compared circulating levels of individual cytokines and parameters of
cytokine networks in a large set of adolescent CFS patients and healthy controls, and explored associa-
tions between cytokines and symptoms in the CFS group.

CFS patients (12–18 years old) were recruited nation-wide to a single referral center as part of the Nor-
CAPITAL project (ClinicalTrials ID: NCT01040429). A broad case definition of CFS was applied, requiring
three months of unexplained, disabling chronic/relapsing fatigue of new onset, whereas no accompany-
ing symptoms were necessary. Thus, the case definition was broader than the Fukuda-criteria of CFS.
Healthy controls having comparable distribution of gender and age were recruited from local schools.
Twenty-seven plasma cytokines, including interleukins, chemokines and growth factors were assayed
using multiplex technology. The results were subjected to network analyses using the ARACNE algorithm.
Symptoms were charted by a questionnaire, and patients were subgrouped according to the Fukuda-cri-
teria.

A total of 120 CFS patients and 68 healthy controls were included. CFS patients had higher scores for
fatigue (p < 0.001) and inflammatory symptoms (p < 0.001) than healthy controls. All cytokine levels
and cytokine network parameters were similar, and none of the differences were statistically different
across the two groups, also when adjusting for adherence to the Fukuda criteria of CFS. Within the CFS
group, there were no associations between aggregate cytokine network parameters and symptom scores.

Adolescent CFS patients are burdened by symptoms that might suggest low-grade systemic inflamma-
tion, but plasma levels of individual cytokines as well as cytokine network measures were not different
from healthy controls, and there were no associations between symptoms and cytokine expression in the
CFS group. Low-grade systemic inflammation does not appear to be a central part of adolescent CFS
pathophysiology.

� 2014 Elsevier Inc. All rights reserved.
1. Background nitive impairments, and other symptoms (Fukuda et al., 1994;
Chronic fatigue syndrome (CFS) is characterized by unex-
plained, long-lasting, disabling fatigue accompanied by pain, cog-
Royal College of Paediatrics and Child Health, 2004). CFS is an
important cause of disability among adolescents, and may have
detrimental effects on psychosocial and academic development
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(Kennedy et al., 2010), as well as family functioning (Missen et al.,
2012). Adolescent CFS prevalence is estimated at 0.1–1.0% (Nijhof
et al., 2011; Crawley et al., 2011; Jason et al., 2006).

The pathophysiology of CFS remains poorly understood. How-
ever, studies have reported alterations of homeostatic functions,
such as enhanced sympathetic and attenuated parasympathetic
cardiovascular nervous activity (Wyller et al., 2007, 2008a,b),
attenuation of the hypothalamus–pituitary–adrenal axis (HPA-
axis) (Segal et al., 2005) and low-grade systemic inflammation
(Klimas et al., 2012; Raison et al., 2009). Inflammation might have
a key role in the underlying pathophysiology, as assumed in the
proposal for revised case definition of CFS (Carruthers et al.,
2011). Accordingly, several studies have reported alterations in
systemic cytokine expression in CFS, although the evidence is
somewhat conflicting. For instance, Maes and co-workers (2012)
reported increased levels of interleukin (IL)-1 and tumor necrosis
factor (TNF), Fletcher and co-workers (2009) reported altered lev-
els of several cytokines including IL-1a and IL-1b but normal levels
of TNF, whereas Vollmer-Conna and co-workers (2007) did not find
any alterations of cytokine expression. One reason for this discrep-
ancy might be that CFS is associated with subtle alterations of cyto-
kine networks rather than individual cytokines. Also, the
mentioned pro-inflammatory cytokines are heavily influenced by
pre-analytical factors and circulate at very low levels, requiring
high sensitivity methods for reliable detection and making com-
parison between studies utilizing different assays difficult (Banks,
2000). Applying advanced mathematical methods on a large set
of cytokine expression data in CFS patients and healthy controls,
Broderick and co-workers (2010) found evidence of attenuated
and Th1 and Th17 immune responses in the context of a well-
established Th2 inflammatory environment in CFS.

In adolescent CFS, cytokine expression has hardly been investi-
gated. In a small study of fatigued adolescents (n = 9) following
Epstein Barr virus infection, standard comparative analyses indi-
cated increased levels of IL-8 and reduced levels of IL-23 as com-
pared to recovered controls (Broderick et al., 2012). In a previous
report from the NorCAPITAL project, we reported slightly elevated
levels of C-reactive protein (CRP) in adolescent CFS patients
(Sulheim et al., 2014). To the best of our knowledge, no other stud-
ies have specifically addressed circulating cytokine expression in
adolescent CFS.

Thus, the aims of this study were to compare individual cyto-
kines and parameters of cytokine networks in plasma from a large
set of adolescent CFS patients and healthy controls, and to explore
associations between cytokines and symptoms in the CFS group.
We hypothesized altered cytokine expression in CFS consistent
with low-grade systemic inflammation, and a positive association
between levels of proinflammatory cytokines and symptoms of
inflammation.
2. Materials and methods

2.1. CFS patients

The Department of Paediatrics at Oslo University Hospital is a
national referral center for young CFS patients. For this study, all
hospital paediatric departments in Norway (n = 20), as well as pri-
mary care paediatricians and general practitioners, were invited to
refer CFS patients aged 12–18 years consecutively to our depart-
ment. The referring units were equipped with written information
for distribution to potential study participants and their parents/
next-of-kin. If consent was given, a standard form required the
referral unit to confirm the result of clinical investigations consid-
ered compulsory to diagnose pediatric CFS according to national
Norwegian recommendations (pediatric specialist assessment,
comprehensive hematology and biochemistry analyses, chest X-
ray, abdominal ultrasound, and brain magnetic resonance imag-
ing). Also, the referring units were required to confirm that the
patient (a) was unable to follow normal school routines due to fati-
gue; (b) was not permanently bedridden; (c) did not have any con-
current medical or psychiatric disorder that might explain the
fatigue; (d) did not experience any concurrent demanding life
event (such as parents’ divorce) that might explain the fatigue;
(e) did not use prescribed pharmaceuticals (including hormone
contraceptives) regularly. A previous demanding life event was
not an exclusion criteria. Completed forms were consecutively con-
veyed to the study center and carefully evaluated by either of two
authors (DS or EF). Patients considered eligible to this study were
summoned to a clinical encounter at our study center after which
a final decision on inclusion was made.

In agreement with clinical guidelines (Royal College of
Paediatrics and Child Health, 2004; National Institute for Health
and Clinical Excellence, 2007), we applied a ‘broad’ case definition
of CFS, requiring three months of unexplained, disabling chronic/
relapsing fatigue of new onset. We did not require that patients
meet any other accompanying symptom criteria, in contrast to
the case definition from the International Chronic Fatigue Syn-
drome Study Group at the Centers for Disease Control and Preven-
tion (commonly referred to as the Fukuda-definition), which
appears to be most frequently used in the scientific community
(Fukuda et al., 1994). The Fukuda-definition requires at least six
months of unexplained chronic or relapsing fatigue of new onset,
severely affecting daily activities, as well as four or more of eight
specific accompanying symptoms (headache, muscle pain, joint
pain, sore throat, tender lymph nodes, impaired memory or con-
centration, unrefreshing sleep, and malaise after exertion). How-
ever, the validity of this definition has not been established
(Brurberg et al., 2014). In fact, several empirical findings raise con-
cerns about the validity, in particular among adolescents: A formal
factor analysis of symptoms in a broadly defined group of chronic
fatigued patients did not show a strong correspondence with the
Fukuda accompanying symptoms (Nisenbaum et al., 2004). A study
based upon the Swedish twin registry concluded that there was no
empirical support for the requirement of four out of eight Fukuda
accompanying symptoms (Sullivan et al., 2005). A report on a
broadly defined population of adolescent CFS patients concluded
that the subgroup adhering to the Fukuda criteria was not charac-
terized by a certain level of disability, nor was this subgroup spe-
cifically related to characteristics of underlying pathophysiology
(alteration of cardiovascular autonomic control) (Wyller and
Helland, 2013). Accordingly, subgrouping based upon the Fukuda
criteria did not influence the cross-sectional comparisons nor the
intervention effects in previously reported results from the Nor-
CAPITAL project (Sulheim et al., 2014).

Thus, the inclusion criteria in this study are wider than the Fuk-
uda criteria. Subgrouping of the participants according to the Fuk-
uda case definition was performed post hoc, based on questionnaire
results (cf. below). The main reason for not adhering to the Fukuda
case definition was too few accompanying symptoms.

2.2. Healthy controls

A group of healthy controls with a comparable distribution of
gender and age were recruited from local schools. Controls were
not matched to cases on any variable. No chronic disease and no
regular use of pharmaceuticals were allowed.

2.3. Study design and ethics

A one-day in-hospital assessment included clinical examination
and blood sampling, and always commenced between 7.30 and
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9.30 a.m. All participants were instructed to fast overnight and
abstain from tobacco products and caffeine at least 48 h. The par-
ticipants were instructed to apply an ointment containing the local
anesthetic lidocaine (Emla�) on the skin in the antecubital area one
hour in advance. After at least 5 min supine rest in calm surround-
ings, blood samples were obtained in a fixed sequence from ante-
cubital venous puncture. A questionnaire was completed after the
clinical encounter and returned in a pre-stamped envelope.

This study is part of the NorCAPITAL-project (The Norwegian
Study of Chronic Fatigue Syndrome in Adolescents: Pathophysiol-
ogy and Intervention Trial; ClinicalTrials ID: NCT01040429). Data
were collected in the period March 2010 until October 2012. Nor-
CAPITAL has been approved by the Norwegian National Committee
for Ethics in Medical Research and the Norwegian Medicines
Agency. Written informed consent was obtained from all partici-
pants, and from parents/next-of-kin if required. Details of the
design are reported elsewhere (Sulheim et al., 2014).
2.4. Questionnaire

In accordance with a CFS symptom inventory for adults
(Wagner et al., 2005), we have previously developed a CFS symp-
tom inventory for adolescents, assessing the frequency of 24 com-
mon symptoms during the preceding month. Each symptom is
rated on a 5-point Likert scale, ranging from ‘never/rarely present’
to ‘present all of the time’. The inventory includes the eight accom-
panying symptom of the Fukuda-definition, facilitating post hoc
subgrouping of CFS patients. The inventory has been applied in
routine clinical practice and in several previous studies (Wyller
et al., 2007, 2008b; Wyller and Helland, 2013). In this study, a com-
posite score reflecting inflammatory symptoms was generated by
taking the arithmetic mean across three single items (fever/chills,
sore throat, and tender lymphatic nodes). Total range is from 0 to
5; higher scores imply more severe symptom burden.

The Chalder Fatigue Questionnaire (CFQ) (Chalder et al., 1993) is
regarded a valid measure in CFS research among adolescents
(Godfrey et al., 2009; Tanaka et al., 2008). In this study, the CFQ
total sum score is applied (i.e. the sum across all 11 CFQ items,
each of which is scored on a 0–3 Likert scale). Total range is from
0 to 33; higher scores imply more severe fatigue.
2.5. Laboratory assays

The blood samples for cytokine analyses were collected in 4 mL
EDTA tubes. The samples were placed on ice for approximately
30 min; thereafter, plasma was separated by centrifugation
(2500g, 10 min, 4 �C) and frozen at �80 �C until assayed.

Plasma samples were analyzed using a multiplex cytokine assay
(Bio-Plex Human Cytokine 27-Plex Panel; Bio-Rad Laboratories
Inc., Hercules, CA, USA) containing the following interleukins, che-
mokines and growth factors: IL-1b, IL-1 receptor antagonist (IL1-
ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13,
IL-15, IL-17, eotaxin, basic fibroblast growth factor (bFGF), granulo-
cyte-colony stimulating factor (G-CSF), granulocyte macrophage
colony stimulating factor (GM-CSF), interferon (IFN)-c, inter-
feron-inducible protein (IP-10), monocyte chemotactic protein
(MCP-1), macrophage inflammatory protein (MIP)-1a, MIP-1b,
platelet derived growth factor-BB (PDGF-BB), regulated upon acti-
vation T cell expressed and secreted (RANTES), tumor necrosis fac-
tor (TNF), and vascular endothelial growth factor (VEGF). The
samples were analyzed on a Multiplex Analyser (Bio-Rad Laborato-
ries) according to instructions from the manufacturer.
2.6. Statistical analysis

All statistical analyses were carried out in R Development Core
Team (2008). Four cytokines (IL-15, eotaxin, G-CSF and GM-CSF)
had a large amount of missing data, and were excluded from fur-
ther analyses. Cytokine values below lower detection limit (LDL)
were replaced with a random value in the interval between zero
and LDL for each specific cytokine. Two patients and three healthy
controls had missing cytokine values not being caused by the value
being below LDL, and these were removed from the analyses of
cytokine expression. Patients with CFS were compared with
healthy controls by applying Student t, Mann–Whitney, v2, or
Fisher exact tests as appropriate. CFS patients adhering to the Fuk-
uda criteria were compared to the healthy controls in the same
way. The level of significance was set at 0.05. The across-group
comparisons of individual cytokine network parameters (cf. below)
imply a large number of statistical tests, requiring adjustment of
the significance level according to the Bonferroni method (cf. Sup-
plementary Tables 4–12).

Cytokine expression networks for cases and controls were esti-
mated separately using the ARACNE algorithm (Margolin et al.,
2004, 2006) as implemented in the R package bnlearn (Scutari,
2010). The same network estimation procedure was used by
Broderick et al. (2010). To define the network parameters com-
puted, let G = (V,E) be a graph, with nodes (vertices) V and links
(edges) E. Network parameters (Freeman, 1979) were computed
for each of the 23 nodes in the networks, using the R package
igraph (Csardi and Nepusz, 2006). The degree of a node v is the
number of links incident upon v, and we denote it
CDðvÞ ¼ deg ðvÞ. The closeness, CCðvÞ, of v is the inverse of its far-
ness, where the latter measures the sum of its distances to all other
nodes. Betweenness, CBðvÞ, measures the number of times the
shortest path between two other nodes goes through v. Finally,
the eigenvector centrality of each node, CEðvÞ, was computed.

These network parameters are defined for each node in the net-
works; however, a summary across the entire network can be com-
puted through each parameter’s centralization measure. In other
words, aggregate measures for an entire cytokine network can be
found. For a given network parameter P (P ¼ B;C;D;or E, as defined
above), the centralization of the network is defined as

PN
j¼1CpðvmaxÞ � Cpðv jÞ

max
PN

j¼1CpðvmaxÞ � Cpðv jÞ

Here, N denotes the number of nodes in the graph, vj is the jth node,
CpðvmaxÞ denotes the maximum centralization observed in the
graph, and the denominator max

PN
j¼1CpðvmaxÞ � Cpðv jÞ is the theo-

retical maximum sum of differences which could be obtained for
any graph with N nodes. If the centralization for a given parameter,
e.g., closeness, is close to 1, the closeness of the graph is close to its
maximum, whereas if the centralization is close to zero, it has a very
low degree of closeness, and equivalently for the three other net-
work parameters.

A bootstrap procedure was applied, in which the networks for
cases and controls were computed separately through subsam-
pling with 10,000 replications. For each bootstrapping run, the
subsample size was equal to the number of samples. The central-
ization measures were computed for each network in order to
obtain confidence intervals for the difference in network parame-
ters between cases and controls. In further analyses, CFS patients
adhering to the Fukuda criteria were compared to healthy controls,
the network parameters for CFS patients having Chalder fatigue
score above or at median (median = 20) were compared to those
having score below median, and equivalently for the inflammation
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score (median = 2). Four CFS patients did not have a Chalder fatigue
score, and these were removed from the corresponding analysis, as
were three CFS patients whose inflammation score was missing.
3. Results

A total of 176 CFS patients were assessed for eligibility in the
NorCAPITAL trial, of which 120 fulfilled inclusion criteria. Reasons
Table 1
Background characteristics.

All CFS patients
(n = 120)

Healthy controls
(n = 68)

p-
Value

Gender – No. (%)
Male 34 (28) 22 (32) 0.620
Female 86 (72) 46 (68)

Age – years, mean (SD) 15.4 (1.6) 15.1 (1.6) 0.180
BMI – kg/m2, mean

(SD)
21.5 (4.2) 20.6 (3.7) 0.123

Adheres to Fukuda-criteria – No. (%)
No 29 (25) n.a.
Yes 88 (75)

Disease duration – months,
median (range)

18 (14) n.a.

P-values are based on Chi-square test or Student t-test, as appropriate. SD = stan-
dard deviation, n.a. = not applicable, BMI = body mass index, Fukuda-criteria = the
CFS diagnostic criteria from the International Chronic Fatigue Syndrome Study
Group (Fukuda et al., 1994).

Table 2
Symptoms and plasma cytokines.

All CFS patients
(n = 118)

CFS pa
fulfillin
Fukuda
(n = 87

Symptoms
Chalder fatigue questionnaire – total score, mean (SD) 19.3 (6.07) 19.9 (6
Inflammatory symptoms – mean (SD) 2.1 (0.90) 2.4 (0.8

Plasma cytokines
IL-1b – pg/mL, median (IQR) 2.2 (2.1) 2.4 (2.1
IL-1ra – pg/mL, median (IQR) 74 (80) 79 (83)
IL-2 – pg/mL, median (IQR) 3.9 (5.8) 4.3 (5.5
IL-4 – pg/mL, median (IQR) 2.0 (1.5) 2.1 (1.6
IL-5 – pg/mL, median (IQR) 3.0 (3.0) 3.1 (2.8
IL-6 – pg/mL, median (IQR) 7.1 (5.7) 7.6 (5.9
IL-7 – pg/mL, median (IQR) 8.8 (7.3) 8.9 (6.5
IL-8 – pg/mL, mean (SD) 7.3 (7.2) 5.4 (4.6
IL-9 – pg/mL, median (IQR) 11 (9.9) 12.0 (9
IL-10 – pg/mL, median (IQR) 3.1 (5.1) 3.4 (5.2
IL-12 – pg/mL, median (IQR) 9.0 (10.9) 9.4 (10
IL-13 – pg/mL, median (IQR) 3.1 (3.2) 3.2 (3.2
IL-17 – pg/mL, median (IQR) 29 (38) 31 (37)
FGF – pg/mL, median (IQR) 35 (33) 39 (32)
INFc – pg/mL, median (IQR) 91 (84) 94 (81)
IP10 – pg/mL, median (IQR) 333 (258) 365 (27
MCP1 – pg/mL, median (IQR) 10.4 (8.0) 10.4 (8
MIP-1a – pg/mL, mean (SD) 5.8 (3.3) 5.8 (4.6
MIP-1b – pg/mL, median (IQR) 40 (17) 39 (18)
PDGF-BB – pg/mL, median (IQR) 239 (315) 240 (28
RANTES – ng/mL, mean (SD) 11.1 (8.6) 11.1 (1
TNF – pg/mL, median (IQR) 47 (40) 50 (40)
VEGF – pg/mL, mean (SD) 15 (24) 10 (11)

P-values are based on Student t-test or Mann–Whitney’s test, depending upon variable d
CFS diagnostic criteria from the International Chronic Fatigue Syndrome Study Group
antagonist; IL-2 = interleukin-2; IL-4 = interleukin-4; IL-5 = interleukin-5; IL-6 = interleu
leukin-10; IL-12 = interleukin-12; IL-13 = interleukin-13; IL-17 = interleukin-17; FGF = fib
protein 10; MCP-1 = monocyte chemotactic protein-1; MIP-1b = macrophage inflammato
on activation, normal T-cell expressed and secreted; TNF = tumor necrosis factor; VEGF
for not being included encompass uncertain diagnosis (6 persons),
usage of prescribed medicines (6 persons), older than age limits (5
persons) and declined participation (9 persons), as has been out-
lined in detail elsewhere (Sulheim et al., 2014). In addition, 68
healthy controls were included. Gender, age and body mass index
were equally distributed in the two groups (Table 1), as were usage
of tobacco/alcohol/illegal drugs, routine hematology/biochemistry
tests, and age at menarche/days since last menstrual bleeding
among female participants (Supplementary Table 1). In the CFS
group, 75% adhered to the Fukuda case definition.

The CFS patients had significantly higher scores for fatigue and
inflammatory symptoms than healthy controls (Table 2, Supple-
mentary Table 2). All cytokine levels were similar and not statisti-
cally different among the two groups, even when adjusting for
adherence to the Fukuda case definition and when comparing male
and female participants separately.

Likewise, aggregate measures for the entire cytokine network
were almost identical among CFS patients and healthy controls
(Table 3, Supplementary Table 3). Also, after correction for test
multiplicity, there were no statistical significant across-group dif-
ferences for individual cytokine network parameters (Supplemen-
tary Tables 4–7), nor did we find any significant differences when
female patients fulfilling the Fukuda criteria were compared with
healthy female controls (Supplementary Tables 8–12).

Within the patient group, we did not find any associations
between aggregate cytokine network parameters and symptom
scores (fatigue and inflammatory symptoms) (Table 4).
tients
g
-criteria
)

Healthy controls
(n = 65)

p-Value (all CFS
patients
vs controls)

p-Value (CFS-patients
(n = 87)
fulfilling Fukuda-criteria vs
controls)

.0) 8.71 (4.65) <0.001 <0.001
7) 1.3 (0.53) <0.001 <0.001

) 2.6 (2.7) 0.713 0.957
80 (119) 0.709 0.832

) 5.2 (7.1) 0.284 0.636
) 2.2 (2.0) 0.248 0.424
) 3.4 (3.7) 0.600 0.839
) 7.6 (6.4) 0.926 0.746
) 8.1 (10.5) 0.993 0.923
) 7.7 (6.0) 0.720 0.969

.0) 13 (12) 0.417 0.564
) 4.1 (7.3) 0.508 0.703
.7) 9.5 (18.1) 0.884 0.978
) 3.2 (3.1) 0.684 0.833

38 (44) 0.297 0.424
38 (41) 0.710 0.958
106 (118) 0.420 0.670

8) 353 (233) 0.469 0.914
.6) 9.6 (5.8) 0.326 0.295
) 5.6 (3.4) 0.660 0.814

39 (21) 0.315 0.252
9) 235 (364) 0.283 0.377

5.3) 10.7 (7.5) 0.751 0.315
53 (53) 0.629 0.851
14 (13) 0.623 0.458

istribution. SD = standard deviation; IQR = interquartile range; Fukuda-criteria = the
(Fukuda et al., 1994); IL-1b = interleukin-1 beta; IL-1ra = interleukin-1 receptor

kin-6; IL-7 = interleukin-7; IL-8 = interleukin-8; IL-9 = interleukin-9; IL-10 = inter-
roblast growth factor; INFc = interferon gamma; IP-10 = interferon gamma-induced
ry protein 1beta; PDGF-BB = platelet-derived growth factor-BB; RANTES = regulated
= vascular endothelial growth factor.



Table 4
Relationship between aggregate cytokine network parametersa and symptoms in all CFS patients and in CFS patients fulfilling the Fukuda-criteria.

All CFS patients (n = 118) CFS patients fulfilling Fukuda-criteria (n = 87)

Chalder Fatigue Score (CFQ) 95% confidence interval for
difference

Chalder Fatigue Score (CFQ) 95% confidence interval for
difference

Pmedian
(n = 61)

<median
(n = 53)

Pmedian
(n = 50)

<median
(n = 37)

Betweenness
centrality

0.42 0.46 (�0.25 to 0.22) 0.42 0.41 (�0.20 to 0.26)

Closeness centrality 0.19 0.24 (�0.19 to 0.12) 0.18 0.22 (�0.19 to 0.13)
Degree centrality 0.10 0.12 (�0.13 to 0.09) 0.10 0.12 (�0.12 to 0.08)
Eigenvector

centrality
0.72 0.70 (�0.17 to 0.22) 0.72 0.69 (�0.15 to 0.20)

Inflammatory symptom score 95% confidence interval for
difference

Inflammatory symptom score 95% confidence interval for
difference

Pmedian
(n = 71)

<median
(n = 44)

Pmedian
(n = 49)

<median
(n = 38)

Betweenness
centrality

0.43 0.45 (�0.26 to 0.25) 0.43 0.42 (�0.24 to 0.27)

Closeness centrality 0.19 0.25 (�0.19 to 0.11) 0.19 0.23 (�0.18 to 0.13)
Degree centrality 0.11 0.12 (�0.10 to 0.09) 0.11 0.11 (�0.09 to 0.09)
Eigenvector

centrality
0.72 0.69 (�0.15 to 0.21) 0.71 0.70 (�0.19 to 0.21)

a Aggregate cytokine network parameters are characteristics that apply to the entire cytokine network in CFS patients and healthy controls, respectively. Fukuda-
criteria = The CFS diagnostic criteria from the International Chronic Fatigue Syndrome Study Group (Fukuda et al., 1994).

Table 3
Aggregate cytokine network parameters.a

All CFS patients
(n = 118)

CFS patients
fulfilling
Fukuda-criteria
(n = 87)

Healthy controls
(n = 65)

95% confidence interval
(all CFS patients vs.
controls)

95% confidence interval (CFS-patients
fulfilling Fukuda-criteria (n = 87) vs
controls)

Betweenness centrality 0.43 0.42 0.50 (�0.32 to 0.20) (�0.33 to 0.20)
Closeness centrality 0.18 0.18 0.31 (�0.27 to 0.04) (�0.27 to 0.05)
Degree centrality 0.10 0.09 0.15 (�0.18 to 0.05) (�0.18 to 0.05)
Eigenvector centrality 0.72 0.71 0.72 (�0.17 to 0.17) (�0.17 to 0.17)

a Aggregate cytokine network parameters are characteristics that apply to the entire cytokine network in CFS patients and healthy controls, respectively. Fukuda-
criteria = the CFS diagnostic criteria from the International Chronic Fatigue Syndrome Study Group (Fukuda et al., 1994).
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4. Discussion

This study shows that although adolescent CFS patients are bur-
dened by symptoms that might suggest low-grade systemic
inflammation, plasma levels of individual cytokines as well as cyto-
kine network measures are not different from healthy controls,
even when a more restrictive case definition of CFS is applied. Fur-
thermore, within the CFS group, those with the highest symptom
scores are not significantly different from those with the lowest.

Our results contrast several previous studies reporting elevation
of proinflammatory cytokines in adult CFS (Maes et al., 2012;
Fletcher et al., 2009; Broderick et al., 2010). In the present study,
we have carefully replicated the methods used by Broderick et al.
(2010); thus, the reason for this discrepancy is not clear. One
explanation might be that adolescent CFS deviates from adult
CFS in terms of pathophysiology, but this seems unlikely as impor-
tant aspects of disease mechanisms appears to be similar across
age groups. For instance, both adolescent and adult CFS patients
are characterized by HPA-axis attenuation (Segal et al., 2005;
Papadopoulos and Cleare, 2011), sympathetic predominance of
autonomic cardiovascular control (Wyller et al., 2007; Martínez-
Martínez et al., 2014) and slight cognitive impairments (Haig-
Ferguson et al., 2009; De Luca et al., 1997). Another explanation
might be that the wide inclusion criteria of the present study have
obscured differences that pertain to a subgroup of CFS patients.
However, the studies by Fletcher et al. (2009) and by Broderick
et al. (2010) applied the Fukuda case definition, whereas in the
present study, subgrouping according to this case definition did
not alter the results. A third possibility is publication bias in the
scientific literature, favoring findings of differences; of note, there
exists, however, one previous study of adult CFS which is in accor-
dance with our results (Vollmer-Conna et al., 2007). Finally,
although a multiplex strategy was used in both studies, these
assays are designed to accommodate simultaneous measurement
of many analytes, and compromises are inevitably made for the
individual analytes. Thus, different sets of antibodies may not nec-
essarily differentiate between free or complexed cytokines, differ-
ent glycosylation or monomeric/multimeric forms, ultimately
complicating comparisons between different studies (Banks, 2000).

The previous findings of abnormal cytokine expression have
mounted theories of low-grade systemic inflammation as a central
part of CFS pathophysiology (Arnett and Clark, 2012; Morris et al.,
2014). Accordingly, chronic fatigue is associated with high levels of
proinflammatory cytokines in several other conditions (Klimas
et al., 2012). The results of the present study, however, oppose sys-
temic inflammation as an important ingredient of adolescent CFS.
Whether there exist other immunological abnormalities in adoles-
cent CFS, such as inflammation confined to the central nervous sys-
tem, is an important area for further research.

The results of the present study also raise questions regarding
the association between biomarkers and specific symptoms. Dur-
ing infections and autoimmune conditions, the brain effect of pro-
inflammatory cytokines such as IL-1b, IL-6 and TNF has been linked
to the experience of bodily symptoms such as chills, fever, and fati-
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gue, as well as ‘‘sickness behavior’’ (Dantzer et al., 2008). Such cau-
sal associations seem to be an underlying assumption for the
efforts of developing novel case definitions of CFS based upon
detailed symptom requirements (Carruthers et al., 2011). However,
the results of the present study suggest that CFS patients’ experi-
ences of fatigue and inflammatory symptoms is not caused by
altered cytokine expression. Accordingly, in a previous publication
from the NorCAPITAL project, normalization of other biomarkers
(plasma norepinephrine and serum C-reactive protein) over time
did not influence symptom scores (Sulheim et al., 2014). The rela-
tionship between pathophysiological phenomena and subjective
symptoms is vital for the understanding of CFS as well as develop-
ment of valid diagnostic criteria, and should be a focus for further
research.

This study had some limitations. The wide inclusion criteria
might have obscured results pertaining to a subgroup; however,
adjusting for adherence to the Fukuda-definition did not alter the
cross-sectional comparison. Likewise, the lack of formal matching
of patients and controls on certain variables, such as age and
body-mass index, might have obscured across-group differences.
In addition, the fact that our inclusion criteria are not identical to
common international standards might reduce generalizability.
The fatigue scores from the Chalder Fatigue Questionnaire were
lower among both CFS patients and controls as compared to a
recent study of adults (Cella and Chalder, 2010). This might be
partly explained from the exclusion of the most disabled, i.e. bed-
ridden, patients in the present study, causing a risk of a type 2-
error. However, it should be noted that fatigue scores tend to be
low among young persons as well as in the general Norwegian
population (Loge et al., 1998). The composite score reflecting
inflammatory symptoms has not been formally validated, and it
is possible that a relationship between cytokine expression and
symptoms might have been discovered using inventories with
higher sensitivity. Our cytokine assay did not include assessment
of Transforming Growth Factor beta, which has been reported to
be elevated in previous CFS studies (Peterson et al., 1994;
Bennett et al., 1997). Furthermore, we have not assessed cytokine
responses to exercise and other stimuli. Normal levels at rest do
not rule out abnormal response patterns, however, a recent review
did not find evidence of such abnormalities in CFS (Nijs et al.,
2014). Despite these limitations we argue that our results generally
are in support of similar, physiological levels of plasma cytokines
in patients with CFS and in healthy controls.

5. Conclusion

Adolescent CFS patients are burdened by symptoms that might
suggest low-grade systemic inflammation, but plasma levels of
individual cytokines as well as cytokine network measures did
not differ from healthy controls, and there were no associations
between symptoms and cytokine expression in the CFS group.
Low-grade systemic inflammation does not seem to be a central
part of adolescent CFS pathophysiology.
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