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Strengths and limitations of this study

 ► To the best of our knowledge, this is the first sys-
tematic review of neuroimaging studies that have 
investigated chronic fatigue syndrome/Myalgic 
Encephalomyelitis/myalgic encephalomyelitis (CFS/
ME) using MRI.

 ► We reviewed both structural MRI and functional MRI 
(fMRI) studies of CFS/ME.

 ► We identified common limitations across the neu-
roimaging studies and make recommendations for 
future research.

 ► We were unable to find conclusive evidence for neu-
ral biomarkers of CFS/ME.

 ► The main limitation of the current systematic review 
is that a meta- analysis was not possible because of 
the different methodologies across the studies, such 
as fMRI studies using a variety of tasks to assess 
different cognitive functions.

AbStrACt
Objective This systematic review aims to synthesise 
and evaluate structural MRI (sMRI) and functional MRI 
(fMRI) studies in chronic fatigue syndrome/myalgic 
encephalomyelitis (CFS/ME).
Methods We systematically searched Medline and Ovid 
and included articles from 1991 (date of Oxford diagnostic 
criteria for CFS/ME) to first April 2019. Studies were 
selected by predefined inclusion and exclusion criteria. 
Two reviewers independently reviewed the titles and 
abstracts to determine articles for inclusion, full text and 
quality assessment for risk of bias.
results sMRI studies report differences in CFS/ME brain 
anatomy in grey and white matter volume, ventricular 
enlargement and hyperintensities. Three studies report no 
neuroanatomical differences between CFS/ME and healthy 
controls. Task- based fMRI investigated working memory, 
attention, reward and motivation, sensory information 
processing and emotional conflict. The most consistent 
finding was CFS/ME exhibited increased activations and 
recruited additional brain regions. Tasks with increasing 
load or complexity produced decreased activation in task- 
specific brain regions.
Conclusions There were insufficient data to define a 
unique neural profile or biomarker of CFS/ME. This may 
be due to inconsistencies in finding neuroanatomical 
differences in CFS/ME and the variety of different tasks 
employed by fMRI studies. But there are also limitations 
with neuroimaging. All brain region specific volumetric 
differences in CFS/ME were derived from voxel- based 
statistics that are biased towards group differences that 
are highly localised in space. fMRI studies demonstrated 
both increases and decreases in activation patterns in 
CFS/ME, this may be related to task demand. However, 
fMRI signal cannot differentiate between neural excitation 
and inhibition or function- specific neural processing. Many 
studies have small sample sizes and did not control for the 
heterogeneity of this clinical population. We suggest that 
with robust study design, subgrouping and larger sample 
sizes, future neuroimaging studies could potentially lead to 
a breakthrough in our understanding of the disease.

IntrOduCtIOn
Chronic fatigue syndrome (CFS), also 
known as myalgic encephalomyelitis/
myalgic encephalopathy (ME) is a disorder 

characterised by persistent fatigue which lasts 
for at least 4 months or 6 months (depending 
on the diagnostic criteria) and is associated 
with a variety of symptoms. One of the most 
common symptoms is cognitive dysfunction 
which is reported in >94% of adults.1 CFS/ME 
is relatively common. A recent meta- analysis 
performed by Johnston et al (2014) indicates 
a prevalence of 0.76% (95% CI 0.23% to 
1.29%) based on clinically confirmed cases 
in several countries.2 Over 50% of adults 
who access specialist care are unemployed 
because of CFS/ME.3 The aetiology and 
pathophysiology of CFS/ME are not known 
and the underlying mechanism for cognitive 
dysfunction is not understood.

Imaging techniques such as MRI have been 
used to aid clinical diagnoses for decades. 
A variety of MRI techniques have been used 
in neurology from structural MRI (sMRI) in 
lesion detection to functional MRI (fMRI) 
applications for neurosurgical planning. 
Recently MRI has been used to examine 
fatigue and cognition in CFS/ME. This 
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Figure 1 Preferred Reporting Items for Systematic Reviews 
and Meta- Analyses (PRISMA) flow chart showing the method 
followed. The PRISMA flow diagram for the systematic review 
detailing the database searches, the number of abstracts 
screened and the full texts retrieved. CFS/ME, chronic fatigue 
syndrome//myalgic encephalomyelitis; fMRI, functional MRI; 
sMRI, structural MRI.

systematic review aims to evaluate the use of sMRI and 
fMRI to investigate CFS/ME. We also aim to provide an 
insight into what MRI can offer to our understanding of 
cognitive dysfunction in CFS/ME. Finally, we will make 
suggestions for future directions of research.

MAterIAl And MethOdS
We searched Medline and Ovid and included articles from 
1991 (Oxford diagnostic criteria for CFS/ME) to April 
2019. We included all English language studies using MRI 
to investigate CFS. We used the following key words (and 
abbreviations) for CFS/ME: ‘chronic fatigue syndrome’, 
‘fatigue syndrome, chronic’, ‘myalgic encephalomyelitis’, 
‘myalgic encephalopathy’, ‘CFS’, ‘ME’ or ‘CFS/ME’. To 
detect all structural and functional studies which used 
MRI in participants with CFS/ME, we used the following 
keywords for imaging techniques: ‘MRI’, ‘MRI’, ‘struc-
tural MRI’, ‘sMRI’, ‘functional MRI’, ‘functional MRI’, 
‘fMRI’, ‘resting state functional MRI’, ‘resting- state func-
tional MRI’, ‘resting- state functional MRI’, ‘resting state 
functional MRI’, ‘rsfMRI’ and ‘rs- fMRI’. The full search 
strategy is provided in (online supplementary file 1) 
‘SearchFile MEDLINE and OVID’.

We included all studies which used one of the five 
major CFS/ME definition criteria; Fukuda, Centers for 
Disease Control and Prevention(CDC), National Institute 
for Health and Care Excellence, Canadian or Oxford 
criteria and there was no age restriction. Duplicates, case 
study articles and editorials were excluded. Two reviewers 
(BA, CL) independently reviewed the titles and abstracts 
of identified studies and potentially relevant articles 
were identified for full- text review. Two reviewers inde-
pendently reviewed full- text articles to determine which 
articles were eligible. Disagreements were resolved by 
discussion until consensus was reached.

risk of bias assessment
We assessed study quality and risk of bias using the 
following criteria outlined in Nichols et al:4 clearly stated 
research objective; recruitment procedure; inclusion/
exclusion criteria; description of sample demographics; 
reporting of imaging methodology; and whether compar-
ison groups were used. These criteria have been set 
with the aim to increase the reproducibility of research 
for neuroimaging studies using MRI. Stating clearly the 
recruitment procedure, inclusion/exclusion criteria, 
population demographics and comparison group enables 
a critical reader to evaluate the study and to determine 
whether the sample may be susceptible to bias and 
whether the results are generalisable.4 If a study fully 
reported all criteria, it was considered a high- quality 
study with low risk of bias. If it failed to report one crite-
rion, it was considered a medium quality paper. Finally, 
if it failed to report two or more criteria, it was consid-
ered a low- quality study with a high risk of bias. Given the 
low number of identified studies, we did not exclude any 
studies based on quality assessment, but we reviewed the 

results taking study quality into consideration. We did not 
submit this work to an ethics committee because it is a 
systematic review of the literature.

Patient and public involvement
No patient or public were involved.

reSultS
A total of 824 papers was identified. Of these, 132 were 
duplicates and 3 were not in English (see figure 1). Of 
the remaining 689, there were 629 that did not fit our 
eligibility criteria leaving 60 papers for full- text review. Of 
these, 20 studies were excluded because they did not use 
sMRI or fMRI applications. A further five were excluded 
because the CFS/ME diagnostic criteria used were not 
clear. Therefore, we extracted data from 35 studies. Of 
the papers included, 19 were sMRI and 16 were fMRI 
studies.

CFS/Me diagnostic criteria and MrI images acquisition
Details on the diagnostic criteria as well as MRI images 
acquisition are available in table 1 for sMRI studies and 
table 2 for fMRI studies.

Image analysis
 ► sMRI
In 13 studies, quantitative computational analysis, such 

as statistical parametrical mapping (SPM) and FMRIB 
Software Library (FSL), of images was carried out by 
utilisation of an automated technique.5–16 However, six 
studies in sMRI relied on visual inspection by two radiolo-
gists and where there was disagreement a third radiologist 
was involved.17–22

https://dx.doi.org/10.1136/bmjopen-2019-031672
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Table 1 Summary of 19 sMRI studies in CFS/ME

Authors
CFS 
definition

Sample size
CFS/HC*

Age†
~CFS
~HC*

Sex
M/F

Magnetic 
strength in 
Tesla (T)

Full MRI protocol
Y=Yes
N=Not mentioned

Analysis 
method

Comparison 
groups

Barnden et al5 Fukuda and 
Canadian

25/25 19–46 6/19 1.5 Y SPM5 CFS vs HC

Barnden et al6 Canadian 25/25 19–46
20–46*

6/19 1.5 Y SPM5 CFS vs HC

Barnden et al7 Fukuda and 
Canadian

25/25 19–46
20–46*

6/19 1.5 Y SPM5 CFS vs HC

Shan et al8 Canadian 38/14 34.8
34.7*

11/27
4/10*

1.5 Y SPM12 CFS vs HC

de Lange et al9 CDC 28/28 19–37
19–42*

0/28 1.5 N SPM2 CFS vs HC

de Lange et al10 CDC 22/22 ~36
~37*

0/22 1.5 Y SPM CFS vs HC

Okada et al11 CDC 16/49 24–46
21–47*

10/6
27/22*

1.5 Y SPM2 CFS vs HC

van der Schaaf et al12 CDC 89/26 18–65
19–55*

0/89
0/26

3.0 Y SPM12 CFS vs HC

Finkelmeyer et al13 Fukuda 42/28 45.2
48.4*

10/32
9/19*

3.0 Y SPM12 CFS vs HC

Puri et al14 CDC 26/26 ~42.9
~38.2*

7/19 3.0 Y FSL CFS vs HC

Shan et al15 Fukuda and 
Canadian

15/10 ~34.06
~30.5*
at first 
evaluation

4/11
2/8

1.5 Y SPM12 CFS vs HC

Barnden et al16 Fukuda 43/27 N‡ N‡ 3.0 Y SPM12 CFS vs HC

Natelson et al17 CDC 52/52 16–56 6/46 0.35, 0.5, 1.0 
and 1.5

Y Visual 
inspection

CFS vs HC

Perrin et al18 CDC 18/9 20–55
22–53*

10/8
5/4*

3.0 Y Visual 
inspection

CFS vs HC

Greco et al19 Oxford and 
CDC

43/43 22–78 14/29 1.5 Y Visual 
inspection

CFS vs HC

Schwartz et al20 CDC 16/15 24–61
24–64*

5/11
5/10*

1.5, 0.5 Y Visual 
inspection

CFS vs HC

Lange et al21 Fukuda 39/19 36–40 20/40 1.0T Y Visual 
inspection

CFS vs HCs

Lange et al22 CDC 28/15 ~39.1
~37.7*

6/22
2/13*

1.0 Y Visual 
inspection

CFS vs HC

Zeineh et al37 Fukuda 15/14 20–66 7/8
6/8*

3.0 Y FSL CFS vs HC

*Healthy controls
†Some studies provided average age and others provided a range
‡Not mentioned
CDC, Centers for Disease Control and Prevention; CFS, chronic fatigue syndrome; F, female; FSL, FMRIB Software Library; HC, healthy controls; M, male; ME, 
myalgic encephalomyelitis; sMRI, structural MRI; SPM, statistical parametric mapping.

 ► fMRI
All of the 16 studies used quantitative computational 

analysis, such as SPM,8 23–32 Analysis of Functional Neuro-
Images software, Individual Brain Activation Maps 
(XBAM) software33 34 and FSL.35

sMrI results
Details of the 19 sMRI studies are available in table 1.

General findings
Of the 19 studies included in this systematic review, 16 
showed some structural differences between CFS/ME 

and healthy controls. These included both grey matter 
volume and white matter volume reduction, ventricular 
enlargement, white matter hyperintensities, lesions and 
cortical thickening. In contrast, three studies did not 
reveal any differences between participants with CFS/ME 
and healthy controls and therefore questioned the ability 
of sMRI scans to detect brain changes in CFS/ME.6 12 18

Radiological reporting
To evaluate and compare the sMRI of CFS/ME and 
healthy controls these studies used one reviewer,19 two 
neuroradiologists17 18 21 22 or three neuroradiologists20 
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Table 2 Summary of 16 fMRI studies in CFS/ME

Authors
CFS 
definition

Sample size
CFS/HC*

Age†
~CFS
~HC

Sex
M/F
CFS
HC

Magnetic 
strength in 
Tesla (T)

Full MRI 
protocol

Analysis 
method Task for fMRI

Comparison 
groups

Gay et al23 Fukuda 19/17 ~48.75 0/19
0/17

3.0 Y SPM8 Resting state CFS vs HC

Kim et al24 CDC 18/18 25–54 0/18
0/18

3.0 Y SPM8 Resting state CFS vs HC

Wortinger et al25 Fukuda 15/24 12–18 1/14
8/16

1.5 Y SPM8 Emotional conflict 
effect

CFS only

Wortinger et al26 Fukuda and 
NICE

18/18 12–18 2/16
2/16

3 Y SPM8 Resting state CFS vs HC

Cook et al27 Fukuda 9/11 ~43
~42

3/6
3/8

3.0 Y SPM2 Working memory CFS vs HC

Mizuno et al28 Fukuda 13/13 ~13 4/9
7/6

3.0 Y SPM8 Reward 
processing

CFS vs HC

Mizuno et al29 Fukuda 15/13 11–14 9/6
4/9

3.0 Y SPM5 Dual attention 
task

CFS vs HC

de Lange et al30 CDC and 
Fukuda

16/16 20–45 0/16
0/16

1.5 Y SPM99 Mental rotation 
task

CFS vs HC

Lange et al31 CDC and 
Fukuda

Study 1 6/7
Study 1
~38.17
~30.71

Study 1
0/100%
43/57%

1.5 Y SPM99 Simple attention 
and working 
memory

CFS vs HC

Study 2 19/15 Study 2
~37.53
~30.80

Study 2
16/84%
32/68%

Tanaka et al32 Fukuda 6/7 ~30.4
~26.1

6/0
7/0

3.0 Y SPM99 Visual search CFS vs HC

Caseras et al33 CDC 17/12 22–45 8/11 1.5 Y XBAM 
software

Working memory CFS vs HC

Caseras et al34 CDC and 
Fukuda

12/11 22–45 34/66% 1.5 Y XBAM 
software

Fatigue and 
anxiety provoking 
mimic real- life 
situation

CFS vs HC

Wortinger et al35 Fukuda
and NICE

18/18 12–18 2/16 3.0 Y FSL Resting state CFS vs HC

Miller et al42 CDC 18/41 ~47.2
~44.2

2/16
33/8

3.0 Y AFNI Reward 
processing

CFS vs HC

Shan et al40 Fukuda 45/27 47.12 
(11.67) 
/43.10 
(13.77)

12/33
9/18

3 Y SPM12 Stroop task and 
resting state

CFS vs HC

Cook et al41 CDC and
Fukuda

15/15 42.7 (11.1) 
/43.2 
(10.4)

0/15
0/15

3 Y AFNI PASAT, simple 
number 
recognition and 
finger tapping

CFS vs HC

*Healthy controls
†Some studies provided average age and others provided a range
AFNI, Analysis of Functional NeuroImages; CDC, Centers for Disease Control and Prevention; CFS, chronic fatigue syndrome; F, female ; fMRI, functional MRI; 
FSL, FMRIB Software Library; HC, healthy control; M, male; ME, myalgic encephalomyelitis; NICE, National Institute for Health and Care Excellence; PASAT, Paced 
Auditory Serial Addition Test; SPM, statistical parametrical mapping; XBAM, Individual Brain Activation Maps.

to visually inspect the images. Two MRI studies found 
ventricular enlargement,17 22 while three studies reported 
white matter hyperintensities or abnormalities, which 
were defined as lesions, identified by high signal intensity 
on T2 or proton density- weighted pulse sequences.17 20 21 
In these studies, age was only accounted for by using age- 
matched healthy controls. Lange et al21 reported that 
41% of the MRI scans showed abnormalities. Further 
changes or lesions were reported in the supratentorial 

periventricular white matter,19 periventricular white 
matter, subcortical white matter and in the centrum 
semiovale.20 However, a longitudinal study, with 1 year 
follow- up, failed to detect any differences between CFS/
ME and healthy control groups at baseline and after a 
year in cerebrospinal fluid, white matter hyperintensities, 
ventricular volume and failed to observe any abnormali-
ties in the CFS/ME group.18 These studies used manual 
segmentation of the cerebrospinal fluid. The resultant 
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images were registered into a standard space, segmented 
into 12 segments, defined by the mid- sagittal plane. 
Images were manually checked to exclude irrelevant 
areas, and finally, checked by an experienced neurora-
diologist using the Scheltens et al method.18 36

White matter volume reduction was reported in five 
studies8 13–15 37 and white matter changes or lesions were 
reported in three further studies.7 19 20 In a recent study, 
Finkelmeyer et al13 showed a substantial increase in grey 
matter volume and decrease in white matter volume in CFS/
ME compared with healthy controls.13 Moreover, they used 
an automated voxel- wise analysis, Computational Anatomy 
Toolbox (CAT12) in SPM12, which showed that the insula 
and amygdala had increased grey matter volume in the CFS/
ME group, while the midbrain, pons and right temporal 
lobe, had decreased white matter volume.13 Two studies, by 
the same research group, showed a marked reduction in 
the white matter volume in left inferior front- occipital fascic-
ulus in participants with CFS/ME compared with healthy 
controls.8 15 Puri et al14 found a reduction in white matter 
volume in the left occipital lobe as well as the posterior part 
of the left parahippocampal gyrus in the CFS/ME group 
compared with the healthy control group.14 Changes in white 
matter observed on T2- weighted images in the right middle 
temporal lobe were related to cognition. Authors were able 
to demonstrate that white matter volume was negatively 
correlated with CFS/ME disease duration.5 7 This means that 
white matter volumes decreased with increased disease dura-
tion.5 7 Zeineh et al37 showed bilateral white matter atrophy in 
supratentorial was present in CFS/ME.37

Grey matter volume reduction was the main result in five 
studies.5 9–11 14 There was reduced global grey matter volume 
in three studies5 9 10 and regional grey matter volume differ-
ence in the two studies.11 14 The reduction in grey matter 
volume was observed in the occipital lobes, right angular 
gyrus, left parahippocampal gyrus and in the bilateral 
prefrontal cortex.11 14 Grey matter volume reduction has been 
associated with functional deficits, that may be influenced by 
pain38 39 illness or age factors, thereby having a detrimental 
impact on quality of life for participants with CFS/ME.11 14

Longitudinal studies
Three studies compared sMRI in participants with CFS/ME 
across two time points.10 15 18 de Lange et al10 used MRI to 
look at the effects of cognitive behavioural therapy (CBT) 
on brain volume. At baseline, they described a decrease in 
grey matter volume in participants with CFS/ME compared 
with healthy controls. They also described an increase in grey 
matter volume between pretreatment and post- treatment 
MRI in the lateral prefrontal cortex in participants with CFS/
ME, but this region remained unchanged in healthy controls. 
The increased grey matter volume in the lateral prefrontal 
cortex was correlated with health status, processing speed 
and physical activity.10 Shan et al15 compared MRI images of 
participants with CFS/ME and healthy controls acquired 6 
years apart. They found a substantial decrease in white matter 
volume in the left inferior fronto- occipital fasciculus in the 
CFS/ME group compared with the healthy control group. 

Perrin et al18 conducted a 1- year follow- up and demonstrated 
no significant abnormalities or differences between baseline 
and the 12- month follow- up MRI in CFS/ME compared with 
controls.18

fMrI results
Sixteen articles that employed fMRI were identified. 
Table 2 is a summary of these studies.

General findings
Sixteen fMRI studies were identified in this systematic review, 
5 employed resting state fMRI (rs- fMRI) and 11 used multiple 
tasks to investigate cognitive functioning in CFS/ME.

rs-fMRI and functional connectivity
Four out of the five rs- fMRI studies reported decreased func-
tional connectivity in participants with CFS/ME compared 
with healthy controls.23 26 35 40 Two studies reported a decrease 
in functional connectivity between the salience network and 
the right posterior insula.26 35 Wortinger et al35 reported a 
decrease in functional connectivity between the salience 
network and the right middle, posterior and anterior insula as 
well as between the salience network and superior temporal 
gyrus, precentral gyrus and thalamus, which are brain regions 
outside of the classic boundaries of the salience network.35 
Wortinger et al showed a reduction in functional connec-
tivity between the right dorsal anterior insula and the right 
posterior parietal cortex of the central executive network.26 
Gay et al23 found a disruption in the intrinsic connectivity 
within the left frontoparietal network. More specifically, they 
found reduced coupling of activity between the left superior 
frontal gyrus and the five networks they investigated. These 
five networks included the default mode network, salience 
network, sensory motor network, and the left and right fron-
toparietal networks. Also, they found a decrease in func-
tional connectivity between the salience network and the 
left posterior cingulate cortex. The sensory motor network 
showed decreased functional connectivity with the left ante-
rior mid- cingulate cortex.23 Shan et al40 found decreased 
functional connectivity between the medial prefrontal cortex 
and both inferior parietal lobules.40 On the other hand, 
Kim et al 24 reported an increase in functional connectivity 
between the posterior parietal cortex and the dorsal anterior 
cingulate cortex, rostral anterior cingulate cortex, middle 
temporal cortex and precuneus in participants with CFS/
ME compared with healthy controls.24 Collectively the find-
ings from rs- fMRI studies suggest dysfunctional connectivity 
across a number of neural networks in CFS/ME.

fMRI and cognition
 ► Memory
Working memory was investigated in CFS/ME groups 

using a variety of tasks. Cook et al in a recent study (2017) 
and an older study (2007) reported no differences between 
CFS/ME and healthy controls in simple non- fatiguing tasks 
like finger tapping or auditory monitoring.27 41 However, 
CFS/ME participants showed significantly widespread 
increased cortical and subcortical activation throughout 
the complex and fatiguing cognitive task.27 41 Caseras et 
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al showed that, during performance of the n- back task, 
participants with CFS/ME exhibited increased activation 
compared with healthy controls in medial prefrontal 
regions, during the 1- back condition.33 Conversely, in the 
more challenging conditions (2- back and 3- back condi-
tions) participants with CFS/ME showed decreased acti-
vation in dorsolateral prefrontal and parietal cortices, 
which are working memory related brain regions.33 More-
over, they found that the CFS/ME group activated a large 
cluster in the right inferior/medial temporal cortex while 
performing 2- back and 3- back conditions not activated in 
healthy controls.33 Trend analysis of the load of the task 
showed statistically significant differences in activation 
in the brain between CFS/ME and the healthy control 
groups as task demand increased.33

 ► Attention
Mizuno et al reported that a dual attention task revealed 

activation in the left dorsal inferior frontal gyrus was 
greater in the dual task condition than in the two single 
task conditions in both healthy controls and adolescents 
with CFS/ME. In healthy controls, the level of activation 
was positively associated with the fatigue score and nega-
tively correlated for the accuracy for story comprehen-
sion. In adolescents with CFS/ME, the activation of the 
dorsal anterior cingulate cortex and left middle frontal 
gyrus was only observed in the dual task condition. In addi-
tion, the levels of activation of the dorsal anterior cingu-
late cortex and left middle frontal gyrus were positively 
associated with both motivation and fatigue scores.29 In 
a recent study, Shan et al investigated CFS/ME using the 
Stroop task and could not find any differences between 
the groups.40 However, when they examined the default 
mode network they found lower functional connectivity 
between medial prefrontal cortex, left inferior parietal 
lobule, medial prefrontal cortex and posterior cingulate 
cortex in CFS/ME.40

 ► Reward and motivation
During a reward processing task/gambling task, the 

CFS/ME group showed significantly reduced activation 
in the right caudate and right globus pallidus compared 
with controls. Moreover, the decreased activation in the 
right globus pallidus was significantly associated with the 
elevation in mental fatigue and general fatigue, as evalu-
ated by the multidimensional fatigue inventory.42 Another 
study using a different gambling task showed activation of 
the bilateral caudate, putamen, and thalamus in both the 
healthy control group and the adolescents with CFS/ME 
group, when using high monetary reward condition.28 
In the low monetary reward condition activation of the 
bilateral caudate and thalamus was observed in both the 
healthy controls group and the adolescents CFS/ME 
group, but activation of the bilateral putamen was only 
observed in the healthy controls group.28

 ► Sensory information processing tasks
A mental rotation task showed that participants with 

CFS/ME had stronger responses in visual structures. 
During error trials, the dorsal anterior cingulate cortex 
was activated in both groups. However, the ventral 

anterior cingulate cortex was activated only when healthy 
controls made an error and remained inactive when 
participants with CFS/ME made an error.30 During the 
Paced Auditory Serial Addition Test (PASAT) task, partic-
ipants with CFS/ME demonstrated a significant increase 
in blood oxygen level dependant (BOLD) signal in bilat-
eral premotor and left superior parietal regions.30 41

A visual search task was used by Tanaka et al32 to 
examine the task- dependent brain regions.They showed 
a reduction in activation in bilateral visual cortices, left 
superior and inferior parietal lobules, and left precentral 
gyrus, for the fatigue- inducing task in both participants 
with CFS/ME and healthy controls. Furthermore, the 
amount of decrease in activation was the same in both 
groups. Conversely, the activation of auditory cortices 
throughout the fatigue- inducing period did not change 
in the healthy controls but was reduced in the partici-
pants with CFS/ME. The amount of reduction was asso-
ciated with fatigue which was measured immediately 
before the MRI session using a fatigue Visual Analogue 
Scale.32

When fatigue and anxiety were induced by mimicking 
real- life situations, the CFS/ME group reported fatigue 
and anxiety and exhibited an increase in activation in 
the occipitoparietal cortex, posterior cingulate gyrus and 
parahippocampal gyrus, as well as a reduction in func-
tional connectivity between dorsolateral and dorsome-
dial prefrontal cortices compared with healthy controls. 
These results suggest a relationship between provocation 
of fatigue and activations in these brain areas.34

 ► Emotional conflict
Emotional conflict tasks indicated that the CFS/ME 

group were less able to engage the left amygdala and 
left mid- posterior insula in response to conflict than 
the healthy group.25 Moreover, there was an associa-
tion between accuracy interference and conflict- related 
reactivity in the amygdala in adolescents with CFS/
ME. A significant decrease was observed in the left 
amygdala of adolescents with CFS/ME when compared 
with healthy controls. No difference was measured in 
the right amygdala between the groups. A significant 
decrease in the activity of the left mid- posterior insula 
was observed.25 No group differences between the two 
groups were reported in the right fronto- insular cortex, 
a key region of salience network responsible for inte-
grating other salience network regions in the processing 
of emotional information,43 and dorsal anterior cingu-
late cortex.25

QuAlIty ASSeSSMent FOr rISk OF bIAS
We applied the criteria from Nichols et al to assess study 
quality for risk of bias.4 See tables 3 and 4 for risk of bias 
assessment. The sMRI studies risk of bias assessment 
showed that study quality was highly variable. All fMRI 
studies were assessed to have low risk of bias and there-
fore considered high quality.
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Table 3 Shows risk of bias assessment for structural MRI studies

Authors
Research 
objectives

Recruitment 
procedure

Inclusion/
exclusion

Population 
demographics

Imaging 
protocol

Comparison 
group

Quantitative/
narrative

Risk of 
bias

Barnden et al5 Y Y Y Y Y CFS vs HC Q Low

Barnden et al6 Y Y Y Y Y CFS vs HC Q Low

Barnden et al7 Y Y Y Y Y CFS vs HC Q Low

Shan et al8 Y Y Y Y Y CFS vs HC Q Low

de Lange et al9 Y Y Y Y N CFS vs HC Q Medium

de Lange et al10 Y N Y Y Y CFS vs HC Q Medium

Okada et al11 Y Y Y Y N CFS vs HC Q Medium

van der Schaaf
et al12

Y Y Y Y Y CFS vs HC Q Low

Finkelmeyer et al13 Y Y Y Y Y CFS vs HC Q Low

Puri et al14 Y N Y Y Y CFS vs HC Q Medium

Shan et al15 Y Y N Y Y CFS vs HC Q Medium

Barnden et al16 Y Y Y Y Y CFS vs HC Q Low

Natelson et al17 Y Y Y Y Y CFS vs HC N Medium

Perrin et al18 Y N Y Y Y CFS vs HC N High

Greco et al19 Y Y Y Y Y CFS vs HC N Medium

Schwartz et al20 Y Y Y Y Y CFS vs HC N Medium

Lange et al21 Y Y Y Y Y CFS vs HC N Medium

Lange et al22 Y Y Y Y Y CFS vs HC N Medium

Zeineh et al37 Y Y Y Y Y CFS vs HC Q Low

CFS, chronic fatigue syndrome; HC, healthy controls.

Table 4 Shows risk of bias assessment for functional MRI studies

Authors
Research 
objectives

Recruitment 
procedure Inclusion/exclusion

Population 
demographics

Imaging 
protocol

Comparison 
group

Risk of 
bias

Gay et al23 Y Y Y Y Y CFS vs HC Low

Kim et al24 Y Y Y Y Y CFS vs HC Low

Wortinger et al25 Y Y Y Y Y CFS vs HC Low

Wortinger et al26 Y Y Y Y Y CFS vs HC Low

Cook et al27 Y Y Y Y Y CFS vs HC Low

Mizuno et al28 Y Y Y Y Y CFS vs HC Low

Mizuno et al29 Y Y Y Y Y CFS vs HC Low

de Lange et al30 Y Y Y Y Y CFS vs HC Low

Lange et al31 Y Y Y Y Y CFS vs HC Low

Tanaka et al32 Y Y Y Y Y CFS vs HC Low

Caseras et al33 Y Y Y Y Y CFS vs HC Low

Caseras et al34 Y Y Y Y Y CFS vs HC Low

Wortinger et al35 Y Y Y Y Y CFS vs HC Low

Miller et al42 Y Y Y Y Y CFS vs HC Low

Shan et al40 Y Y Y Y Y CFS vs HC Low

Cook et al41 Y Y Y Y Y CFS vs HC Low

CFS, chronic fatigue syndrome; HC, healthy controls.

GenerAl dISCuSSIOn
Structural MrI
This is the first systematic review of sMRI studies in 
CFS/ME. While authors were optimistic about finding 

a biomarker, the findings were inconsistent between 
studies which could be due to differences in method-
ology, sample sizes and underlying disease heteroge-
neity. Differences in methodology include using visual 
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inspection, computational analysis, different sample 
sizes and patients with CFS/ME with different duration 
of illness or symptom severity. The lack of automated 
analysis methods showed inconsistencies and found no 
differences between CFS/ME and healthy control groups 
in studies that used visual inspection.17 19 21 22 44 Studies 
reporting white matter changes, such as white matter 
hyperintensities and ventricular enlargement are not 
specific to CFS/ME. Illnesses such as multiple sclerosis 
also have a similar pattern of white matter alterations. As 
a result, the use of the automated analysis method might 
be crucial in improving the ability to find differences 
between brain regions in these subgroups.

The results from quantitative studies using automated 
analysis of brain volume in the CFS/ME group compared 
with controls showed reductions in brain volume in 
midbrain, pons and right temporal lobe,13 left inferior 
fronto- occipital fasciculus8 15 and left occipital lobe14 
while white matter abnormalities were reported in right 
middle temporal lobe.7 White matter volume reduction 
and abnormalities were found to be related to cognition.45 
White matter facilitates information transfer in the brain 
to enable fast and effective neural systems which is essen-
tial for cognitive operations.45 Any disturbance in these 
neural networks would affect aspects of cognition such as 
memory, visuospatial skills, language, attention and exec-
utive function, which rely on structural connectivity deliv-
ered by the myelinated systems.45 Barnden et al concluded 
that although the brain regulatory nuclei are working, 
the signalling to and from the peripheral sensor might be 
affected due to impairment of the two- way communica-
tion.6 Shan et al found a reduction in inferior fronto‐occip-
ital fasciculus and an association with working memory 
deficits, impaired concentration, poor motor coordina-
tion and inability to focus vision. This region plays a role 
in connecting the frontal lobe with the superior parietal 
lobe. In addition, the ventral subcomponent of inferior 
fronto‐occipital fasciculus connects the frontal lobe with 
the inferior occipital lobe and the temporobasal area.15 46

Five studies showed a reduction in grey matter volume. 
Three of these showed a global reduction5 9 10 and two 
showed a reduction in specific regions of the brain 
(occipital lobes, right angular gyrus and the posterior 
division left parahippocampal gyrus14 and in bilateral 
prefrontal cortex11). Grey matter reduction is of partic-
ular interest because it provides a possible explanation for 
the memory problems seen in CFS/ME. Puri et al found a 
reduction in grey matter volume in the posterior part of 
the left parahippocampal gyrus14 which has been shown 
to be affected in other diseases like age- related memory 
decline.47 Reduced grey matter volume was found among 
the CFS/ME group and was suggested to be a reason for 
neuronal downregulation which might be caused by envi-
ronmental impoverishment associated with the disease.10 
In one study, neurogenesis was directly correlated with 
physical exercise.9 However, given the nature of these 
cross- sectional studies, further research is required to 
support this hypothesis.

Three studies investigated CFS/ME longitudinally 
with varying periods (6–9 months with CBT, 1 year and 
6 years).10 15 18 sMRI showed evidence of CBT treatment 
effects on brain volume during a longitudinal study.10 
Moreover, the increase in grey matter volume indicates 
macroscopic cortical plasticity in the human brain and 
suggests that there is a dynamic relationship between cere-
bral anatomy and behavioural state.10 Furthermore, the 
increase in grey matter volume after CBT might be age- 
dependant as younger CFS/ME participants showed more 
improvement compared with older participants.10 Shan 
et al showed a reduction in left inferior fronto- occipital 
fasciculus (white matter) during a 6- year longitudinal 
study15 but this was not consistent with Perrin et al who 
conducted a 1- year follow- up.18 These differences in find-
ings could be due to differences in follow- up time. CFS/
ME may be a slow progressing illness, which is supported 
by the fact that neurodysfunction is related to the dura-
tion of illness.5 7 Alternatively, it could be due to different 
populations studied, as none of the studies defined their 
CFS/ME population accounting for subgroups.

Pain is an important factor which can occur at multiple 
sites, from the cerebral cortex to the spinal cord and 
is believed to be caused by maladaptive functional or 
structural plasticity of the nociceptive system.48 Pain 
is a common symptom in CFS/ME but not a primary 
symptom for diagnosis. Altered brain morphology on 
sMRI has been reported in many types of pain disorders, 
including chronic back pain,49–51 chronic tension- type 
headache,52 fibromyalgia,53 54 migraine55–57 and somato-
form pain disorder,58 thus, not unique to CFS/ME.

Moreover, sample sizes were usually small, less than 30 in 
most studies (12/19). CFS/ME is a heterogeneous condi-
tion, and therefore conflicting results could be caused by 
studying different phenotypes with different underlying 
disease mechanisms.59 CFS/ME does not currently have 
any biomarkers or clinical signs therefore diagnosis is 
based on self- reported symptoms and excluding alterna-
tive explanations for diagnosis. The use of self- reported 
symptoms leads to doubt about the validity of CFS/ME 
as an aetiologically homogeneous diagnosis.60 61 This, in 
turn, has produced research to empirically define cases 
and subgroups examining the heterogeneity of CFS/ME. 
Hickie et al used symptoms and demographics to empiri-
cally define a core group and a smaller polysymptomatic 
subgroup.62 A more recent study by Williams et al used 
latent class analysis to empirically define subgroups in 
a sample of 541 patients with CFS/ME and found five 
subgroups.63 This indicates that CFS/ME populations 
being studied may not have similar disease phenotypes, 
potentially resulting in the inconsistent findings.

Functional MrI
Most fMRI studies reported differences between CFS/ME 
participants and healthy controls in brain activity despite 
a lack of differences being detected in cognitive perfor-
mance. Studies that investigated CFS/ME using rs- fMRI 
observed reduced functional connectivity of the salience 
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network, which was interpreted as an altered or immature 
resting state network.23 24 26 35 In addition, investigating 
the default mode network showed a more complex and 
less coordinated network in the CFS/ME group.40 The 
authors suggested that brain network analysis could be a 
potential diagnostic biomarker for this disease. Kim et al 
hypothesised that this abnormal connectivity might be a 
result of a cognitive and emotional deficit in this group.24 
The salience network plays a major role in the connec-
tion between other brain networks such as the detection 
and integration of salient sensory information64 65 and 
switching between default mode network and central 
executive network.66 The altered functional connectivity 
may cause a disruption in the integration of important 
information, specifically for cognition.67 Moreover, 
disorders such as Alzheimer’s disease and multiple scle-
rosis, with attentional disruptions, have been associated 
with the presence of abnormalities of the default mode 
network. These diseases overlap with CFS/ME in clinical 
features such as attention and memory difficulties.23 Kim 
et al argued that the presence of default mode network 
deficit could be metabolically expensive thereby contrib-
uting to, or a causal factor of, fatigue, cognitive symptoms 
and postexertional malaise of CFS/ME.24

Differences in task difficulty may play a major role 
in why some studies reported increased activation 
while others reported decreased activation. Bryer et al 
conducted a meta- analysis of fMRI studies of memory 
function in patients with traumatic brain injury and 
concluded that the primary reason for the discrepancy 
in activation patterns across studies is attributable to task 
classification, where hyperactivation may be associated 
with continuous memory tasks and hypoactivation may 
be more prominent in discrete memory tasks.68 There 
have been a wide variety of tasks used in fMRI studies 
to assess differences between participants with CFS/ME 
and healthy controls. When rs- fMRI or simple tasks were 
employed, participants with CFS/ME showed decreased 
functional connectivity in various brain regions.23–28 35 40 42 
However, when more challenging tasks are employed, 
participants with CFS/ME exhibit widespread increased 
activation in task- related regions when compared with 
healthy controls.27 29 31 33 34 41 Most of the CFS/ME partic-
ipants performed at a similar level to healthy controls 
and it is not clear whether the increased activation was 
due to the increase in the task difficulty or because CFS/
ME participants were trying harder. This widespread 
activation may lead to an increase in demand on neural 
resources such as oxygen and glucose which in turn 
would lead to fatigue.10 Fatigue and lower performance 
have been associated with increased brain activity while 
performing a high- effort cognitive task.9 27 29 It has been 
hypothesised that severe fatigue consumes a significant 
amount of attentional resources in terms of recruiting 
additional brain regions for cognitive compensation to 
perform better in dual task depending on the degree of 
mental effort.29 33 Caseras et al suggested that the fear of 
being fatigued leads the CFS/ME group to avoid activity.33 

Impaired reward processing was suggested to decrease 
motivation to learn in adolescents with CFS/ME,28 while 
participants’ inability to engage the part of the brain (left 
amygdala and left midposterior insula) that responds to 
conflict suggested an abnormal salience network func-
tioning in terms of effect and cognition.25 The increased 
activity in task- related areas was hypothesised to be a 
result of cognitive and emotional deficits in participants 
with CFS/ME24 33 and impaired reward processing in 
adolescents.29 Participants with CFS/ME failed to recruit 
working memory regions to the same level as the healthy 
controls, as evidenced by reduced activation when the 
task difficulty increased.33

The heterogeneity of tasks, behaviours and cognitive 
processes across the fMRI studies makes it difficult to 
discern how much of the increase or decrease in activa-
tion, reported in relation to task difficulty or demand, 
is associated with increasing cognitive fatigue. Under-
standing the impact of fatigue on brain function will be 
critical to our understanding of CFS/ME.

lIMItAtIOnS
Our systematic review has highlighted a limitation of 
fMRI studies in CFS/ME, which is the small sample sizes. 
Empirical and simulation studies conducted by Desmond 
and Glover69 found that to achieve 80% power at the 
single voxel level for typical activations in fMRI studies 
with thresholds correcting for multiple comparisons a 
sample size of 24 is required. We found that 15 of the 16 
fMRI studies had a patient sample size of less than 24. 
Studies with low power reduce the likelihood of detecting 
a true effect, increase the risk of false negatives and the 
likelihood of false positives by reducing the positive 
predictive value of the test. However, this is not unique 
to neuroimaging studies in CFS/ME. fMRI studies have 
been criticised for being underpowered due to small 
sample sizes resulting in overestimates of effect size and 
low reproducibility.70 71

All the studies in this systematic review did not report 
the signal to noise ratio (SNR) in their MRI methods. 
The SNR compares the level of the signal of interest to 
the level of background noise. In MRI studies SNR is 
important for comparison between different MRI scan-
ners, imaging protocols and MR sequences.72 Thus, this 
limits this systematic review’s ability to do a comprehen-
sive comparative analysis.

The automated computational methods for investi-
gating structural anatomical differences may be supe-
rior to subjective visual inspection but does have some 
limitations. Voxel- based morphometric analysis has been 
criticised for being significantly biased towards group 
differences that are highly localised in space and of a 
linear nature. In addition, these techniques are poor at 
detecting group differences that are spatially complex 
and subtle.73 The fMRI studies reported both increases 
and decreases in activation patterns in CFS/ME compared 
with controls; while this may be related to task demands, 
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caution must also be taken when interpreting these 
results, bearing in mind fMRI is an indirect measure of 
neural activity. The fMRI signal is derived from the BOLD 
contrast mechanism, that is, haemodynamics of the brain. 
Currently, we cannot easily estimate the cerebral meta-
bolic rate of oxygen from the BOLD signal. Furthermore, 
haemodynamic responses are sensitive to the size of the 
activated population, and less likely to detect cortical 
regions in which stimulus- or task- related perceptual or 
cognitive capacities have sparse neuronal representation. 
It is also not fully understood how neuromodulation 
might contribute to the spatiotemporal resolution of 
the fMRI signal.74 In recent years there has been a shift 
placing a greater emphasis on neural networks under-
lying behaviour and cognition. A functional connectivity 
approach considering the neural network difference 
between patients and healthy populations may lead to 
a better understanding of how the disease affects brain 
function.

The main limitation of the present systematic review is 
that there were insufficient data for meta- analysis. Meta- 
analysis of neuroimaging data can take two approaches, 
image- based analysis or coordinate- based analysis. Image- 
based analysis requires the statistical images of the data 
and this is not often available due to data sharing issues, for 
example, data protection and other restrictions. There-
fore, most neuroimaging meta- analyses are coordinate- 
based as these are reported in the published research. 
Moreover, the spatial normalisation of images into stan-
dardised coordinates as anatomical addresses within a 
reference space has been applied to human neuroimaging 
data for decades.75 76 In order to perform an appropriate 
coordinate- based meta- analysis some minimum criteria 
need to be met. First is power of the meta- analysis. For 
coordinate- based meta- analysis the activation likelihood 
estimation (ALE) method is conventionally applied,77 or 
a revised ALE algorithm.78 Based on a recent simulation 
study performed by Eickhoff et al, a recommendation was 
made to include at least 17–20 experiments in ALE meta- 
analyses for sufficient power to detect smaller effects and 
ensure results are not driven by single experiments.79 For 
sMRI we have 19 studies; 6 of these are visual inspection 
thus there is subjective reporting without quantitative 
coordinate data. Of the 13 quantitative studies only 6 
studies reported coordinates. A meta- analysis of six sMRI 
studies would be severely underpowered.

For fMRI we have 16 studies in total, 5 fMRI studies 
are rs- fMRI and 11 task- based fMRI. The methodological 
differences between them preclude us from combining 
the results to perform a coordinate- based meta- analysis 
as they did not all meet the two minimum criteria. First, 
all studies must be whole brain analyses and second, 
they must use the same standardised coordinate system. 
Four rs- fMRI use Regions of Interest (ROI) seed regions 
and one uses the whole brain approach for calculating 
connectivity. For task- based fMRI studies, the task selec-
tion criteria are critical. In our systematic review we 
identified 11 task- based fMRI studies. However only two 

studies use the same PASAT task. The remaining nine 
studies all use different tasks and more importantly each 
task is designed to examine a different cognitive, sensory 
or physical function. Therefore, the heterogeneity of task- 
based fMRI studies prohibits the creation of task selection 
criteria for meta- analysis.

Future dIreCtIOnS
The complexity of this illness and its related symptoms 
as well as using small sample sizes without controlling for 
population heterogeneity may explain the inconsistencies 
found in the literature. Future studies should use larger 
sample sizes with subgrouping according to the pheno-
types and classification of participants according to CFS/
ME severity and symptom patterns. Subphenotyping59 
could reduce the heterogeneity of the patient samples in 
case of control studies. Stratifying by symptoms, activity or 
sleep patterns may enable researchers to compare CFS/
ME to other conditions (or healthy controls). Only one 
research group has matched controls for sleep pattern,8 
which is altered in CFS/ME, and is known to have a strong 
association with the BOLD signal measured by fMRI, grey 
matter and white matter volumes,80–83 suggesting that 
better matching between participants with CFS/ME and 
control group is required.

An additional important aspect is the use of longi-
tudinal MRI data. Longitudinal studies enable us to 
examine the progression of structural changes in CFS/
ME, while controlling for age- related effect points.10 15 18 
In this systematic review, out of the 13 quantitative studies, 
11 corrected for age in their statistical analysis. It is also 
important to measure whether the use of a treatment 
method is effective. The findings from longitudinal 
studies10 15 demonstrate the importance of using two time 
points to understand the impact that treatment, length of 
illness or symptom severity may have on MRI volumetric 
measures.

Brain white matter volume increases linearly with age in 
adolescence84 and given the prevalence of CFS/ME in this 
age group,85 more research is required to determine if 
there are distinct neurobiological markers comparable to 
studies in adults with CFS/ME. For sMRI studies, as quan-
titative automated methods found differences,5 8–11 13–15 37 
future research should focus on using automated objec-
tive methods. By using voxel- based morphometry, de 
Lange et al were able to show that improvement after CBT 
was associated with improving grey matter volume in the 
CFS/ME group.10 Shan et al were able to find progres-
sive brain changes after a 6- year follow- up which there-
fore led us to conclude that sMRI studies might not yet 
show evidence as a diagnostic tool, but can be used as an 
objective measure of treatment evaluation. Consistency in 
research might be achieved by using standardised MRI 
protocols which have been evaluated and compared with 
other illnesses such as the use of standard MRI protocols 
across multiple sites in Alzheimer’s disease.86 Neuroim-
aging researchers can use the views of CFS/ME experts 
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regarding different grouping strategies which can aid in 
finding CFS/ME biomarkers which may steer CFS/ME 
research in directions that hold promise and eventually 
help clinicians in the optimisation of their practices.

Finally, we have limited this systematic review to include 
only neuroimaging studies that have used sMRI or fMRI 
methods. However, other neuroimaging techniques 
have been used to investigate CFS/ME; these include 
single- photon emission CT, electroencephalogram, 
MR spectroscopy and diffusion tensor imaging. These 
methods measure different neurophysiologies from sMRI 
and fMRI. Future studies using multimodel imaging 
approaches could overcome some of the limitations of a 
single method alone.

COnCluSIOn
In conclusion, there is no evidence to support the asser-
tion that findings from neuroimaging studies have found 
any clear biomarkers of CSF/ME. However, MRI can be 
considered a powerful tool if rigorous procedures for 
the collection of data and analysis are employed, taking 
into account the limitations of the neurophysiology being 
measured by fMRI. There is a significant need for more 
research, given the sparsity of studies, as is evident by our 
inability to conduct a meta- analysis. MRI studies in this 
systematic review have demonstrated the potential for 
significant insights into CFS/ME which is not afforded 
by other techniques. For example, fMRI studies have 
provided objective measures of the impact of fatigue 
experienced by participants with CFS/ME on cognition, 
even in the absence of behavioural and cognitive defi-
cits.27 31 sMRI has shown evidence of treatment effects on 
brain volume10 while fMRI has demonstrated functional 
connectivity changes and altered patterns of activation. 
Future MRI studies could potentially, with proper study 
design, subgrouping and sample size, lead to a break-
through in our understanding of this illness.
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