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Abstract: Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is an illness characterized
by a diverse range of debilitating symptoms including autonomic, immunologic, and cognitive
dysfunction. Although neurological and cognitive aberrations have been consistently reported,
relatively little is known regarding the regional cerebral blood flow (rCBF) in ME/CFS. In this study,
we studied a cohort of 31 ME/CSF patients (average age: 42.8 ± 13.5 years) and 48 healthy controls
(average age: 42.9 ± 12.0 years) using the pseudo-continuous arterial spin labeling (PCASL) technique
on a whole-body clinical 3T MRI scanner. Besides routine clinical MRI, the protocol included a session
of over 8 min-long rCBF measurement. The differences in the rCBF between the ME/CSF patients and
healthy controls were statistically assessed with voxel-wise and AAL ROI-based two-sample t-tests.
Linear regression analysis was also performed on the rCBF data by using the symptom severity score
as the main regressor. In comparison with the healthy controls, the patient group showed significant
hypoperfusion (uncorrected voxel wise p ≤ 0.001, FWE p ≤ 0.01) in several brain regions of the limbic
system, including the anterior cingulate cortex, putamen, pallidum, and anterior ventral insular area.
For the ME/CFS patients, the overall symptom severity score at rest was significantly associated
with a reduced rCBF in the anterior cingulate cortex. The results of this study show that brain blood
flow abnormalities in the limbic system may contribute to ME/CFS pathogenesis.
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1. Introduction

with regard to jurisdictional claims in

Fatigue is a subjective feeling commonly reported in many neuropsychiatric illnesses,
including myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) [1], depression,
traumatic brain injury (TBI) [2–4], and Parkinson disease (PD). According to community
and primary care studies [5], 2–11% of the reported disabling fatigue is chronic and lasts
at least 6 months. Fatigue is also common in many other chronic illnesses including cardiovascular disease, cancer, inflammatory arthritis, and osteoarthritis. Fatigue contributes
substantially to decrements in the quality of life and disability in these illnesses. Although
a substantial percentage of the population experience non-pathological short-term fatigue
with an identifiable cause, such as exercise, acute febrile illness, or deprivation of sleep,
this type of fatigue is self-limited and recovers by resolving the underlying cause [6].
In contrast, pathological fatigue is characterized by profound fatigue that often has no
specific identifiable cause, worsens with exertion, and is not eased by rest and sleep. Despite the clear impact of fatigue as a disabling symptom, our understanding of fatigue
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pathophysiology is still quite limited for most conditions. For example, it was estimated
that ME/CFS affects as many as 2.5 million people in the U.S. alone. The pathogenesis
of ME/CFS remains poorly understood, and no effective treatment is available for most
patients. In recent years, there has been an increased activity in ME/CFS research. ME/CFS
has been recognized as a “serious, chronic, complex system disease” and brought much
needed legitimacy to patients facing skepticism and questioning from health care providers.
Autoimmune activity triggered by infections has been suggested as a cause of ME/CFS [7].
Autoantibodies directed at muscarinic and betaadrenergic receptors have been identified
in ME/CFS and might affect the regulation of both central and peripheral small vessels
and blood flow [8].
Energy imbalance or poor energy utilization efficiency has been suggested as one
of the most important determinants of fatigue, particularly in older individuals. Different mechanisms have been hypothesized to contribute to fatigue, including a decline
in mitochondrial function, alterations in brain neurotransmitters, oxidative stress, and
inflammation. Multiple studies have focused on the distinction between fatigue and fatigability [9–11]. By investigating the correlation between fatigability and neural activity, these
studies have provided new insight into the pathophysiology of fatigability in different
illness groups [12–16]. The compensatory theory argues that fatigue is a state caused by
task load and represents an overload of pathological information from the injured area
to higher cognitive mechanisms. The neuropsychiatric hypothesis suggests that fatigue
is a trait unrelated to environmental challenges and can be measured behaviorally by
applying specific cognitive tasks. Growing evidence from pathologic and neuroimaging
studies [9–11] of neurologic disorders suggests that impairment within the frontal-striatal
network, involved in effort–reward calculation, is critically related to pathological fatigue.
For example, MRI studies of patients with multiple sclerosis have identified a number of
neural correlates of self-rated fatigue and fatigability, including cortical thickness, lesion
burden, or atrophy in the frontal lobes, basal ganglia, and white matter connections between these regions [17]. Chronic inflammation, TBI [18,19], and major depression are
known to give rise to fatigue and may serve as models for how underlying impaired physiological processes contribute to fatigue. However, it remains to be clarified if impairment
of the same pathway underlies similar fatigue symptoms in different disorders. A better
understanding of abnormal brain changes under fatigue will require two key strategies:
the development of measurement tools and exploration of novel treatments, which can
lead to symptom-modifying improvement.
The lack of objective measurement has been a major hindrance for clinical assessment
of pathological fatigue. In recent years, investigators have suggested distinguishing selfrated fatigue from the objective measures of performance decline by defining the latter as
fatigability [5,20] and have attempted to develop neuroimaging biomarkers for assessing
fatigue and fatigability [18,20,21]. Among other things, studies based on blood oxygen
level-dependent (BOLD) functional magnetic resonance imaging (fMRI), arterial spin labeling (ASL), and magnetic resonance spectroscopy (MRS) have been reported [22–26]. In
particular, the pseudo-continuous arterial spin labeling (PCASL) technique can provide
quantitative measurement of the regional cerebral blood flow (rCBF) with whole-brain
coverage and a relatively high signal-to-noise ratio (SNR). Furthermore, it is non-invasive,
and repetitive experiments can be carried out. It has been shown that rCBF measurements based on the PCASL technique may be highly sensitive to slow neural activity
changes [27–29] and can be a useful biomarker for brain function (Xie et al., 2016). ASL was
used to investigate the neural correlates of cognitive fatigue effects in a group of healthy
controls (HC) during a 20 min psychomotor vigilance task (PVT) [21]. It was reported that
the persistent cognitive fatigue effect was significantly correlated with rCBF decline in the
right lateralized fronto-parietal attention network, in addition to the basal ganglia and
sensorimotor cortices. Furthermore, the baseline rCBF in the thalamus and right middle
frontal gyrus prior to the PVT task was found to be predictive of subjects’ subsequent
performance decline. Based on these findings, it has been suggested that the rCBF at
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rest in the attention network might be a useful indicator of performance potential and
a marker of the level of fatigue in the neural attention system. However, a more recent
ASL study [22] reported that the global brain perfusion of ME/CFS and HC subjects was
similar at rest, despite of the fact that rCBF changes of several brain regions associated with
memory, goal-oriented attention, and visual function were differentially related to fatigue
in ME/CFS patients and HC. It remains to be clarified if a significant difference exists in
the baseline rCBF between ME/CFS and HC subjects. In this study, we leveraged a PCASL
MRI technique which can provide whole-brain rCBF measurements to investigate if any
rCBF difference exists between a cohort of ME/CFS patients and HC subjects. Furthermore,
we also explored if the fatigue severity is associated with the rCBF in the brain.
2. Materials and Methods
2.1. Subjects
A cohort of 31 ME/CSF patients (average age: 42.8 ± 12.4 years, range 20–62,
male/female = 4/27) were recruited for this study at the Neurological Rehabilitation
Clinic-Stora Sköndal. All patients fulfilled the Canadian Consensus Criteria, the International Consensus Criteria, and the IOM criteria for ME/CFS [30–32]. Other medical or
psychiatric diseases were excluded by a thorough medical and psychiatric/psychological
evaluation administrated by an experienced neurologist with expertise in ME/CFS rehab,
including extensive laboratory tests, neuropsychiatric assessment, and routine neuroradiological examinations. ME/CFS symptom severity was rated by each participant using
a standardized rating score which is a rating scale of the severity of symptoms from the
International Consensus Criteria (ICC) [31] on a 5-degree scale from 0 to 4 (none, light,
moderate, severe, very severe) [33].
The participants were also requested to perform self-rated general physical function
and fatigue measurements weekly over at least 8 weeks. The self-rating fatigue symptom
measures included the fatigue severity scale (FSS), the Hospital Anxiety and Depression
Scale (HADS), and the Swedish version of the visual analog scale (VAS) for the EQ-5D
standard measure of patients’ health-related quality of life. The basic information of the
FSS, HADS, and EQ-VAS scores is briefly summarized in Table 1.
The FSS questionnaire contains 9 statements that attempt to explore the severity of
fatigue symptoms. For the FSS assessment [34], subjects were given a questionnaire sheet
with 9 statements and asked to read each statement of the questionnaire and choose a
number from 1 to 7 that best described their degree of agreement with each statement:
1 indicates strongly disagree and 7 indicates strongly agree. A mean FSS score over
4 indicates fatigue [33,34].
The HADS is a frequently used scale developed to assess psychological distress in
non-psychiatric patients [35]. It consists of two subscales for anxiety and depression. The
HADS aims to measure symptoms of anxiety and depression and consists of 14 items:
7 items for the anxiety subscale (HADS Anxiety) and 7 for the depression subscale (HADS
Depression). HADS Anxiety focuses mainly on symptoms of generalized anxiety disorder,
and HADS Depression is focused on anhedonia, the main symptom of depression [36].
Each item is scored on a response scale with four alternatives ranging between 0 and 3.
In addition to the FSS and HADS, the EQ-VAS [37] was used to measure current
self-rated state of health. The Swedish version of the EQ-VAS includes 5 items. The EQ
VAS is a vertical visual analog scale in which the individual indicates a number between
0 and 100 that best represents their state of health. On the scale, 100 represents the best
possible health and 0 represents the worst possible health.
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Table 1. Summary of the self-rated scores.
Name

Score Range

Items

References

FSS
HADS
EQ-VAS

1–7
0–4
0–100

9
14
5

[38]
[35,36]
[37]

Medications, tobacco, coffee and tea consumption, food and fluid intake, and number
of hours of sleep were also recorded. The participants were also asked if they had experienced events that could have altered their responsiveness leading up to the investigation.
A cohort of 48 HC adult subjects (average age: 46.9 ± 12.0 years, range 20–62) were also
recruited for this study. All participants were right-handed and native Swedish speakers.
They all reported being free of a history of neurological, psychiatric, and cardiovascular
diseases. None of the participants reported any use of psychotropic drugs.
2.2. Ethical Approvals and Patient Consent
The ethical application (2016/4:/7) for the study was approved by the regional ethical
board in Stockholm, and the study was conducted in line with the Declaration of Helsinki.
All participants signed informed consent before enrollment into the study protocol. The
HC subjects were financially compensated for their participation.
2.3. MRI Protocol
All participants including ME/CFS and HC subjects completed at least one session of
the approved MRI protocol on a whole-body clinical 3T Magnetom Prisma MRI system
(Siemens Medical Solutions, Erlangen, Germany) equipped with a 64-channel phased array
head coil. The MRI acquisition protocol included routine clinical anatomical scans, such as
T1W MPRAGE, SWI, T2W GRE, T2W, and FLAIR. There was at least one session of PCASL
measurement. The PCASL data acquisitions were based on a 2D single-shot GRE echo
planar imaging (EPI) technique with a GRAPPA accelerated parallel method (IPAD = 2).
The main acquisition parameters included the following: labeling duration = 1600 ms,
TE/TR = 16/3500 ms, FOV = 230 × 230, matrix size = 64 × 64, up to 28 axial slices of 6 mm
thickness, an inter-slice gap of 0.6 mm, a sampling bandwidth of 2790 Hz/pixel, and an
RF excitation flip angle of 90◦ . Details regarding the design of the PCASL pulse sequence
and optimization of the spin labeling pulses have been described previously [39]. To attain
a sufficient SNR for the rCBF data, 70 dynamic pairs of tagging and control scans were
carried out, and the entire PCASL session lasted 8.5 min, including 6 dummy scans to
attain the signal steady state.
The participants’ heads were carefully fixed in the head coil with foam paddings to
reduce involuntary head motions. Prior to data acquisition, the participants were instructed
to stay still and focus their sight on a white cross projected on a black screen in front of
their eyes and not to think about anything special. These instructions were intended to
keep the participants awake and minimize visual stimuli. The participants were in the MRI
scanner for approximately 45 min.
2.4. Image Data Analysis
The post-processing of the pCASL MRI data was performed offline using shell scripts
calling C-programs from the Analysis of Functional NeuroImages (AFNI) software package
(http://afni.nimh.nih.gov/afni/ (accessed on 19 August 2021)). The main steps included:
(1) motion correction by 3D rigid-body image registration; (2) creation of a brain mask and
elimination of extracranial signals based on the temporal average image volume of the
time series data; (3) voxel-wise rCBF computation according to a previously established
formula [40]; (4) brain normalization to align individual rCBF data to the Montreal Neurological Institute (MNI) brain template by using 12-parameter affine transformation and
mutual information as a cost function. During the brain normalization, the rCBF results
were also resampled to a voxel size of 2 mm.
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To detect if there is any significant difference in the cerebral perfusion between the
ME/CFS and HC subjects, we performed a voxel-wise two-sample t-test with the spatialnormalized rCBF data using the AFNI program 3dttest++. To investigate if any association
exists between the rCBF data and fatigue status of the subjects, we also performed voxelwise linear regression analyses of the rCBF image data versus the subjects’ FSS and EQ-VAS
scores, while age and gender were treated as covariate variables by using the AFNI program
3dRegAna. Statistical significance was assessed by using a two-step approach. Firstly,
we imposed a voxel-wise threshold, p < 0.001 (uncorrected corresponding t-score ≥ 3.2),
to form the initial cluster candidates. Secondly, we performed permutation simulations
without assuming a particular form of probability distribution for the voxel values in
the statistic images to estimate the family-wise error rate (FWER) of the brain regions of
interest (ROIs) out of the initially detected clusters. Using the detected ROIs with statistical
significance at FWER < 0.05 as masks, we evaluated the mean values of the rCBF for the
ROIs and prepared scatter plots for each ROI. Besides the data-driven voxel-wise analysis,
for validation we also performed model-driven analysis by leveraging the automated
anatomical labeling atlas 3 (AAL3). For each participant, we calculated the average rCBF
value for each AAL ROI and then performed a two-sample t-test for the obtained average
rCBF results.
3. Results
The self-rated FSS for the cohort of ME/CFS subjects was 6.6 ± 1.2, which is higher
than the ICC for ME/CFS diagnosis (≥4.0). The average scores for fatigue and symptom
deterioration with exertion from the HADS were 3.1 ± 0.7 and 3.0 ± 0.7, respectively.
The average EQ-VAS was 38.6 ± 24.8. As expected, all the self-rated scores confirmed
that, in addition to possessing persistent fatigue, ME/CFS subjects’ fatigue status worsens
with exertion.
The clinical evaluation of the structural MRI scans by professional neuroradiologists
had no remarkable pathological finding to exclude any of them from the study.
The measured rCBF results from the PCASL MRI protocol for the HC subjects are,
overall, in good agreement with results from previous studies [41,42]. Histogram analysis
of the inter-subject averaged rCBF data for the HC group indicated the histogram can be
fitted reasonably well with two overlapping Gaussian functions, with two peak values at
17 ± 12 and 54 ± 25 mL/100g/min corresponding to the average rCBF for gray and white
matter, respectively. The relative amplitude of the two peaks was about 1:2.
The two-sample t-test result of the rCBF measurements for the HC and ME/CFS
subjects demonstrated that there is statistically significant hypoperfusion (FWER, p < 0.01)
for the ME/CFS subjects in the limbic system. As shown in Figure 1 and Table 2, the
main involved regions are in the limbic system, including the anterior cingulate cortex
(ACC), left anterior ventral insular area, pallidum, and caudate nucleus. As depicted in the
scattered boxplot (Figure 2), the ROI averaged rCBF for the HC and ME/CFS subjects in
these detected regions was 57.9 ± 15.2 and 38.1 ± 8.4 mL/100 g/min, respectively. For the
ME/CFS subjects, cerebral perfusion in these brain regions was reduced by about 34% in
comparison with the HC group.
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0.01
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The results for the AAL ROI-based analysis are summarized in Table 3, and Figures
2 and 3. There is an overall good agreement between the ROI-based analysis and the datadriven voxel-wise analysis. However, the clusters detected by the voxel-wise analysis do
not coincide precisely with the atlas-based ROI definition. A cluster can partially overlap
with multiple AAL ROIs. AS illustrated in Figure 3A, the largest cluster detected by the
voxel-wise analysis (ROI 1 in Table 2), partially overlaps with three different AAL ROIs
(AAL ROIs 7, 31, and 33, see Table 3), including the left middle frontal gyrus (AAL ROI
7), the left anterior cingulate (AAL ROI 31), and the left middle cingulate (AAL ROI 33).
Similarly, ROI 2 (see Table 2 and Figure 3B) detected by the voxel-wise analysis partially

Tomography 2021, 7, FOR PEER REVIEW

Tomography 2021, 7

7

overlaps with the left putamen (AAL ROI 73) and pallidum (AAL ROI 75). ROI 3 (see
681
Table 2 and Figure 3C) detected by the voxel-wise analysis partially overlaps with the
right putamen (AAL ROI 74) and pallidum (AAL ROI 76).

Figure
Figure2.2.Scattered
Scatteredboxplot
boxplotof
ofthe
theROI
ROIaverage
averagefor
forthe
theclusters
clustersdepicted
depictedin
inFigure
Figure1.1. The
The scattered
scatteredcircles
circlesindicate
indicatethe
theresults
results
forindividual
individualsubjects.
subjects.The
Thetop
toprow
rowdepicts
depicts
result
from
voxel-wise
two-sample
t-test,
whereas
the bottom
for
thethe
result
from
thethe
voxel-wise
two-sample
t-test,
whereas
the bottom
row row
is theis
the result
the model-driven
ROI-based
analysis.
result
fromfrom
the model-driven
AALAAL
ROI-based
analysis.

TableThe
3. Summary
model-driven
AAL ROI-based
analysis.
results of
forthethe
AAL ROI-based
analysis
are summarized in Table 3, and

Figures 2 and 3. There is an overall good agreement between the ROI-based analysis
AAL
HC
CFS
and the data-driven voxel-wise analysis. However, the clusters detected
t-Scoreby the voxel-wise
p
ROI N0
Average ± Std
Average ± Std
analysis do not coincide precisely with the atlas-based ROI definition. A cluster can par7
42.5 ± 13.1
± 10.5 in Figure 3A,
2.7 the largest<0.01
tially overlap
with multiple
AAL ROIs. AS 35.1
illustrated
cluster
58.7analysis
± 14.3 (ROI 1 in Table
44.0 ±2),10.6
4.9with three different
<0.01
detected31by the voxel-wise
partially overlaps
33 (AAL ROIs 57.9
14.5 33, see Table
48.7
12.5
<0.01
AAL ROIs
7, 31,± and
3), ±including
the left 2.9
middle frontal
gyrus
43
56.1
±
13.7
46.7
±
9.4
3.4
<0.01
(AAL ROI 7), the left anterior cingulate (AAL ROI 31), and the left middle cingulate (AAL
ROI 33).47Similarly, ROI54.8
2 (see
Table 2 and Figure
detected by the
analysis
± 13.1
47.43B)
± 9.5
2.8voxel-wise <0.01
partially73overlaps with 48.1
the left
putamen (AAL42.0
ROI±73)
(AAL ROI 75).
ROI 3
± 10.6
7.3and pallidum2.7
<0.01
(see Table
3C) detected
with the
74 2 and Figure 45.9
± 10.8 by the voxel-wise
39.3 ± 7.1analysis partially
3.0 overlaps <0.01
right putamen
(AAL ROI
74)± and
75
45.1
9.8 pallidum (AAL
38.2 ROI
± 7.176).
3.4
<0.01

76
30

56.4 ± 11.2
55.8 ± 14.4

43.1 ± 9.3
50.3 ± 9.6

Table 3. Summary of the model-driven AAL ROI-based analysis.

5.5
1.9

<0.01
0.07

AAL
ROI N0
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CFS
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t-Score

p

7
31
33
43
47
73
74
75
76
30

42.5 ± 13.1
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patients’ EQ-VAS scores, as detected by voxel-wise linear regression analysis.
In this study, we aimed at investigating the possible abnormality in cerebral perfusion
in ME/CFS patients and its association with self-rated fatigue symptoms. The hypoperfusion detected by the two-sample t-test of the rCBF measurements indicates that the
ME/CFS patients have an altered cerebral perfusion in several brain regions of the limbic
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system. Previous studies have also associated neurological abnormalities in these regions
with fatigue [21,43–46]. With the extensive neuroimaging studies of different modalities,
a neuroanatomical model of fatigue has gradually begun to emerge. The importance of
the non-motor functions of the basal ganglia for explaining mental fatigue was initially
proposed about two decades ago [47]. However, later studies realized that the structures in
the basal ganglia and thalamus are insufficient to construct a neuroanatomical model to
account for fatigue. A network of brain regions mainly from the limbic system including
the prefrontal cortex, ACC, insular cortex, amygdala, and nucleus accumbent has been suggested to be associated with fatigue [21,43,45,48]. The superior medial region of the frontal
lobe and ACC has been hypothesized to be linked to energizing in attention-demanding
tasks [18,19], and dysfunction in these areas might result in slow performance in attention
tasks, particularly in procedures that demand the ability to sustain preparation and readiness to respond, such as the psychomotor vigilance task (PVT). The hypoperfusion brain
regions associated with ME/CFS patients as detected in the current study coincide precisely
with the network which has been suggested to be related to energizing and fatigue. It is,
therefore, reasonable to believe that the hypoperfusion associated with ME/CFS subjects
might be associated with their cognitive and behavioral abnormalities [10].
As shown in Table 2 and Figures 1 and 3, the brain regions with hypoperfusion are
localized in the limbic system, and there is a tendency that the further reduced rCBF is
associated with more severe fatigue symptoms, although this association is not significant.
The small range of the FSS score might have limited its sensitivity to measure the level
of fatigue. In contrast, the range for EQ-VAS is much larger, and it is more likely to
provide a finer graded measure for fatigue severity. As discussed above, the EQ-VAS was
significantly associated with rCBF for a cluster localized in the ACC (see Figures 1 and 3).
In a previous study of mTBI patients with chronic fatigue [18,19], it was also reported that
there was a significant association between the self-rated fatigue of post-PVT performance
and the rCBF reduction in the ACC. It is well known that the ACC plays an important
role in performance monitoring and cognitive control [49]. Hypoperfusion in the ACC
can, therefore, lead to impaired monitoring function and cognitive control of the brain. It
has been hypothesized that an inability to predict the amount of energy demands for the
required performance may underly mental fatigue [43,50]. This implies that the ME/CFS
subjects may have an impaired ability to evaluate or adapt to the energy demands to
sustain the performance of demanding tasks, which can easily lead to self-rated fatigue.
Cerebral perfusion is an important physiological parameter for brain tissue function,
and it is regionally regulated according to regional neuronal activity in the brain. Therefore,
detection of microvascular pathological changes may potentially benefit from quantitative
assessment of rCBF. With the advent of PCASL techniques, whole-brain perfusion measurement in clinical settings has become practically feasible. PCASL is particularly attractive for
clinical applications where repetitive, longitudinal, and quantitative rCBF measurements
are desirable. There are several advantages in using the PCASL MRI method for perfusion
quantification compared to other techniques such as PET. The technique is non-invasive
and does not generate any radiation dose in the studied subjects. The PCASL technique
also has relatively high temporal and spatial resolutions. The current major limitation
with the PCASL technique is its limited SNR efficiency, even though it is the most efficient
among other arterial spin labeling (ASL) techniques. This may change in the future with
further development of the technique, such as 3D acquisition. SNR improvement would
render rCBF measurements more reproducible and sensitive to pathological abnormalities.
The inter- and intra-subject variabilities of rCBF measurement are important issues for
its clinical applications. Several groups [51–55] have previously studied the reliability of
various ASL techniques. However, most of the previous studies on the reducibility of ASL
measurements were based on ROI analysis. Voxel-based analysis of rCBF measurements is
very clinically relevant, as demonstrated in the current study, to avoid predefined models
and ROIs. All voxels within a predefined AAL ROI are not necessarily included into a
cluster with pathophysiological change. Therefore, methods based on a predefined ROI
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atlas can potentially affect the accuracy and sensitivity of ROI-based analysis. On the
other hand, data-driven voxel-wise approaches are dependent on the underlying statistical
hypothesis and the distribution of the measurement errors in the data. The use of both
model- and data-driven methods may provide mutual validation of the findings.
5. Conclusions
Neurological and cognitive aberrations have been well documented for ME/CFS
patients; however, relatively little is known about their abnormalities in cerebral perfusion,
which is a fundamentally important physiological biomarker for normal brain function. The
results from the current study based on a cohort of ME/CFS patients and adult HC subjects
demonstrate that there was a statistically significant difference in the cerebral rCBF between
the ME/CFS and HC subjects. The involved hypoperfusion brain regions were mainly
localized in the limbic system, including the ACC, prefrontal cortex, left anterior ventral
insular area, pallidum, and caudate nucleus. Furthermore, the limbic hypoperfusion tended
to be associated with their self-rated EQ-VAS scores, although a significant correlation was
only detected in a smaller cluster within the ACC. Quantitative measurement of the rCBF
with the PCASL technique is useful for studying neurological abnormalities in ME/CFS
patients. The experimental evidence from this study supports the notion that brain network
abnormalities in the limbic system may contribute to ME/CFS pathogenesis.
Author Contributions: Conceptualization, X.L., P.J. and T.-Q.L.; data curation, T.-Q.L.; formal
analysis, X.L. and T.-Q.L.; funding acquisition, T.-Q.L.; methodology, X.L. and T.-Q.L.; project
administration, P.J. and T.-Q.L.; resources, P.J. and T.-Q.L.; visualization, X.L. and T.-Q.L.; writing—
original draft, X.L. and T.-Q.L.; writing—review and editing, X.L., P.J. and T.-Q.L. All authors have
read and agreed to the published version of the manuscript.
Funding: This research was funded by the ALF foundation of Stockholm Province, the China
Scholarship Council, the Zhejiang Natural Science Foundation (grant number LY18E070005), the
Key Research and Development Program of Zhejiang Province (grant number 2020C03020), and the
Joint China-Sweden Mobility program from the Swedish Foundation for International Cooperation
Research and Higher Education (Dnr: 495 CH2019-8397).
Institutional Review Board Statement: The ethical application (2016/4:/7) for this study was approved by the regional ethical board in Stockholm, and the study was conducted in line with the
Declaration of Helsinki.
Informed Consent Statement: All participants signed informed consent before enrollment into the
study protocol. The HC subjects were financially compensated for their participation.
Data Availability Statement: The data presented in this study will not be openly available for now
due to ethical permission issue.
Acknowledgments: The experimental assistance from Jan-Eric Juto and Fredrick Juto is gratefully
acknowledged. The stimulating discussion with Petra Brolin was very productive.
Conflicts of Interest: The authors declare that this research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1.
2.
3.
4.
5.
6.

Prins, J.B.; van der Meer, J.W.; Bleijenberg, G. Chronic Fatigue Syndrome. Lancet 2006, 367, 346–355. [CrossRef]
Lannsjo, M.; af Geijerstam, J.-L.; Johansson, U.; Bring, J.; Borg, J. Prevalence and Structure of Symptoms at 3 Months after Mild
Traumatic Brain Injury in a National Cohort. Brain Inj. 2009, 23, 213–219. [CrossRef]
Stulemeijer, M.; van der Werf, S.; Bleijenberg, G.; Biert, J.; Brauer, J.; Vos, P.E. Recovery from Mild Traumatic Brain Injury: A Focus
on Fatigue. J. Neurol. 2006, 253, 1041–1047. [CrossRef]
Ouellet, M.-C.; Morin, C.M. Fatigue Following Traumatic Brain Injury: Frequency, Characteristics, and Associated Factors. Rehabil.
Psychol. 2006, 51, 140–149. [CrossRef]
Kluger, B.M.; Krupp, L.B.; Enoka, R.M. Fatigue and Fatigability in Neurologic Illnesses: Proposal for a Unified Taxonomy.
Neurology 2013, 80, 409–416. [CrossRef]
Finsterer, J.; Mahjoub, S.Z. Fatigue in Healthy and Diseased Individuals. Am. J. Hosp. Palliat. Care 2014, 31, 562–575. [CrossRef]
[PubMed]

Tomography 2021, 7

7.
8.

9.
10.

11.

12.
13.

14.

15.

16.
17.
18.
19.
20.
21.
22.

23.

24.

25.
26.
27.
28.

29.

686

Blomberg, J.; Gottfries, C.G.; Elfaitouri, A.; Rizwan, M.; Rosén, A. Infection elicited autoimmunity and Myalgic encephalomyelitis/chronic fatigue syndrome: An explanatory model. Front. Immunol. 2018, 9, 229. [CrossRef]
Bynke, A.; Julin, P.; Gottfries, C.G.; Heidecke, H.; Scheibenbogen, C.; Bergquist, J. Autoantibodies to beta-adrenergic and
muscarinic cholinergic receptors in Myalgic Encephalomyelitis (ME) patients–A validation study in plasma and cerebrospinal
fluid from two Swedish cohorts. Brain Behav. Immun. Health 2020, 7, 1000107. [CrossRef] [PubMed]
Nakagawa, S.; Takeuchi, H.; Taki, Y.; Nouchi, R.; Kotozaki, Y.; Shinada, T.; Maruyama, T.; Sekiguchi, A.; Iizuka, K.;
Yokoyama, R.; et al. Basal Ganglia Correlates of Fatigue in Young Adults. Sci. Rep. 2016, 6, 21386. [CrossRef]
Boissoneault, J.; Letzen, J.; Lai, S.; O’Shea, A.; Craggs, J.; Robinson, M.E.; Staud, R. Abnormal Resting State Functional Connectivity
in Patients with Chronic Fatigue Syndrome: An Arterial Spin-Labeling Fmri Study. Magn. Reson. Imaging 2016, 34, 603–608.
[CrossRef]
Mizuno, K.; Tanaka, M.; Tanabe, H.C.; Joudoi, T.; Kawatani, J.; Shigihara, Y.; Tomoda, A.; Miike, T.; Imai-Matsumura, K.;
Sadato, N.; et al. Less Efficient and Costly Processes of Frontal Cortex in Childhood Chronic Fatigue Syndrome. Neuroimage Clin.
2015, 9, 355–368. [CrossRef]
Zeineh, M.M.; Kang, J.; Atlas, S.W.; Raman, M.M.; Reiss, A.L.; Norris, J.L.; Valencia, I.; Montoya, J.G. Right Arcuate Fasciculus
Abnormality in Chronic Fatigue Syndrome. Radiology 2015, 274, 517–526. [CrossRef] [PubMed]
Van Der Schaaf, M.E.; Schmits, I.C.; Roerink, M.; Geurts, D.E.; Toni, I.; Roelofs, K.; De Lange, F.P.; Nater, U.M.; van der Meer, J.W.;
Knoop, H. Investigating Neural Mechanisms of Change of Cognitive Behavioural Therapy for Chronic Fatigue Syndrome: A
Randomized Controlled Trial. BMC Psychiatry 2015, 15, 144. [CrossRef] [PubMed]
Barnden, L.R.; Crouch, B.; Kwiatek, R.; Burnet, R.; Del Fante, P. Evidence in Chronic Fatigue Syndrome for Severity-Dependent
Upregulation of Prefrontal Myelination That Is Independent of Anxiety and Depression. NMR Biomed. 2015, 28, 404–413.
[CrossRef]
Nakatomi, Y.; Mizuno, K.; Ishii, A.; Wada, Y.; Tanaka, M.; Tazawa, S.; Onoe, K.; Fukuda, S.; Kawabe, J.; Takahashi, K.; et al.
Neuroinflammation in Patients with Chronic Fatigue Syndrome/Myalgic Encephalomyelitis: An (1)(1)C-(R)-Pk11195 Pet Study. J.
Nucl. Med. 2014, 55, 945–950. [CrossRef] [PubMed]
Hanken, K.; Eling, P.; Hildebrandt, H. Is There a Cognitive Signature for Ms-Related Fatigue? Mult. Scler. 2015, 21, 376–381.
[CrossRef]
Moller, M.C.; Nordin, L.E.; Li, T.Q.; Bartfai, A.; Hashim, F.; Julin, P. Fatigue and Cognitive Fatigability in Mild Tbi Are Correlated
with Abnormal Neural Activity during Vigilance Test Performance. Front. Neurol. Press 2017, 8, 21183.
Nordin, L.E.; Möller, M.C.; Julin, P.; Bartfai, A.; Hashim, F.; Li, T.-Q. Post Mtbi Fatigue Is Associated with Abnormal Brain
Functional Connectivity. Sci. Rep. 2016, 6, 21183. [CrossRef]
Möller, M.C.; De Boussard, C.N.; Oldenburg, C.; Bartfai, A. An Investigation of Attention, Executive, and Psychomotor Aspects
of Cognitive Fatigability. J. Clin. Exp. Neuropsychol. 2014, 36, 716–729. [CrossRef]
Lim, J.; Wu, W.-C.; Wang, J.; Detre, J.A.; Dinges, D.F.; Rao, H. Imaging Brain Fatigue from Sustained Mental Workload: An as
Perfusion Study of the Time-on-Task Effect. NeuroImage 2010, 49, 3426–3435. [CrossRef]
Staud, R.; Boissoneault, J.; Craggs, J.G.; Lai, S.; Robinson, M.E. Task Related Cerebral Blood Flow Changes of Patients with
Chronic Fatigue Syndrome: An Arterial Spin Labeling Study. Fatigue Biomed. Heal. Behav. 2018, 6, 63–79. [CrossRef]
Gherardi, R.K.; Crépeaux, G.; Authier, F.-J. Myalgia and Chronic Fatigue Syndrome Following Immunization: Macrophagic
Myofasciitis and Animal Studies Support Linkage to Aluminum Adjuvant Persistency and Diffusion in the Immune System.
Autoimmun. Rev. 2019, 18, 691–705. [CrossRef]
Maksoud, R.; du Preez, S.; Eaton-Fitch, N.; Thapaliya, K.; Barnden, L.; Cabanas, H.; Staines, D.; Marshall-Gradisnik, S. A
Systematic Review of Neurological Impairments in Myalgic Encephalomyelitis/Chronic Fatigue Syndrome Using Neuroimaging
Techniques. PLoS ONE 2020, 15, 0232475. [CrossRef] [PubMed]
Mueller, C.; Lin, J.; Sheriff, S.; Maudsley, A.A.; Younger, J.W. Evidence of Widespread Metabolite Abnormalities in Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome: Assessment with Whole-Brain Magnetic Resonance Spectroscopy. Brain Imaging
Behav. 2020, 14, 562–572. [CrossRef] [PubMed]
Shan, Z.Y.; Barnden, L.R.; Kwiatek, R.A.; Bhuta, S.; Hermens, D.F.; Lagopoulos, J. Neuroimaging Characteristics of Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome (Me/Cfs): A Systematic Review. J. Transl. Med. 2020, 18, 335. [CrossRef]
Aguirre, G.K.; Detre, J.A.; Zarahn, E.; Alsop, D.C. Experimental Design and the Relative Sensitivity of Bold and Perfusion Fmri.
Neuroimage 2002, 15, 488–500. [CrossRef]
Wang, J.; Aguirre, G.K.; Kimberg, D.Y.; Roc, A.C.; Li, L.; Detre, J.A. Arterial Spin Labeling Perfusion Fmri with Very Low Task
Frequency. Magn. Reson. Med. 2003, 49, 796–802. [CrossRef] [PubMed]
Kim, J.; Whyte, J.; Wang, J.; Rao, H.; Tang, K.Z.; Detre, J.A. Continuous Asl Perfusion Fmri Investigation of Higher Cognition:
Quantification of Tonic Cbf Changes During Sustained Attention and Working Memory Tasks. NeuroImage 2006, 31, 376–385.
[CrossRef]
Carruthers, B.M.; Jain, A.K.; De Meirleir, K.L.; Peterson, D.L.; Klimas, N.G.; Lerner, A.M.; Bested, A.C.; Flor-Henry, P.; Joshi, P.;
Powles, A.C.P.; et al. Myalgic Encephalomyelitis/ Chronic Fatigue Syndrome: Clinical Working Case Definition, Diagnostic and
Treatment Protocols. J. Chronic Fatigue Syndr. 2003, 11, 7–115. [CrossRef]

Tomography 2021, 7

30.

31.
32.
33.
34.
35.
36.
37.
38.

39.
40.
41.

42.
43.
44.
45.

46.

47.
48.
49.
50.
51.
52.
53.
54.
55.

687

Carruthers, B.M.; van de Sande, M.I.; De Meirleir, K.L.; Klimas, N.G.; Broderick, G.; Mitchell, T.; Staines, D.; Powles, A.C.;
Speight, N.; Vallings, R.; et al. Myalgic Encephalomyelitis: International Consensus Criteria. J. Intern. Med. 2011, 270, 327–338.
[CrossRef] [PubMed]
Institute of Medicine. Beyond Myalgic Encephalomyelitis/Chronic Fatigue Syndrome: Redefining an Illness; The National Academies:
Washington, DC, USA, 2015.
Jonsjo, M.A.; Wicksell, R.K.; Holmstrom, L.; Andreasson, A.; Bilevicuite-Ljungar, I.; Olsson, G.L. Identifying symptom subgroups
in patients with ME/CFS—relationships to functioning and quality of life. Fatigue Biomed. Health Behav. 2017, 5, 33–42. [CrossRef]
Krupp, L.B.; LaRocca, N.G.; Muir-Nash, J.; Steinberg, A.D. The Fatigue Severity Scale. Application to Patients with Multiple
Sclerosis and Systemic Lupus Erythematosus. Arch. Neurol. 1989, 46, 1121–1123. [CrossRef]
Dittner, A.J.; Wessely, S.C.; Brown, R.G. The Assessment of Fatigue. A Practical Guide for Clinicians and Researchers. J. Psychosom.
Res. 2004, 56, 157–170. [CrossRef]
Zigmond, A.S.; Snaith, R.P. The Hospital Anxiety and Depression Scale. Acta Psychiatr. Scand. 1983, 67, 361–370. [CrossRef]
[PubMed]
Bjelland, I.; Dahl, A.A.; Haug, T.T.; Neckelmann, D. The Validity of the Hospital Anxiety and Depression Scale. An Updated
Literature Review. J. Psychosom. Res. 2002, 52, 69–77. [CrossRef]
Rabin, R.; de Charro, F. EQ-SD: A Measure of Health Status from the Euroqol Group. Ann. Med. 2001, 33, 337–343. [CrossRef]
Hewlett, S.; Dures, E.; Almeida, C. Measures of Fatigue: Bristol Rheumatoid Arthritis Fatigue Multi-Dimensional Questionnaire
(Braf Mdq), Bristol Rheumatoid Arthritis Fatigue Numerical Rating Scales (Braf Nrs) for Severity, Effect, and Coping, Chalder
Fatigue Questionnaire (Cfq), Checklist Individual Strength (Cis20r and Cis8r), Fatigue Severity Scale (Fss), Functional Assessment
Chronic Illness Therapy (Fatigue) (Facit-F), Multi-Dimensional Assessment of Fatigue (Maf), Multi-Dimensional Fatigue Inventory
(Mfi), Pediatric Quality of Life (Pedsql) Multi-Dimensional Fatigue Scale, Profile of Fatigue (Prof), Short Form 36 Vitality Subscale
(Sf-36 Vt), and Visual Analog Scales (Vas). Arthritis Care Res. 2011, 63, S263–S286.
Luh, W.-M.; Talagala, S.L.; Li, T.; Bandettini, P.A. Pseudo-Continuous Arterial Spin Labeling at 7 T for Human Brain: Estimation
and Correction for Off-Resonance Effects Using a Prescan. Magn. Reson. Med. 2013, 69, 402–410. [CrossRef]
Wang, Z.; Aguirre, G.; Rao, H.; Wang, J.; Fernández-Seara, M.A.; Childress, A.R.; Detre, J.A. Empirical Optimization of Asl Data
Analysis Using an Asl Data Processing Toolbox: Asltbx. Magn. Reson. Imaging 2008, 26, 261–269. [CrossRef]
Li, T.Q.; Haefelin, T.N.; Chan, B.; Kastrup, A.; Jonsson, T.; Glover, G.H.; Moseley, M.E. Assessment of Hemodynamic Response
during Focal Neural Activity in Human Using Bolus Tracking, Arterial Spin Labeling and Bold Techniques. Neuroimage 2000, 12,
442–451. [CrossRef]
Lia, T.-Q.; Chen, Z.G.; Østergaard, L.; Hindmarsh, T.; Moseley, M.E. Quantification of Cerebral Blood Flow by Bolus Tracking and
Artery Spin Tagging Methods. Magn. Reson. Imaging 2000, 18, 503–512. [CrossRef]
Boksem, M.A.; Tops, M. Mental Fatigue: Costs and Benefits. Brain Res. Rev. 2008, 59, 125–139. [CrossRef]
Köhrle, J.; Gärtner, R. Selenium and Thyroid. Best Pr. Res Clin. Endocrinol. Metab. 2009, 23, 815–827. [CrossRef]
Pellicano, C.; Gallo, A.; Li, X.; Ikonomidou, V.N.; Evangelou, I.E.; Ohayon, J.M.; Stern, S.K.; Ehrmantraut, M.; Cantor, F.;
McFarland, H.F.; et al. Relationship of Cortical Atrophy to Fatigue in Patients with Multiple Sclerosis. Arch. Neurol. 2010, 67,
447–453. [CrossRef] [PubMed]
Roelcke, U.; Kappos, L.; Lechner-Scott, J.; Brunnschweiler, H.; Huber, S.; Ammann, W.; Plohmann, A.; Dellas, S.; Maguire, R.P.;
Missimer, J.; et al. Reduced Glucose Metabolism in the Frontal Cortex and Basal Ganglia of Multiple Sclerosis Patients with
Fatigue: A 18f-Fluorodeoxyglucose Positron Emission Tomography Study. Neurology 1997, 48, 1566–1571. [CrossRef] [PubMed]
Chaudhuri, A.; Behan, P.O. Fatigue and Basal Ganglia. J. Neurol. Sci. 2000, 179, 34–42. [CrossRef]
Kohl, A.D.; Wylie, G.R.; Genova, H.M.; Hillary, F.G.; DeLuca, J. The Neural Correlates of Cognitive Fatigue in Traumatic Brain
Injury Using Functional Mri. Brain Inj. 2009, 23, 420–432. [CrossRef] [PubMed]
Lorist, M.M.; Boksem, M.A.; Ridderinkhof, K.R. Impaired Cognitive Control and Reduced Cingulate Activity During Mental
Fatigue. Brain Research. Cogn. Brain Res. 2005, 24, 199–205. [CrossRef]
Dobryakova, E.; Deluca, J.; Genova, H.M.; Wylie, G.R. Neural Correlates of Cognitive Fatigue: Cortico-Striatal Circuitry and
Effort-Reward Imbalance. J. Int. Neuropsychol. Soc. 2013, 19, 849–853. [CrossRef]
Donahue, M.J.; Lu, H.; Jones, C.K.; Pekar, J.J.; van Zijl, P.C. An Account of the Discrepancy between Mri and Pet Cerebral Blood
Flow Measures. A High-Field Mri Investigation. NMR Biomed. 2006, 19, 1043–1054. [CrossRef]
Floyd, T.F.; Ratcliffe, S.; Wang, J.; Resch, B.; Detre, J.A. Precision of the Casl-Perfusion Mri Technique for the Measurement of
Cerebral Blood Flow in Whole Brain and Vascular Territories. J. Magn. Reson. Imaging 2003, 18, 649–655. [CrossRef] [PubMed]
Jahng, G.-H.; Song, E.; Zhu, X.; Matson, G.B.; Weiner, M.W.; Schuff, N. Human Brain: Reliability and Reproducibility of Pulsed
Arterial Spin-Labeling Perfusion Mr Imaging. Radiology 2005, 234, 909–916. [CrossRef] [PubMed]
Parkes, L.M.; Rashid, W.; Chard, D.T.; Tofts, P.S. Normal Cerebral Perfusion Measurements Using Arterial Spin Labeling:
Reproducibility, Stability, and Age and Gender Effects. Magn. Reson. Med. 2004, 51, 736–743. [CrossRef] [PubMed]
Ye, F.Q.; Berman, K.F.; Ellmore, T.; Esposito, G.; van Horn, J.D.; Yang, Y.; Duyn, J.; Smith, A.M.; Frank, J.A.; Weinberger, D.R.; et al.
H(2)(15)O Pet Validation of Steady-State Arterial Spin Tagging Cerebral Blood Flow Measurements in Humans. Magn. Reson.
Med. 2000, 44, 450–456. [CrossRef]

