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Abstract 

Myalgic Encephalomyelitis/Chronic fatigue syndrome (ME/CFS) patients suffer from a variety 

of physical and neurological complaints indicating the central nervous system plays a role in 

ME/CFS pathophysiology. Diffusion tensor imaging (DTI) has been used to study 

microstructural changes in neurodegenerative diseases. In this study, we evaluated DTI 

parameters to investigate microstructural abnormalities in ME/CFS patients. We estimated DTI 

parameters in 25 ME/CFS patients who met Fukuda criteria (ME/CFSFukuda), 18 ME/CFS 

patients who met International Consent Criteria (ICC) (ME/CFSICC) only, and 26 healthy 

control subjects (HC). In addition to voxel-based DTI-parameter group comparisons, we 

performed voxel-based DTI-parameter interaction-with-group regressions with clinical and 

autonomic measures to test for abnormal regressions. Group comparisons between ME/CFSICC 

and HC detected significant clusters (a) with decreased axial diffusivity (p=0.001) and mean 

diffusivity (p=0.01) in the descending cortico-cerebellar tract in the midbrain and pons, and (b) 

with increased transverse diffusivity in the medulla. The mode of anisotropy was significantly 

decreased (p=0.001) in a cluster in the superior longitudinal fasciculus region. Voxel-based 

group comparisons between ME/CFSFukuda and HC did not detect significant clusters. For 

ME/CFSICC and HC, DTI parameter interaction-with-group regressions were abnormal for the 

clinical measures of information processing score, SF36 physical, sleep disturbance score, and 

respiration rate in both grey and white matter regions. Our study demonstrated that DTI 

parameters are sensitive to microstructural changes in ME/CFSICC and could potentially act as 

an imaging biomarker of abnormal pathophysiology in ME/CFS. The study also shows that 

strict case definitions are essential in investigation of the pathophysiology of ME/CFS.  
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Introduction 

Myalgic encephalomyelitis/Chronic fatigue syndrome (CFS) ME/CFS is a complex illness 

characterized by a range of symptoms that includes fatigue, malaise, headaches, sleep 

disturbances, difficulties with concentration and cognitive function, and muscle pain (Baker & 

Shaw, 2007).  The cognitive symptoms include deficits in memory, attention, reaction time, 

information processing speed, and free memory recall (Cockshell & Mathias, 2010). The 

severity of ME/CFS has been classified according to Fukuda criteria (Fukuda, 1994), Canadian 

Consensus Criteria (CCC) (Carruthers et al., 2003), and International Consensus Criteria (ICC) 

(Carruthers et al., 2011). The original case definition (Fukuda, 1994) was used for clinical and 

research purposes. However, as knowledge in the field progressed (over the last 30 years), more 

data have been incorporated into case definitions and more stringent criteria evolved e.g. 

Canadian (CCC) and International case criteria (ICC).  For example, the Fukuda classification 

requires subjects to meet fatigue severity criteria and exhibit four of eight other symptoms, but 

do not include the specific neurocognitive and cardiorespiratory or thermoregulatory 

impairments now required in the ICC criteria (Carruthers et al., 2011). Hence the ICC is more 

selective for ME/CFS patients compared with the Fukuda definition. Notwithstanding, as 

research progressed over the years, sometimes more than one case definition was retained to 

permit comparisons with earlier studies. Therefore, the ‘Fukuda’ group may contain subjects 

without critical symptoms required by ICC, and today would not be regarded as having 

ME/CFS using the more contemporary definition (Brown et al., 2013). 

No precise underlying causes of ME/CFS have been identified. Brain imaging has been 

performed using several MRI techniques to advance our understanding of the pathophysiology 

of ME/CFS (Zeineh et al., 2014; Barnden et al., 2015, 2019; Kimura et al., 2019; Thapaliya et 

al., 2020). Qualitative analysis of structural imaging showed a higher percentage (78%) of 

abnormal brain scans in ME/CFS patients compared to healthy controls (21%).(de Lange et al., 

2008) The global and regional grey and white matter volume were decreased in ME/CFS 

patients (Okada et al., 2004; Puri et al., 2012; Barnden et al., 2015). Increased T1-weighted 

and T2-weighted signal intensity was also reported in ME/CFS patients (Natelson et al., 1993; 

Barnden et al., 2018). The ratio of T1-weighted and T2-weighted images also showed higher 

signal intensity in white matter and basal ganglia regions (Thapaliya et al., 2020) that could be 

due to higher myelin and/or iron density. However, structural findings yielded inconsistent 

atrophy and signal intensity (Cope & David, 1996). Functional neuroimaging using single-

photon emission computed tomography (SPECT) showed lowered regional cerebral blood flow 
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in ME/CFS patients (Costa et al., 1995; Goldstein et al., 1995). Another study using Positron 

emission tomography (PET) detected neuroinflammation in ME/CFS (Nakatomi et al., 2014). 

Blood oxygen level-dependent (BOLD) used to study brain abnormalities in ME/CFS 

demonstrated impaired connectivity within the brainstem (Barnden et al., 2019) and decreased 

functional connectivity in primary cognitive networks (Boissoneault et al., 2016; Shan et al., 

2018a). The temporal complexity of BOLD responses, a measure of information capacity, was 

lower in multiple regions in ME/CFS and could explain 40% of the variance in SF-36 physical 

scores (Shan et al., 2018b). Brain perfusion studies showed lowered cerebral blood flow in 

ME/CFS (Biswal et al., 2011) but there were no differences in monozygotic twins with CFS 

and twin healthy controls (Lewis et al., 2001). No neuroimaging technique has provided a clear 

pathophysiological understanding of ME/CFS nor served as a biomarker. 

Diffusion tensor imaging (DTI) is a technique that provides information on the structure of 

axons and their myelin sheath by measuring the random motion of water molecules (Basser, 

Mattiello, & Lebihan, 1994; Basser, Mattiello, & LeBihan, 1994).  During the processing of 

diffusion tensor magnetic resonance imaging data, multiple DTI parameters are estimated. 

Fractional anisotropy (FA), axial diffusivity (AD), mean diffusivity (MD), radial diffusivity 

(RD), and mode of anisotropy (MO) have been used to study white matter integrity, axonal 

damage, and myelin loss in neurodegenerative diseases including multiple sclerosis, 

amyotrophic lateral sclerosis, Alzheimer’s, epilepsy, Parkinson’s, traumatic brain injury, 

Crigler-Najjar syndrome type I, and Fabry disease (Filippi et al., 2001; Arfanakis et al., 2002; 

Maller et al., 2014; Zheng et al., 2014; Mayo et al., 2017; Baek et al., 2020; Razek et al., 2020; 

Ulivi et al., 2020). The main advantage of DTI over conventional structural MR imaging is its 

sensitivity to tissue microstructure (Nucifora et al., 2007). Despite this, only two studies have 

used DTI techniques (FA) to study microstructural changes in ME/CFS patients (Zeineh et al., 

2014; Kimura et al., 2019). The first study (Zeineh et al., 2014) showed increased FA values 

in the right arcuate fasciculus in ME/CFS patients whereas the second study (Kimura et al., 

2019) showed a significant decrease in FA in the genu of the corpus callosum and right anterior 

limb of the internal capsule. These inconsistent findings in ME/CFS motivated further 

investigation here with the additional DTI parameters AD, MD, RD, MO, transverse eigen 

values (λ2, and λ3). The specific aims of this exploratory study were to investigate tissue 

microstructural abnormalities in ME/CFS patients using DTI parameters and eigenvalues, and 

to explore interaction-with-group regressions between DTI parameter images and clinical and 

autonomic measures. 
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Materials and Methods 

Participant Recruitment 

The study was approved by the local human ethics (HREC/15/QGC/63 and GU:2014/838) 

committee of Griffith University and the Gold Coast University Hospital where scanning was 

performed. Written informed consent was obtained from all individuals. Fifty-six ME/CFS 

patients and 26 age-matched healthy control subjects were recruited (see Table 1 for 

demographic information) through an online Lime survey. Of the 56 ME/CFS patients 

reviewed by a clinician (DS) experienced in ME/CFS, 13 ME/CFS patients were excluded due 

to other conditions (attention deficit hyperactivity disorder, autoimmune disease, 

microvascular disease, or body mass index (BMI)>35). After these exclusions, 25 ME/CFS 

patients met Fukuda criteria (Fukuda, 1994), and 18 ME/CFS patients met ICC criteria 

(Carruthers et al., 2011). Healthy control subjects were included in this study if they had no 

exclusionary medical disorder and no abnormal physical function. Effect sizes for DTI 

parameters, particularly for ICC case-definition ME/CFS, were not available from previous 

studies. Thus a-priori statistical estimation of the required sample size was not possible. This 

is an exploratory study that reports significant results for the 18 ICC subjects available. 

 

Clinical Measures 

Clinical measures incorporated into voxel-based DTI parameter regressions were collected as 

follows. The 36-item SF36 short-form health survey questionnaire (Alonso et al., 1995), was 

completed by all subjects, and the SF36 physical (Phys_all) and mental scores were extracted. 

An information processing score (Procinfo) and a Sleep disturbance score (SDS) were obtained 

via a survey: “In the past month, how severe were the following symptoms (on a scale of 1 to 

10, 1 being not a problem, 10 being extremely severe)” for symptoms “Difficulty processing 

information?” and “Sleep disturbances?”. Heart rate (HR), Heart rate variability (HRV), and 

Respiratory rate (Resp) were extracted from the power spectra of the pulse oximeter and 

respiration strap data recorded during a 15-minute resting-state fMRI acquired in the same 

scanning session (HR and Resp from the frequency of the primary peak, and HRV from the 

full width at half maximum of the primary HR peak). Stroop Effect, a cognitive performance 

measure, was estimated from the Stroop color-word test conducted during a 15 min task fMRI 

acquired in the same scanning session (Shan et al., 2018a). 

 

 



 

 
This article is protected by copyright. All rights reserved. 

MRI scans and data processing 

The diffusion data were acquired using a 3T Skyra MRI scanner (Siemens Healthcare, 

Erlangen, Germany) with a 64-channel head-neck coil (Nova Medical, Wilmington, USA). 

Diffusion images were acquired for 64 noncollinear gradient directions at single shell b values 

(3000 sec/mm2) and one image was acquired with no diffusion gradient. Other settings were: 

repetition time/echo time = 5035/114.8 ms, field of view (FOV)= 230 X 230, matrix=96 X 96, 

voxel dimension of 2.4x 2.4 x 2.4 mm3, and 60 slices. The acquisition time was 11.26 minutes. 

MR images were acquired in both patients and HC with the same scanner, using the same 

scanning parameters. 

 

Post-processing of diffusion data 

Diffusion-weighted data were denoised using the ‘dwidenoise’ command that estimates noise 

levels (Veraart, Fieremans, et al., 2016; Cordero-Grande et al., 2019) and denoises based on 

random matrix theory (Veraart, Novikov, et al., 2016). The eddy current induced distortion 

correction and motion correction between DWI volumes but also within the volumes were 

corrected using the ‘dwipreproc’ command also available in MRtrix3 

(https://www.mrtrix.org/) software. The diffusion tensor, its three eigenvalues, and FA images 

were then calculated using tools provided with FMRIB’s Diffusion Toolbox (FDT), part of 

FMRIB Software Library FSL (Smith et al., 2004) (http://www.fmrib.ox.ac.uk/fsl). DTI 

parameters FA, AD, RD, MD, MO, λ2, and λ3 were calculated using ‘dtifit’. Each subject’s 

FA map was non-linearly registered to Montreal Neurological Institute (MNI) standard space 

using the tract-based spatial statistics (TBSS) toolkit of FSL 

(target=FSL_HCP1065_FA_1mm, FA threshold=0.25). Non-FA images (AD, RD, MD, MO, 

λ2, and λ3) were processed in the same manner by applying the deformations obtained from 

the FA coregistration. 

 

Voxel-based statistics 

Voxel-based statistical analysis of the FA, AD, MD, RD, MO, λ2, and λ3 of the two groups 

was performed with SPM12. For each, to test for group differences, a 2-sample T-test was 

performed controlling for age and gender. Voxel clusters in the T statistic map were defined 

using an uncorrected voxel p-value threshold of 0.004 and a cluster size threshold of 100 

voxels. Statistical inference was measured with the false discovery rate corrected cluster p-

value (cluster p-FDR). Significant clusters were overlaid on T1-weighted image 

https://www.mrtrix.org/
http://www.fmrib.ox.ac.uk/fsl
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(mni_icbm152_t1_tal_nlin_sym_09a). We also performed voxel-based FA, AD, MD, RD, 

MO, λ2, and λ3 interaction-with-group regressions with clinical parameters to test for different 

relationships in ME/CFSICC and HC groups, that is, an abnormal relationship in ME/CFS. 

Voxel clusters were formed using an uncorrected voxel p-value threshold of 0.001. The eight 

clinical parameters used as regressors were HR, HRV, Phys_all, Procinfo, SF36 mental score, 

Resp, SDS, and Stroop. One ME/CFSICC patient was omitted from group interaction analysis 

due to missing clinical information (Procinfo, Phys_all, and SDS). Clinical and autonomic 

measures outliers (one-Procinfo, one-SDS, and two-Resp) ME/CFSICC data were also omitted 

from group interaction analysis. The FDR after accounting for the multiple interaction 

regressions performed was also computed. All tests were controlled for age and gender. Cluster 

locations were identified with the xjview toolbox (https://www.alivelearn.net/xjview).  

 

Correction for multiple regression 

Correction for multiple regressions was performed similar to Barnden et al. (Barnden et al., 

2015). The present analysis consisted of N= (1+9) * 2* 7= 140 regressions, where, in brackets 

‘1’ refers to the categorical (group) comparison of ME/CFS and HC, and 9 refers to the 

autonomic and clinical regressors. The x2 accounts for both positive and negative 

comparisons/regressions for each statistical design and x7 accounts for the seven image types 

(FA, AD, MD, RD, λ2, and λ3). We computed false discovery rate (FDR), the expected portion 

of false positives among all N regressions (Benjamini & Hochberg, 1995)  when upper bound 

q=0.05 was specified for the acceptable FDR. The k strongest results with p-values p1,…, pk 

that satisfied p1,…,pk < q(k/N) were then deemed significant. Then the regressions that survived 

the FDR threshold were reported. All regressions were adjusted for age and gender. 

 

Results 

A False Discovery Rate of 0.05 for the 140 statistical designs applied here was achieved by 

requiring a cluster P < 0.018. 

 

Group comparison: ME/CFSFukuda vs HC 

We performed a group comparison between 25 ME/CFSFukuda and 26 HC for all seven DTI 

parameters. None of the DTI parameters showed a statistically significant cluster (P < 0.05) 

despite relaxing the p-uncorrected voxel threshold to 0.005. ME/CFSFukuda subjects were 

excluded from subsequent analysis. 

https://www.alivelearn.net/xjview
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Group comparison: ME/CFSICC vs HC 

We performed voxel-based analysis on FA, AD, MD, RD, λ2, and λ3 images estimated for 18 

ME/CFSICC and 26HC. Figure 1 shows significant clusters with decreased AD, MD, and λ2 in 

the midbrain and pons in the brainstem in ME/CFS patients as well as in the superior 

longitudinal fasciculus (SLF) region for MO. Figure 2 shows significant clusters with increased 

λ3 in the dorsal medulla for ME/CFSICC. RD showed significant group differences between 

ME/CFSICC and HC but significance was lost after adjusting for multiple comparison. Group 

comparison of FA did not show any significant differences between ME/CFSICC and HC. 

Statistics of clusters detected in group comparisons of DTI parameter images are presented in 

Table 2.   

 

Regression with clinical measures 

DTI interaction-with-group regressions were performed with 9 clinical scores: Phys_all, SF36 

mental, Procinfo, SDS, HR, HRV, Resp, Stroop Effect and mean Stroop test Reaction Time. 

Significant FA, AD, MD, RD, or MO interaction-with-group regressions were detected for five 

regressors. Clusters detected with ME/CFSICC regression slopes significantly different to HC 

slopes are listed in Table 3.  λ2 and λ3 interaction-with-group regressions also detected 

significant clusters with an abnormal ME/CFSICC regression and are listed in supplementary 

Table 1.  

Figure 3 shows six of statistically valid (cluster PFDR < 0.018) clusters detected for AD, MD, 

and RD interaction-with-group regressions with Procinfo.  The DTI parameters AD, MD, and 

RD formed significant clusters in the hippocampus and parahippocampal gyrus. MD and RD 

both showed a significant cluster in the corpus callosum, posterior cingulate and Brodmann 

Area (BA)-36. MD also formed a significant cluster in the external capsule.  

Voxel-based FA interaction-with-group regressions with Phys all and SDS yielded the clusters 

in Figure 4.  MD and RD regressions with Resp also revealed significant clusters (see Figure 

5). FA versus Phys_all detected a significant cluster in BA-2, and FA versus SDS in BA-44. 

MD and RD versus Resp revealed significant clusters in BA-9 and RD only showed significant 

cluster in the cerebellar tonsil (see Figure 5).  The plots in Figures 3, 4, and 5 illustrate the 

value of interaction-with-group regressions which test for opposite regressions in the two 

groups and detect regions with abnormal ME/CFS dependence. The variance associated with 

age and gender was removed from the plotted means.  
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Discussion  

Our study is the first to demonstrate that ME/CFS patients have DTI differences in white matter 

regions, particularly in the brainstem. It was remarkable that a brainstem cluster with AD and 

MD deficits followed descending fibres through the midbrain to crossing fibres of the pontine 

nuclei. Voxel-based DTI interaction-with-group regressions with clinical and autonomic 

parameters tested for locations where the regressions have an opposite sign for the two groups 

and detected this phenomenon in widespread brain regions, some in grey matter. To our 

knowledge, this is the first study to investigate axonal microstructural changes of brainstem 

regions and to perform DTI interaction-with-group regressions with clinical measures relevant 

to ME/CFS patients. Our novel findings show that DTI parameters provide insights into the 

pathophysiology of ME/CFS and may potentially be imaging biomarkers. It also demonstrates 

that only the stricter ICC case definition of ME/CFS could identify the neuropathology of this 

illness. 

 

Group comparison 

For multiple DTI parameters, our study found significant differences between ME/CFSICC 

patients and HC in the brainstem, and SLF areas. It has been reported that 89% of ME/CFS 

patients have memory and concentration problems, and difficulties in processing complex 

information (Jason et al., 1999).  In studies involving neuropsychological tests of attention, 

working memory, and processing speed, ME/CFS subjects did significantly worse than healthy 

controls (Marcel et al., 1996; Vercoulen et al., 1998). Here we detected diffusion deficits in 

the frontopontine tract within the midbrain extending to crossing fibres of the pontine nuclei. 

The primary motor cortex connects through the frontopontine tract to the ipsilateral pontine 

nucleus in the ventral pons, and then via pontocerebellar projections to the contralateral 

cerebellum (Glickstein & Doron, 2008; Kratochwil et al., 2017). Pontine nuclei are involved 

in motor activity (Kratochwil et al., 2017) via the cerebellum. These AD deficits may be related 

to reports of impairment in central motor mechanisms accompanying motor response 

preparation for some tasks (Paul et al., 2008; Rasouli et al., 2017) and range of motion (Rowe 

et al., 2014). 

Increased λ3 diffusivity in the mediodorsal medulla (Figure 2) appears to involve the medial 

lemniscus where it forms from the crossing fibres of the sensory decussation which connect 

gracile and cuneate fasciculi ascending from the spine (Naidich et al., 2009).  

https://en.wikipedia.org/wiki/Primary_motor_cortex
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We also observed a relative MO deficit in ME/CFSICC patients in the SLF which is involved in 

core processes such as attention, memory, emotions, and language (Schmahmann et al., 2008). 

A DTI study in Gulf war illness showed a correlation between abnormality of the SLF and 

fatigue (Rayhan et al., 2013) and dysfunction in SLF regions in ME/CFS patients (Kimura et 

al., 2019).  

Thus, brainstem and SLF impairment may underlie some of the core affective symptoms 

observed in ME/CFS. The changes in diffusivity parameters reported here could relate to 

different axon calibre or axonal and myelin density (Sen & Basser, 2005). A similar pattern of 

decreased AD and MO has been reported in an amyotrophic lateral sclerosis study in the 

brainstem corticospinal tract (Baek et al., 2020). It is also worth noting that neuroinflammation 

has been observed in the brainstem regions of ME/CFS (Nakatomi et al., 2014). In addition, 

the decrement of MD could be caused by cell proliferation (Alexander et al., 2007).  

Recently, we demonstrated a higher degree of myelination in ME/CFS patients in brainstem 

tracts using the ratio of T1 and T2-weighted images (Thapaliya et al., 2020). An fMRI study 

showed impaired brainstem reticular activation system connectivity in ME/CFS patients 

(Barnden et al., 2019). Our observed  ME/CFSICC decrement in λ2 and increment in λ3 (Table 

2) in the medulla indicates an asymmetry in radial diffusivity which may represent discrete 

white matter damage (Maller et al., 2014). We could not directly compare all of our DTI 

parameter findings to previous ME/CFS findings because of the lack of studies. 

A previous DTI study reported increased FA values in the right arcuate fasciculus (Zeineh et 

al., 2014) and decreased FA values in the genu of the corpus callosum and right anterior limb 

of the internal capsule in ME/CFS patients (Kimura et al., 2019). Interestingly, we did not find 

any significant differences in FA that confirm these findings (Zeineh et al., 2014; Kimura et 

al., 2019) which could be due to the differences in b-values and gradient directions  (Schilling 

et al., 2017). It has also been shown that higher b-values provides better contrast, greater 

sensitivity to tissue diffusivity and less T2 shine through (DeLano et al., 2000; Burdette et al., 

2001). Cihangiroglue et al (Cihangiroglu et al., 2009) also showed significantly higher contrast 

to noise ratio in the pons at b=3000 than at b=1000 s/mm2. A study of traumatic brain injury 

also did not find significant differences in FA values when compared to HC (Maller et al., 

2014). Further rationale for our inability to find significant FA differences could be due to the 

presence of the large number of crossing fibers (Lazar et al., 2008) in these white matter regions 

(Lazar et al., 2008; Jensen & Helpern, 2010). In addition, we did not find significant differences 

in DTI parameters when we compared HC and the more broadly classified ME/CFSFukuda. Thus, 

the more stringent ICC case definition was necessary to identify the neuropathology of this 
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illness (Carruthers et al., 2011) by including more functionally impaired and symptomatic 

ME/CFS patients with regards to both mental and physical health when compared to a group 

who only meet the Fukuda criteria (Brown et al., 2013).    

 

Interaction-with-group regressions 

Voxel-based DTI parameter interaction-with-group regressions with clinical measures yielded 

multiple clusters (Table 3, Figures 3-5). The Procinfo cluster in the corpus callosum is 

consistent with its crucial role in cognitive function (Musiek, 1986).  ME/CFS patients have 

reported a significant decrease in memory function that impairs learning and retrieval capacity. 

This is consistent with our finding that DTI parameters (AD, MD, and RD) showed abnormal 

regressions with Procinfo in the hippocampus and parahippocampal gyrus (Figure 3, Table 3) 

that are involved in the encoding of memories and their retrieval (Squire et al., 2004), and 

processing different types of stimuli (Lane et al., 1997; Blood et al., 1999). An Alzheimer’s 

study also reported abnormalities in the hippocampus and BA-36 (Ackl et al., 2005) and an 

animal study in Rhesus Macaques reported memory impairment after damaging the 

parahippocampal gyrus (Alvarado & Bachevalier, 2005). Abnormalities in the external capsule 

were associated with cognitive function in patients with subcortical silent lacunar infarcts 

(Chen Yaojing et al., 2015), and abnormalities in the posterior cingulate were associated with 

memory impairment and multitasking in patients with amnesia and splenial tumors (Valenstein 

et al., 1987; Rudge & Warrington, 1991). BA-36 which is located in the parahippocampal gyrus 

showed that brain activation was greater in controls than in Alzheimer's patients during 

encoding of color pictures using fMRI (Rombouts et al., 2000) and was also reported abnormal 

in Epilepsy (Vismer et al., 2015).  

FA interaction-with-group regressions with Phys_all showed a significant cluster in BA-2 

regions which is consistent with activation of BA-2 when pressure stimuli were applied to the 

index, middle, ring, and little fingers in an fMRI study (Choi et al., 2015). Our SDS showed a 

significant cluster in BA-44 (inferior frontal gyrus) which is similar to an fMRI study that 

showed activation of the inferior frontal gyrus after sleep deprivation (Vartanian et al., 2014). 

Another study using fMRI on mindfulness showed prefrontal cortex (BA-9) was associated 

with attention-to-breathing (Doll et al., 2016). A study showed involvement of prefrontal 

cortex in sleep breathing disorder compared to healthy controls (Pereira et al., 2017) that is 

similar to our finding in Resp. The cerebellar tonsil that is part of the cerebellum is involved in 

cardiovascular and respiratory function (Paton et al., 1991; Harper et al., 1998; Rector et al., 
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2006).  The involvement of the cerebellum in respiration seems to be central to respiratory 

challenges, such as hypoxia or hypercapnia (Parsons et al., 2001; Macey et al., 2005). Another 

study using PET also showed the involvement of multiple areas of the cerebellum including 

cerebellar tonsils as a physiological effect of hypercapnia (Parsons et al., 2001). 

Limitations 

A limitation of this study is that changes in the DTI parameters especially MD and RD do not 

permit us to discriminate between changes in axonal myelination, axonal density, microglia, 

edema, axonal diameter, organization, or gliosis (Mori & Zhang, 2006; Bihan & Johansen-

Berg, 2012; Jones et al., 2013; Alexander et al., 2019). Diffusion tensor imaging is also 

sensitive to thermal noise, physiologic fluctuations, and partial volume averaging between 

voxels in different tissues (Alexander et al., 2007). Another limitation is that some of the 

clinical scores in this study were obtained from questionnaires which, by their subjective 

nature, may limit interpretation of our findings. This study was a cross-sectional study. 

Longitudinal studies should be performed to test progressive microstructural changes in 

ME/CFS. Furthermore, our male sample size meeting ICC criteria is half of the female sample 

size. Further studies with larger male and female sample sizes are necessary to confirm our 

findings. 

  

Conclusion 

Our DTI study detected axonal microstructural abnormalities in ME/CFS patients. The group 

analysis using a voxel-based method detected differences in diffusion metrics in ascending and 

descending tracts in the medulla, pons and midbrain of the brainstem in ME/CFS patients, but 

only for those meeting ICC criteria. This demonstrated the importance of strict case definitions 

for ME/CFS. Our DTI parameter interaction-with-group regressions with clinical measures 

showed involvement of multiple brain regions. These novel analyses can contribute to 

understanding the pathophysiology of ME/CFS patients. Brainstem abnormality may be an 

imaging diagnostic marker for ME/CFS.  
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FIGURE 1 Results of voxel-based group comparisons of AD, MD, and MO. A: Sections 

through a significant cluster with decreased AD in ME/CFSICC. This single cluster tracks 

fibres from the motor and premotor cortices which project to the cerebellum. No single 

section shows the full extent of the cluster, but we summarise it in 6 sections. Sagittal 

sections (x=+5, +9) show this AD deficit cluster extending from the midbrain to the ventral 

pons. Horizontal bars indicate the level of the 3 axial sections which show the cluster in the 

frontopontine tract (z = -12, x = +9) in the midbrain superior cerebellar peduncle, and its 

descent through the vertical extent of the midbrain (z = -20) to the ventral pons middle 

cerebellar peduncle which crosses to the opposite side (z = -28, y = -4, x = +5). B: MD was 

significantly decreased in similar regions to AD as shown in sagittal (x= +5), axial (z= -20) 

and coronal (y= -16) planes. MD and λ2 clusters were the same. MO was significantly 

decreased at a focus in the superior longitudinal fasciculus as shown in sagittal (x=+32), axial 

(z=+21) and coronal (y=+2) planes. SPM T maps are shown in yellow-red. AD=axial 

diffusivity, MD=mean diffusivity, MO= mode of anisotropy. 
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FIGURE 2 Results of the voxel-based ME/CFSICC versus HC group comparison of λ3 

shown in sagittal (x= - 2), coronal (y= -43), and axial (z= -58) planes. Superimposed SPM T 

maps (yellow-red) locate significant ME/CFSICC increases in λ3 in the medulla near the 

sensory decussation. λ3 is an eigenvalue transverse to the fibres. 
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FIGURE 3 For ME/CFSICC and HCs, significant clusters from interaction-with-group 

regressions with Information Processing score for AD, MD, and RD and corresponding 

scatter plots of the cluster mean for individual subjects. Sections through clusters are shown 

on a reference brain (mni_icbm152_t1_tal_nlin_sym_09a template) and the label identifies 

the cluster location. Voxel colour encoded T statistics are shown in clusters formed with a 

voxel p (uncorrected) threshold = 0.001. The plots and clusters labelled ‘AD, MD, RD’ were 

essentially the same for all 3 metrics. The red and blue triangles belong to HCs and 

ME/CFSICC respectively. AD=axial diffusivity, MD=mean diffusivity, RD=radial 

diffusivity, and BA= Brodmann area. 
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FIGURE 4 Significant clusters and scatter plots for FA of individual ME/CFSICC and HCs. 

Significant clusters in upper panels were obtained from voxel-based FA interaction-with-

group regressions (ME/CFSICC x HCs) for 2 clinical regressors (Phys_all, and SDS). On the 

same reference brain as Fig. 3, cluster sections show the colour coded T statistic for voxel p 

(uncorrected) <0.001. The red and blue triangles show HCs and ME/CFSICC respectively. 

FA=fractional anisotropy, BA=Brodmann area, Phys_all=SF36 physical score, SDS=sleep 

disturbance score. 
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FIGURE 5 For ME/CFSICC and HCs, significant clusters from interaction-with-group 

regressions with Respiration rate for AD, MD, and RD and corresponding scatter plots of the 

cluster mean for individual subjects. Sections through clusters are shown on the same 

reference brain as Fig 3 and the label above identifies their location. Cluster voxel values are 

colour encoded T statistics with a threshold voxel p (uncorrected) =0.001. The plots and 

clusters labelled ‘MD, RD’ were essentially the same for both metrics. The red and blue 

triangles belong to HCs and ME/CFSICC respectively. MD=mean diffusivity, RD=radial 

diffusivity, and BA= Brodmann area. 
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Table 1 Demographic and clinical characteristics of patients with ME/CFS and HCs. 

Superscript a and b are the p-values for ME/CFSFukuda vs HCs and ME/CFSICC vs HCs 

respectively. 

 ME/CFSFukuda 

(n=25) 

ME/CFSICC 

(n=18) 

HCs  

(n=26) 

p-value 

Age 49.8 ± 12.22 43.26 ± 10.72 43.10 ± 13.7 0.1a, 0.89b 

M/F 5/20 6/12 9/17 N/A 

HRV (%) 20.21 ± 11.03 27.32 ± 16.12 21.05 ± 8.71 0.77a, 0.19b 

Phys_all 29 ± 13.08 27.32 ± 16.12 84.41 ± 17.42 <0.001 

Resp 4.02 ± 2.15 4.06 ±1.28 4.07 ± 1.10 0.92a, 0.96b, 

SDS 6.52 ± 1.82 7.06 ± 1.98 1.96 ± 1.53 <0.001a,b 

Procinfo 5.8 ±1.82 6.7 ±1.35 1.5 ±1.02 <0.001a,b 

 

 

Table 2. Cluster statistics of AD, MD, MO, λ2, and λ3, where a voxel-based group comparison 

detected ME/CFSICC values less than (top) or greater than (below) HCs. Clusters were formed 

with an uncorrected voxel p threshold of 0.004  

 

DTI 

parameter 

Area Peak X Y Z 

mm 

Cluster 

p-FDR 

Cluster size 

(voxels) 

AD Midbrain/Pons -12 -15 -29 0.001 653 

MD Midbrain/Pons 5 -16 -32 0.01 436 

MO SLF 32 2 21 0.001 202 

λ2 Midbrain/Pons 5 -16 -32 0.003 463 

λ3 Medulla 9 -36 -51 0.014 362 
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Table 3 Details of significant clusters from voxel-wise AD, MD, RD, FA, and MO interaction-

with-group regressions with five clinical regressors (second column). Clusters were formed 

with an uncorrected voxel p threshold of 0.001 for Resp, Procinfo, and Phys_all, and 0.0015 

for SDS. Cluster statistical inference is given by PFDR. Only clusters exceeding 100 voxels in 

extent are reported. The sign of the regressor is the sign of the slope for the ME/CFSICC 

regression. 

DTI 

parameter 

Regressor Region X Y Z 

peak 

Cluster 

PFDR 

No.  

voxels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AD 

 

- Procinfo 

 

Superior corona 

radiata 

 

-20 17 38 <0.001 864 

Precentral gyrus 

 

-25 -17 51 <0.001 1000 

Fusiform gyrus -49 -5 -27 <0.001 1147 

 

Cerebelum_9_L -8 -50 -53 0.006 280 

 

Hippocampus -23 -40 -1 0.014 232 

 

Para-

hippocampal 

gyrus 

 

17 -35 -1 0.005 309 

Inferior occipito-

frontal fasiculus 

 

-37 -1 -7 0.006 279 

Thalamus -9 -6 17 0.014 238 

 

+ Resp BA-9 -6 39 24 0.001 416 

 

 

 

 

 

 

 

 

 

 

- Procinfo 

 

 

 

 

 

 

 

 

Corpus callosum 

 

9 29 8 0.001 339 

Middle temporal 

gyrus 

 

-35 0 -38 0.001 358 

Posterior 

cingulate 

 

-6 -42 3 0.017 192 
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MD 

 

 

 

 

Hippocampus -25 -40 -2 0.002 287 

 

Para-

hippocampal 

gyrus 

 

17 -37 0 0.001 359 

BA-36 -20 -6 -34 0.017 196 

 

External capsule 

 

-30 9 -11 0.002 290 

+ Resp BA-9 -6 39 24 0.001 361 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RD 

- Procinfo 

 

Middle temporal 

gyrus 

 

-35 0 -38 <0.001 339 

Corpus callosum 

 

9 28 9 <0.001 339 

Hippocampus -25 -40 -2 0.001 297 

 

Posterior 

cingulate 

 

-6 -42 3 0.004 210 

Para-

hippocampal 

gyrus 

 

16 -37 0 <0.001 379 

Unicate 

fasciculus 

 

-35 3 -10 0.002 240 

BA-36 -20 -6 -34 0.004 207 

 

+ Resp BA-9 -6 39 24 0.001 310 

 

Cerebellar tonsil 

 

26 -39 -41 0.011 190 

+ Phys_all BA-2 -47 -29 40 0.014 150 

 

- Procinfo 

 

Superior corona 

radiata 

 

-15 12 40 0.004 173 

CST -28 -20 52 0.001 221 
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Optical radiation -28 -58 27 0.015 132 

 

-SDS BA-44 -42 7 25 0.002 220 

MO - Procinfo 

 

Superior corona 

radiata 

26 -19 25 <0.001 135 
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Graphical Abstract Text 

Diffusion tensor imaging parameters showed microstructural changes (especially in the 

brainstem) in ME/CFS and could potentially act as an imaging biomarker of abnormal 

pathophysiology in ME/CFS. This study also shows that strict case definitions are essential in 

investigation of the pathophysiology of ME/CFS. 

 

 


