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Why Neuroimaging in ME/CFS?

* Objective evidence of brain alterations
* Connectivity (fMRI)
* Volumes (structural MRI)

* Microstructure (DTI)
* Perfusion (ASL)

* Understanding pathophysiology
ék * Brain networks dysfunction (fMRI)
* Neuroinflammation (PET)
* Energy metabolism (MRS)

@ * Ildentify biomarkers

* ldentify treatment targets
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Magnetic Resonance Imaging (MRI)

What is it?

* Non-invasive brain imaging

* Strong magnetic fields + radiofrequency pulses
* Detects hydrogen signals in tissue water

* High-resolution structural and functional data

Different tissue properties = different signal contrasts

What can it measure?

e Structure > anatomy (gray/white matter)

* Function (fMRI) » blood oxygenation (BOLD)
* Chemistry (MRS) > metabolites

* Perfusion > blood flow (ASL)
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Structural MRI: Volumetry

o~

/'l ‘

L

/ q ! . 0"
AP 2

What it mesures
* Gray matter
* White matter

* Specific regions (e.g., thalamus, hippocampus) Parcellation: How  Segmentation: How
the is labeled structures are labeled
Methodology
X . H “ ”
* T1-weighted MRI Overview of automated processing stream “recon-all

* Automated segmentation
* Group comparisons:
* patientsvs controls

* regional volume differences Skull stripping ~ Volumetric labeling Intensity
Input normalization
Clinical insights
* Structural changes (atrophy,
hypertrophy)

* Disease progression

Gyral labeling Surface atlas White matter

segmentation

Surface extraction registration




Structural MRI: Volumetry Studies

Heine et al. 2023 - eClinicalMedicine: Thalamic & basal ganglia volume reduction in post-COVID fatigue

ANTEROMEDIAL VIEW

Stud Thalamus
* N =47 post-COVID patients with fatigue (median 7.5

months post-infection) (29% met ME/CFS criteria)
* n=47 matched healthy controls 4

* MRI: T1 volumetry + diffusion imaging (DTI)

Findings . L
* Volumetry: Redced thalamus & basal ganglia
volumes o ot o
e DTI: Microstructural alterations (FA) in thalamus and et I
pallidum | p g ) ®
2 04
* Clinical correlations: \ { 5., 4 it F } )
. . . éﬂ " ::-." ?‘.
* Thalamic FA © physical fatigue, Bell score, 021 - 2 i
L
daytime sleepiness \ / 0.1 . \\\
. R - ‘?g:ﬁ:(li L
+ Subcortical volumes < short-term memory \/ A - '

deficits



Magnetic Resonance Spectroscopy (MRS)

Whatis it?
* MRItechnique measuring brain chemistry (metabolites) rather than structure or connectivity
* Non-invasive window into neuroinflammation & metabolic dysfunction

What it measures Image from https://blogs.ubc.ca/erinlmacmillan

In vivo markers of: N — | L
 neuronalintegrity (NAA) AW =n
* Glial activation / inflammation (choline, myo-inositol)
* Energy metabolism (lactate)

MR Image

Findings in ME/CFS & PCS

NAA
* M Lactatein brain & muscle (energy dysfunction)’
« 1 Glutamate (excitotoxicity)’
¥ Choline (glial changes)’

Lactate
2 NAA (neuronal compensation)?® LJ\/K,.

« V Myo-inositol (glial dysfunction)® e

Major 7T studies: 'Godlewska et al. Front Neurosci 2025, *Thapaliya et al. Am J Med 2025, *Kaur et al. Medicina 2024, “Godlewska et
al. ] Psychopharmacol 2022, *Pajuelo et al. MAGMA 2024



MRS Studies

Godlewska et al. 2025 - Molecular Psychiatry

7T MRS in ME/CFS (n=24) and Long COVID (n=25) vs
controls (n=24)

Voxel placement:

* Brain > Pregenual anterior cingulate cortex (pgACC)
and dorsal anterior cingulate cortex (dACC)

* Muscle » Calf

Key findings
* 2 Lactate in ME/CFS (Impaired oxidative energy

metabolism / mitochondrial dysfunction)
* JV Total choline in Long COVID (May relate to
coagulation abnormalities and "brain fog*)
* No differences in glutathione, glutamate, or creatine
* No significant muscle metabolite differences at rest

Both groups had similarly high fatigue scores
Chalder Fatigue Scale: ME/CFS 23.0 vs long COVID 23.8
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Arterial Spin Labeling (ASL)

What is it? AR

* Non-invasive perfusion imaging: measures tissue blood flow
Labeling Pulse Train

by using magnetically “labeled” arterial blood water as P R
endogenous tracer E.« ) |l -

A
Labeling Time  Postlabeling Delay

How does it work?

* Control-label subtraction: images with and without magnetic
labeling of inflowing blood

* Quantitative output: Absolute cerebral blood flow (CBF) values
(e.g., mL/100 g/min) > useful for comparing across patients,
time points, and sites

PLD

R

Clinical application
* Assessment of perfusion deficits or hyperperfusion
* (i.e. strokes, brain tumors)

Clement et al., Front Radiol 2022




ASL Studies

Boissoneault et al. 2016 - Magnetic Resonance Imaging: Abnormal resting state functional
connectivity in patients with chronic fatigue syndrome: an arterial spin-labeling MRI study

Study
* 3T ASL + seed-to-voxel resting state fMRI (12 a priori seed regions)

* used spontaneous cerebral blood-flow fluctuations over time to
infer connectivity between brain regions (rather than BOLD)
* ME/CFS (Fukada) (n=17) vs healthy controls (n=17)

Fig. 1. ACC seed (black circle); Cluster 1 (red: connectivity higher
in HC than ME/CFS - right insula, planum polare, temporal pole,

Key findings putamen, Heschl’s gyrus)
* Reduced rCBF in brain regions associated with memory,
cognition, affect, and motor function
* Altered connectivity between:
* Parahippocampal gyrus (memory) € somatosensory
cortex
e Pallidum (motor) © occipital cortex (visual
processing)

* ACC (emotion/cognition) © multiple brain networks Fig. 2. Left PaHCG seed (black circle); Cluster 1 (connectivity higher in HC than

e Cerebral hypo pe rfusion correlated with fatigu e seve rity ME/CFS - right preggntrgl gyru‘s, middle frontal gyrus, inferior frontal gyrus);
Cluster 2 (connectivity higher in HC than ME/CFS (left postcentral gyrus and left

supramarginal gyrus)




What it measures

Functional MRI (fMRI) — Task-Based

Brain activity via blood oxygen levels (BOLD signal)
Functional connectivity between brain regions
Task-related activation patterns (task-based fMRI)
Resting-state network organization (resting-state fMRI)

Task-based fMRI

Brain activity during controlled cognitive or sensory tasks
“How brain networks respond under demand”
In fatigue disorders, often used to probe attention, working memory, cognitive effort

Possible confounders: motivation, fatigue level during task, strategy differences




Functional MRI (fMRI) — Task-Based Studies

Study
e 7Ttask-fMRI during Stroop cognitive test

* ME/CFS (n=27), Long COVID (n=17) vs controls (n=24)
* Pre (fatigue buildup) vs Post (fatigue set-in)

Purple Red Brown
Blue

Key Findings
* Healthy Controls > Brain networks coordinate better during challenge: increased connectivity in
subcortical from pre to post

* ME/CES > Aberrant connectivity in core networks (DMN, SN)

* V¥ hippocampus-nucleus accumbens (memory + motivation pathway) * Distinct patterns between
ME/CFS and Long COVID

* Long COVID -~ Impaired reward/motivation circuit » . _
« ¥ Nucleus accumbens ¢ Cerebellum (blunted dopaminergic reward) * FCdifferences correlate with

¢ V¥ Medulla © Hippocampus (Memory-autonomic connection) cognitive impairment severity



Functional MRI (fMRI) — Resting State

What it measures

* Brain activity via blood oxygen levels (BOLD signal)

* Functional connectivity between brain regions

* Task-related activation patterns (task-based fMRI)

* Resting-state network organization (resting-state fMRI)

Resting-state fMRI

Default Mode Network (DMN)
* Intrinsic brain activity during rest (no task performed) Self-reflection, memory

* |dentifies functional networks through synchronized

. . . Salience Network (SN)
neural activity (correlated BOLD signal patterns)

Attention to important stimuli

* Reveals baseline connectivity patterns and network
organization Central Executive Network
Cognitive control, working memory

Sensorimotor Networks
Movement, sensation




Functional MRI (fMRI) — Resting State

Multimodal neuroimaging in post-COVID syndrome and correlation with cognition

Study
* Multimodal MRI (resting-state fMRI, structural, DTI)

* Long COVID with cognitive impairment (n=86) vs. controls (n=36) at
11 months post-infection

i i R L
Key findings
Functional connectivity: — oo =

* Reduced connectivity between left & right parahippocampal & between
orbitofrontal & cerebellar regions Mean EC

* Correlates with memory deficits (learning & recall) FC PaH Bilateral FC Frontal - Cerebellar

Structural changes: ; ?LZ s i

* Grey matter volume reduction: parahippocampal, frontal, cerebellar, 2ol (2 f ;
temporal regions 5 Lf 5 %

* Strong correlations with attention, processing speed, working memory 20 20| |
d ef| c |tS Control CovID Control CoviID

White matter:
* V axial & mean diffusivity (suggests axonal injury)




Functional MRI (fMRI) — Resting State Studies

Study

* Resting-state fMRIin Long COVID patients with fatigue
(n=15) vs. without fatigue (n=24)

* Seed-based analysis with thalamus as a seed region

Key findings
* Altered thalamo-cortical connectivity
* Changes are network-specific & fatigue-dependent
* Fatigued patients: reduced connectivity between
thalamus and motor regions »
* Non-fatigued patients: Positive functional
coupling in same regions

Motor cortex (M1) Supplementary motor
area (SMA)Anterior cingulate cortex (ACC)

* Interpretation Why the thalamus?
* Fatigue linked to thalamo-cortical circuit dysfunction * Centralrelay + integration hub
 Relevance for ME/CFS * Keyrolein attention, sensory

* Supports shared neurobiological mechanism processing, effort regulation



HBOT-40 Study

Kim & Camma et al. medRxiv 2025; (under review) aricie
Hyperbaric oxygen therapy improves clinical symptoms and
functional capacity and restores thalamic connectivity in
ME/CFS

Dr. Laura Kim "#, Guido Camma 4 #, Dr. Claudia Kedor Peters ', Maron Mantwill 4, Oliver Miiller 2, Nadége
Leprétre’, Cornelia Heindrich ', Dr. Rebekka Rust "3, Dr. Moritz Krill 4, Dr. Tim J. Hartung 4, Lukas G. ReeR ¢,
Dr. Stephan Krohn 4, Prof. Christian von Heymann 2, Dr. Kirsten Wittke ', Prof. Carsten Finke * # and Prof.

Carmen Scheibenbogen ' #

Aims of the study

1. Explore brain changes after Hyperbaric Oxygen Therapy (HBOT) and their association with therapeutic response

2. Investigate differences in brain structure and function between ME/CFS patients and healhy subjects




HBOT-40 Study: Methods

Participants

N = 30 patients (Canada Consensus Critera, PEM =14h) ...

fa®

* 42.3+11.7 years
* 19Females

* Bellscore (mean = SD) =38.00 = 10.95 -> moderate to severe degree of disability
* In90% SARS-CoV-2 identified as the disease trigger

N = 30 age- and sex-matched healthy controls

MRI data acquisition & analysis

* pre-treatment (<4 weeks before HBOT)
@ * post-treatment (<4 weeks after HBOT) ,
* Structural: Whole-brain volumetric analyses -> FreeSurfer Q

* Functional: Seed-based resting state functional connectivity (FC)

with thalamus as seed region -> CONN Toolbox




Results HBOT-40: functional analyses

a) Patients vs HC (pre-treatment) Seed: thalamic subcluster for sensorimotor integration*
voxel threshold p < 0.001; cluster threshold p < 0.05

Increased thalamic FC

* Visuo-occipital regions right (t = 6.36, p_FDR < 0.001) o
* Visuo-occipitalregions left (t= 5.34, p_FDR <0.001)
* Motor and somatosensory regions right (t = 5.39, p_FDR < 0.001)
* Motor and somatosensory regions left (t=4.87, p_FDR < 0.001)
Increased thalamic connectivity with sensorimotor and
occipital regions in ME/CFS patients compared to HCs
0.00

*Thalamic subcluster based on connectivity-based thalamic parcellation

) All analyses controlled for age and sex and FDR-corrected
(Boeken et al., Brain Struct Funct, 2023)



HBOT-40 Study

2. Explore brain changes after Hyperbaric Oxygen Therapy (HBOT)
and their association with therapeutic response

stabilizing hypoxia-inducible factor,
maintaining ATP production

Metabolic
reducing excessive angiogenesis — improved
inflammatory cytokines baroreflex sensitivity
) Mechanisms of Autonomic
Immunological .
Action /Vascular
Neurological

thalamic normalization &
rebalancing sensorimotor circuits

@ i * 40 HBOT sessions over 8-16 weeks (up to 5/week, outpatient)
02 * Hyperbaric chamber: 2 ATA, 90 min, 5-min air breaks every 20 mins



Results HBOT-40: functional analyses

b) Patients vs HC (post-treatment) B No significant differences

c) Patients longitudinal Seed: thalamic subcluster for sensorimotor integration
(Dre- VS Dost-treatment) voxel threshold p < 0.01; cluster threshold p < 0.05

z=-30 z=-20 z=-10

Y e (W, 0.00
& ollNe E%D
Decreased thalamic FC LDM\@VJ a8 75V
7?(. i \pt \ ATy ‘ ”, \\\ § ‘\:/,l’ ’)“l
* Left sensorimotor cluster (t =-6.05, p_FDR < 0.001) A J\W LQ(:;? LS g? ,,6
« Leftvisuo-occipital cluster (t =-4.27, p_FDR < 0.001) ;::Egk {fﬂ({m»\ fjﬁ‘l,\
i \ﬁ AT ' d & =
* Right sensorimotor cluster (t = -6.04, p_FDR < 0.001) A ‘”vf( ’;/\1 pY 1:;‘ ”i ) ’2 8
Yt RS AYC R AN =
« Right visuo-occipital cluster (t = -4.09, p_FDR < 0.001) \ﬁ”\:’{' g % [“Ff 'y C.oay
%;)v 4 Top /;,,08 (S
z : 30 z=40 z =150
-5.46

Baseline hyperconnectivity normalizes after 40 HBOT
sessions All analyses FDR-corrected



Results HBOT-40: functional analyses

Responders (= 10-point increase in SF-36 PF* at 4 weeks post-HBOT)

Responders (40) longitudinal (N =11) Non-Responders (40) longitudinal (N=17)

(pre- vs post-treatment) (pre- vs post-treatment)
Seed: thalamic subcluster for sensorimotor integration Seed: thalamic subcluster for sensorimotor integration
voxel threshold p < 0.01; cluster threshold p < 0.05 voxel threshold p < 0.01; cluster threshold p < 0.05
z=-30 0.00 0.00
L
%ﬁ\
3t §
-
z=0

Larger FC
» normalization in
Responders

T(10)
T(18)

-10.23 -5.14

*SF-36 PF = Short Form-36 Health Survey Physical Functioning All analyses FDR-corrected



HBOT-20 Study

Thalamic Functional Hyperconnectivity as a Replicable Neural Signature Camma et al., 2026 - Poster Presentation
of ME/CFS and its Modulation by Hyperbaric Oxygen Therapy (HBOT): ?

Evidence from Two Independent Cohorts

Guido Camma', Maron Mantwill', Shieun Angela Seo?, Juri Habicht',Tim J. Hartung!, Cornelia Heindrich’, Claudia Kedor?, Laura Kim’,
itz Krill', Stephan Krohn'*, Joseph Kuchli armen Scheibenbogen’, Carsten Finke'

Aims of the study

Background Methods

e ekt e o 2 St 1. Replicate baseline findings in an independent 20-sessions

+ "Normalization® of thalamic hyperconnectivily \
‘with sensorimotorivisuo-occipital cortices after 40 HBOT sessions! , HBOT-all: 56 patients (26 HBOT-20; 30 HBOT40): 40.9 4 109 y (42 F)

56 HCs, age- and sex-matched

cohort (HBOT-20)

» Responders (= 10-point incroasc in SF-36 PF at 4 wocks post-HBOT)
<p)

HBOT » Breathing 100% oxygen in a hyperbaric chamber

, Itmay enhance microciroulation, mitochondial function
o) | and reduce neuroinflammationt

D& &

Study Aims
» tMRI analysis: Seed-based resting state functional connectivity (FC) . . .
 Repicate findings i ndependent 20-sessions cofort (HBOT-20) :
Thalamic sensorimotor cluster as seed region'*! . - -
+ ool data from the o patients sub-cohorts (HBOT-all = HBOT-20 + HBOT40) . pre-traatment (< 4 wasks before HBOT)
» Examine treatment dose-response relationship (HBOT-20 vs HBOT-40) » post-treatment (< 4 weeks after HBOT)

L Resuts HBOT-40)

1) HBOT-20: Patients vs HCs  2) HBOT-40: Patients vs HCs  3) HBOT-all: Pationts vs HCs  6) Resp-20: longltudinal 7) Non-resp-20: longitudinal
N=51 N=60 N=111 I ON=3" (pre- vs post) N = 12"

No significant FC differences.

|| e g Participants

No significant FC differences.

N = 26 patients (Canada Consensus Critera, PEM =14h) ;.%
* Females (n, %) =19 (73.07%) .

* Mean age (mean = SD) =39.15 = 9.8 years

MESCFS (ChariTe

Research Foundation

* Bellscore (mean = SD) = 37.39 + 8.64 -> moderate to severe degree of

Conclusions

disability

i N = 26 age- and sex-matched healthy controls

OLOGY L8 B
e g =

[0 guido-cammagenarica.de
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