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Abstract 

Spinal cord injury (SCI) disrupts ascending and descending neural pathways, leading 

to motor and/or sensory dysfunction, with severity depending on lesion height and extent. In 

functional paralysis (FP), a subtype of functional neurological disorder, similar symptoms 

occur without yet detectable structural damage. While SCI primarily disrupts spinal 

signalling, how its supraspinal effects on motor networks evolve from the subacute to chronic 

phase remains unclear. In FP, symptom generation is presumed to originate from the brain, as 

suggested by functional neuroimaging studies, yet the underlying mechanism and the 

meaning of these brain activity alterations remain debated. Additionally, dysfunctional motor 

inhibitory control, as evidenced by cognitive studies, may further contribute to FP’s 

pathophysiology.  

This thesis investigates functional and metabolic correlates of paralysis in SCI and FP 

using magnetic resonance-based approaches. First, resting-state functional magnetic 

resonance imaging (fMRI) was used to compare functional connectivity (FC) and 

spontaneous activity in subacute vs. chronic SCI and healthy controls (HC). Second, fMRI 

during a motor-inhibition task was used to assess potential differences in the motor-inhibition 

network between individuals with FP, SCI and HC. Third, proton magnetic resonance 

spectroscopy was used to compare metabolic profiles in key FP regions among individuals 

with FP, SCI and HC. 

Individuals with SCI (both in chronic and subacute phase) exhibited reduced FC in 

the cerebellar vermis IX, right superior frontal gyrus, and right lateral occipital cortex versus 

HC. Individuals with chronic SCI showed lower FC in bilateral cerebellar crus I, left 

precentral gyrus, and middle frontal gyrus than individuals with SCI in the subacute phase 

and HC, suggesting chronic phase adaptation. Altered spontaneous activity in the left 

thalamus was unique to individuals with subacute SCI, possibly reflecting early 

reorganisation. During motor inhibition, both FP and SCI groups showed intact behavioural 

performance but higher FC in the right precentral gyrus and left insula compared to HC, 

suggesting compensatory plasticity. Metabolically, both individuals with FP and SCI 

exhibited lower anterior cingulate total N-acetyl-aspartate to total creatine ratios (tNAA/tCr) 

compared to HC. As lower tNAA is generally considered a marker of reduced neuronal 

viability, this finding points to neuronal compromise in both conditions. However, tNAA/tCr 

correlated significantly with motor strength in SCI but not in FP, suggesting that in FP, the 

reduction in tNAA/tCr may reflect the presence of paralysis itself rather than its severity. 
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Paralysis alters brain networks, with shared and distinct patterns between SCI phases 

and between FP and SCI, implying adaptive plasticity. Both conditions showed altered 

inhibitory network connectivity and reduced anterior cingulate tNAA/tCr, suggesting a 

relevant contribution of condition-unspecific neural adaptation due to motor dysfunction. 

Clarifying whether FP-specific functional and metabolic alterations represent mechanistic 

contributors to symptom generation or reflect non-specific consequences of paralysis will be 

an important focus for future research. 
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1. Introduction 

1.2 Spinal cord injury 

1.2.1 Characteristics 

Spinal cord injury (SCI) involves damage to the nerve fibres in the spinal cord, 

resulting from either non-traumatic causes (e.g., tumours or infections) or traumatic causes 

(e.g., external physical forces such as accidents) (Ahuja et al., 2017). The immediate 

mechanical damage of traumatic SCI is typically described as the primary injury, which may 

include compression, shearing, or laceration, leading to bleeding from ruptured blood vessels 

(haemorrhage), swelling (oedema), and acute inflammation (Ahuja et al., 2017; Anjum et al., 

2020). Within minutes to hours, this progresses to the delayed cascade of damage, namely the 

secondary injury, where disrupted blood flow (ischemia), excessive glutamate release 

(excitotoxicity), and calcium overload (mitochondrial dysfunction) collectively drive 

oxidative stress and apoptosis (programmed cell death) (Crowe et al., 1997; Li & Stys, 2000; 

Schanne et al., 1979). Over time, cystic cavities form from merged cysts, surrounded by 

reactive astrocytes, creating a glial scar that inhibits axon regeneration but also isolates the 

injury site to prevent further damage (Hill et al., 2001; Silva et al., 2014).  

Clinically, this manifests as either a complete loss of motor and sensory function 

below the level of the injury or an incomplete dysfunction, where partial voluntary movement 

and/or sensation persists (Alizadeh et al., 2019). Secondary complications may include 

autonomic dysreflexia (in injuries at or above the sixth thoracic vertebra), neurogenic bladder 

and bowel dysfunction, sexual dysfunction, and pressure sores (Karlsson, 2006). The clinical 

presentation depends on both the injury level (tetraplegia = cervical; paraplegia = 

thoracic/lumbar) and its completeness (Karlsson, 2006). 

The phases after SCI are continuous and highly variable in terms of recovery. Even 

though there is no clear cutoff, these categories are often used: acute (first 48 hours), 

subacute (first 2-14 days) (Witiw & Fehlings, 2015), intermediate (< 6 months), and chronic 

(> 6 months) (Alizadeh et al., 2019). Rehabilitation outcomes are generally more favourable 

in incomplete SCI (Waters et al., 1991). Most individuals with SCI experience the greatest 

recovery within the first 3 months, though some may continue to show improvement for up to 

18 months post-injury (Fawcett et al., 2007). 

SCI is considered a rare condition, with an annual incidence in Switzerland of 18.0 

per million inhabitants, aligning with global estimates from the World Health Organization 
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(Chamberlain et al., 2015). While exact frequencies vary by country (Barbiellini Amidei et 

al., 2022; DeVivo, 2012), traumatic SCI occurs more frequently in males (74.5%) than in 

females (25.6%), with the most common age range at the time of injury being 16–30 years 

(Chamberlain et al., 2015). The leading causes include falls, sports/leisure activities, and 

transport-related injuries (Chamberlain et al., 2015).  

 

1.2.2 Neurochemical changes 

To investigate tissue degeneration in the spinal cord, in vivo proton magnetic 

resonance spectroscopy (¹H-MRS, see more in chapter 1.4.2) was performed in traumatically 

injured rats, showing dynamic metabolic changes in the epicentre and adjacent regions. N-

acetylaspartate (NAA), a marker of neuronal viability, and total creatine (Cr), reflecting 

energy metabolism, both showed significant decreases at the lesion epicentre and in both 

rostral and caudal regions at 14 days post-injury, with these reductions persisting at 56 days 

after SCI (Qian et al., 2010). In contrast, total choline (Cho) levels, which indicate 

inflammatory activity, displayed an inverse pattern: Cho concentrations increased during the 

first 14 days before decreasing by 56 days in both the epicentre and caudal regions, while 

remaining unchanged in the rostral region throughout the observation period (Qian et al., 

2010).  

Expanding beyond the spinal cord, Erschbamer et al. (2011) included the brain using 

the same ¹H-MRS method in a rat model. Their results showed opposing trends for the 

combined glutamate and glutamine signal (Glx), a marker of excitatory neurotransmission: 

while Glx increased in the spinal cord during the first few days post-injury, it decreased in the 

cortex. Both changes normalised by 4 months post-injury. In contrast, myo-inositol (mI) 

levels in the spinal cord increased by approximately one-third after SCI and remained 

elevated even at 4 months, reflecting astrogliosis, an abnormal proliferation of astrocytes 

triggered by neuronal damage (Erschbamer et al., 2011).  

In humans with chronic SCI, similar patterns were observed, with lower total 

NAA/mI and Cho/mI ratios found in the spine. Individuals with tetraplegia showed more 

pronounced reductions than those with paraplegia, and the atrophy, measured as spinal cord 

area, was associated with these changes (Wyss et al., 2019). Notably, metabolic changes 

extended beyond the spinal cord, as individuals with cervical myelopathy, a condition 
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causing motor impairments due to compression of the cervical spinal cord, showed lower 

NAA/Cr ratios in the motor cortex distal to the lesion site (Kowalczyk et al., 2012).  

1.2.3 Structural and functional brain changes 

SCI alters the entire motor pathway, including the motor cortex. In individuals with 

SCI compared to healthy controls (HC), a 30% reduction in the spinal cord area was found, 

along with smaller white matter volume in the medullary pyramids and left cerebellar 

peduncles, as well as reduced grey matter volume and cortical thinning in the sensorimotor 

cortex (Freund et al., 2011). This motor cortex atrophy was associated with a score for motor 

impairments (Hou et al., 2014). Furthermore, it was shown that individuals with poor 

recovery after SCI had lower cortical thickness in the right premotor cortex compared to 

individuals with good recovery (Hou et al., 2016). Individuals with tetraplegia had more 

pronounced white matter microstructural alterations in the brain, reflected by lower fractional 

anisotropy and higher radial diffusivity (indicative of demyelination) in the left posterior 

thalamic radiation compared to individuals with paraplegia (Guo et al., 2019).  

Cortical functional reorganisation begins within minutes after SCI, as demonstrated in 

a rat model where spontaneous cortical activity immediately slowed to a state of slow-wave 

activity compared to pre-injury levels (Aguilar et al., 2010). After a thoracic SCI in rats 

resulting in hindlimb paralysis, some of the severed corticospinal neurons sprouted new 

connections to the forelimb region in the cervical spinal cord. The forelimb sensory map in 

the cortex expanded into the former hindlimb sensory map, and these rewired neurons 

became responsive to forelimb stimulation, suggesting functional integration into forelimb 

circuits (Ghosh et al., 2010). In humans, the synchrony of activity (functional connectivity, 

see more in chapter 1.4.1) within the sensorimotor cortex was reduced in individuals with 

SCI compared to HC (Pan et al., 2017). Furthermore, how the motor cortex and premotor 

cortex show synchrony in terms of activity indicates favourable vs unfavourable recovery 

after SCI, with greater synchrony associated with better recovery outcomes (Hou et al., 

2016). 

Beyond the sensorimotor cortex, altered brain activity in SCI also involves regions 

such as the paracentral lobule, vermis, and right cerebellar hemispheric lobules III–VI, as 

reported in a meta-analysis by Wang et al. (2019). Meta-regression further showed that more 

severe and lower-level injuries were associated with stronger cerebellar activation, suggesting 

compensatory overactivation in response to impaired spinal pathways. 
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1.3 Functional paralysis  

1.3.1 Characteristics 

Functional paralysis (FP), a subtype of the broader functional neurological disorder 

(FND), affects the function of the nervous system while its structure remains intact. 

Depending on the subtype of FND, symptoms may be motor-related (e.g., paralysis, tremor, 

gait disorder), sensory-related (e.g., loss of sensation, numbness), or seizure-related (e.g., 

psychogenic non-epileptic seizures) (Hallett et al., 2022). Previously, FND was termed 

dissociative (conversion) disorder or hysteria, with the assumption of a solely psychological 

origin. Although depression, anxiety, and stressful life events are common in FND, they do 

not predict outcomes or occur more frequently than in other disorders, and many cases lack 

psychiatric comorbidity entirely (Blanco et al., 2023; Calma et al., 2023; Ludwig et al., 2018; 

O’Connell et al., 2020). Today, psychological causes such as precipitating stressors are no 

longer required for an FND diagnosis according to the Diagnostic and Statistical Manual of 

Mental Disorders, Fifth Edition (DSM-5), though the underlying cause of the disorder 

remains unknown (Espay et al., 2018; Stone et al., 2014).  

FND accounts for ~ 6% of neurology consultations, with high diagnostic reliability 

(revision rates < 5%) (Carson & Lehn, 2016). Its annual incidence ranges from 10–

22/100’000, with prevalence estimates of 80–140/100’000 (Finkelstein et al., 2024). The 

subtype FP has an annual incidence of 3.9/100’000 (Stone et al., 2010).  

In FP, paralysis of specific limbs occurs, clinically resembling SCI but without any 

detectable structural damage to the brain or spinal cord (Stone & Aybek, 2016). It is one of 

the most common FND subtypes, occurring in about 20% of cases, similar to functional 

tremor (Lidstone et al., 2022; O’Connell et al., 2020). FP demonstrates a female 

predominance, with women affected approximately 2-3 times more frequently than men 

(typically ~ 70% of cases). The mean age at onset is around 36 years (Lidstone et al., 2022), 

though FP is also assumed to occur in childhood and adolescence, likely underrepresented in 

clinical samples (Fang et al., 2021).  

The most common onset is sudden (46%), followed by gradual (39%), while 

symptoms appearing upon waking or after anaesthesia are the least frequent (Stone et al., 

2012). The symptoms are often persistent. A 14-year case-control study found that only 20% 

of the individuals with FP achieved remission, while 31% experienced symptom 

improvement. However, in the majority of cases (49%), symptoms either remained 
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unchanged or worsened (Gelauff et al., 2019). Common medical comorbidities in FP include 

appendectomy, irritable bowel syndrome, and chronic back pain (Stone et al., 2020). 

 

1.3.2 Neural correlates 

In FND, the 'software vs. hardware' analogy that is often used to illustrate the 

condition describes intact brain structure (demonstrated by anatomical MRI scans) while 

there is a functional disruption ('software bug') (Bègue et al., 2019). This analogy, while 

useful for patient communication, also mirrors neuroscientific research trends: despite 

extensive functional magnetic resonance imaging (fMRI, see more in chapter 1.4.1) studies 

on FND, structural and biochemical research remains underrepresented and often 

unreplicated. 

Some studies report smaller volumes in bilateral basal ganglia and right thalamus in 

motor FND (Atmaca et al., 2006), while others found increased volumes in supplementary 

motor area (Kozlowska et al., 2017), premotor cortex (Aybek et al., 2014), and left thalamus 

(Nicholson et al., 2014), though in these latter studies, none of the volumetric changes 

correlated with clinical measures. Recent studies found no cortical volumetric differences 

across FND subtypes (Perez et al., 2017; Sojka et al., 2022; Tomic et al., 2020). White matter 

microstructural alterations are subtype-specific: while some studies reported microstructural 

alterations in mixed FND cohorts (Diez et al., 2021), others detected abnormalities 

exclusively in psychogenic non-epileptic seizures (Hernando et al., 2015; Lee et al., 2015; 

Sojka et al., 2021).  

Glutamatergic dysfunction has been implicated in the motor subtype of FND. A ¹H-

MRS study by Demartini et al. (2019) reported elevated Glx levels in the anterior cingulate 

cortex/medial prefrontal cortex. Additionally, the same group later found significantly lower 

blood levels of glutamate, brain-derived neurotrophic factor, and dopamine in individuals 

with FND compared to HC (Demartini et al., 2023). 

At the initial onset of motor FND, hypometabolism was observed in bilateral frontal 

regions using 18F-fluorodeoxyglucose positron emission computed tomography, but this 

normalised by 3 months after onset. Clinical score improvement was associated with 

hypermetabolism in the prefrontal dorsolateral cortex, right orbitofrontal cortex, and bilateral 

frontopolar regions. Additionally, onset resting-state metabolism in the right subgenual 
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anterior cingulate cortex was negatively correlated with motor improvement after 3 months 

(Conejero et al., 2022).  

The meta-analysis on neuroimaging by Boeckle et al. (2016) identified several 

cortical and subcortical regions as markers for motor FND compared to HC: the primary 

motor cortex, frontal cortex, anterior and dorsolateral prefrontal cortices, superior temporal 

lobe, retrosplenial area, red nucleus, amygdala, thalamus, and insula. When comparing 

affected versus unaffected sides, alterations were observed in the primary somatosensory 

cortex, frontal cortex, anterior prefrontal cortex, supramarginal gyrus, temporal cortex, dorsal 

anterior cingulate cortex, and anterior insula. Using classifier approaches on resting-state 

fMRI results, the most discriminant areas included the sensorimotor cortex, dorsolateral 

prefrontal cortex, supramarginal and angular gyri, hippocampal regions, cerebellum, as well 

as cingulate and insular cortex (Waugh et al., 2023; Weber et al., 2022).  

In individuals with FP, repetitive transcranial magnetic stimulation applied to the 

motor cortex increased muscle strength compared to placebo, but no actual motor 

improvements were observed (Broersma et al., 2015). Using single and paired-pulse 

transcranial magnetic stimulation, reduced excitability (increased resting motor threshold) 

and greater inhibition (increased short interval intracortical inhibition) were reported in the 

affected motor hemisphere compared to the unaffected side, while excitatory circuits 

(measured as intracortical facilitation) remained normal in both hemispheres, indicating an 

imbalance of inhibitory circuits (Benussi et al., 2020).  

During fMRI of passive hand movement, individuals with FP showed activation in the 

bilateral inferior frontal gyri, suggesting the involvement of motor inhibition processes, as 

these regions have been implicated in inhibitory motor control (Hassa et al., 2016). However, 

in a single-case fMRI study during motor inhibition, aberrant activations during motor 

preparation of the affected hand were observed (compared to HC) in the left ventromedial 

prefrontal cortex, left orbitofrontal cortex, and posterior cingulate cortex. Importantly, the 

inferior frontal gyrus, typically involved in inhibition, was not recruited during motor 

inhibition, indicating that FP may not be mediated by the typical inhibitory network (Cojan et 

al., 2009). 
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1.3.3 Cognitive correlates 

Beyond functional brain alterations, emerging evidence suggests possible cognitive 

deficits in FND, though findings remain inconsistent across studies. In a study analysing a 

broad range of neurocognitive domains, including information processing speed, attention, 

and executive functioning (high-level cognitive processes such as planning, inhibition, and 

cognitive flexibility), individuals with FND showed deficits in all subdomains compared to 

normative data. However, except for information processing speed and executive functions, 

their performance was comparable to that of individuals with somatic symptom and related 

disorders (Vroege et al., 2021). Similarly, children with acute FND showed poorer 

performance than HC in attention, executive function, and memory domains (Kozlowska et 

al., 2015). 

In FP, attention was thought to be centrally involved in symptom production. In a 

study of both voluntary (endogenous) and stimulus-driven (exogenous) attention, individuals 

with FP showed attentional dysfunction not only when using the affected limb but also during 

verbal responses. This implied that the attentional dysfunction is not purely motoric, 

suggesting that higher attentional processes interfere with movement preparation (Roelofs et 

al., 2003). However, attentional processes were also found to improve FP symptoms: 

individuals with FP had greater difficulty maintaining posture when focused on the task, 

whereas distraction temporarily normalised balance (Stins et al., 2015). Further, McIntosh et 

al. (2017) investigated endogenous and exogenous attention across sensory systems (visual 

and tactile). While participants with FP showed normal attention shifting in the visual task, 

tactile attention shifting was disrupted only for the affected limb, with the unaffected side 

remaining intact. This suggests the abnormality may lie not in attention shifting itself but in 

the consequences of attending to the affected body part. 

Comparing individuals with motor FND and 'organic' movement disorders, attention 

was intact while executive functions showed deficits. This dysfunction was evident as 

difficulty resolving conflicts between distracting and relevant information (cognitive 

inhibition tested with a Stroop task) (Huys et al., 2020). Testing executive control, van 

Wouwe et al. (2020) reported lower performance in individuals with motor FND compared to 

HC in an action control task and prolonged response times in an action cancellation task, 

suggesting impaired inhibitory control in FND. Furthermore, studies using go/no-go tasks 

(with go stimuli leading to behavioural response and no-go stimuli requiring inhibition of that 

response) to assess motor inhibition suggest a dysfunctional motor inhibitory system that may 



12 

 

contribute to the motor symptoms in FND, as indicated by both lower performance and 

longer response times in affected individuals, pointing to a broader disruption in cognitive-

motor control mechanisms (Hammond-Tooke et al., 2018; Voon et al., 2010).  

 

1.4 Magnetic resonance techniques  

Magnetic Resonance (MR) techniques are non-invasive methods that have been used 

in scientific research for nearly 80 years and in clinical diagnostics for nearly 50 years. These 

techniques allow in vivo characterisation of tissue anatomy, function, and metabolism in both 

animals and humans. Data can be acquired in two-dimensional (2D), three-dimensional (3D), 

or even four-dimensional (4D) formats, where the fourth dimension captures temporal 

changes such as motion or dynamic processes. The underlying phenomenon is nuclear 

magnetic resonance (NMR): When biological tissue is placed in a strong static magnetic field 

(B₀, measured in tesla, T), hydrogen nuclei (or other NMR active nuclei with non-zero spin) 

align with B₀. By applying a resonant radiofrequency (RF) pulse that generates a B1 field at 

the Larmor frequency (which depends on B₀ and the nucleus type) with a certain flip angle 

(e.g. 90°), the nuclei absorb energy and are tipped away from alignment with B₀ (excitation). 

After excitation, the nuclei return to equilibrium (relaxation) through two distinct processes: 

T₁ (longitudinal) and T₂/T₂* (transverse, where T₂* includes local tissue dependent B₀ field 

inhomogeneities) relaxation, each with characteristic time constants (T₁, T₂) determined by 

the local molecular environment (e.g., tissue type, chemical composition) (Gazzaniga et al., 

2014; Yousaf et al., 2018). Higher B₀ increases the signal-to-noise ratio (SNR), which can be 

leveraged to achieve finer spatial resolution for a given scan duration (see Figure 1) (Boulant 

et al., 2024). 

Most clinical MR scanners detect signals from hydrogen nuclei (¹H) in water and fat 

molecules, as they are abundant in biological tissues. Differences in relaxation times (T₁/T₂) 

and proton density between tissues generate contrast in MR images, while variations in 

resonant frequencies (chemical shifts) allow the discrimination of metabolites in MR spectra 

(see chapter 1.4.2) (Gazzaniga et al., 2014; Yousaf et al., 2018). 
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Figure 1. Signal-to-noise and resolution scaling with field strength 

 

Note: Axial T2*-weighted images of the human brain acquired with identical scan times (4 

min 17 s) at 3 T (left), 7 T (middle), and 11.7 T (right). Contrast-to-noise ratio was 

maintained across field strengths by adjusting acquisition parameters. Adapted from Boulant 

et al. (2024). 

 

1.4.1 Functional magnetic resonance imaging (fMRI) 

Deoxygenated haemoglobin is paramagnetic due to its unpaired electrons around the 

exposed iron atom, whereas oxygenated haemoglobin is diamagnetic. This difference in 

magnetic properties was demonstrated by Ogawa et al. (1990), leading to the definition of 

blood oxygen level-dependent (BOLD) contrast (see Figure 2). The presence of 

deoxyhaemoglobin creates local magnetic field inhomogeneities, which reduces the T2* 

relaxation time by dephasing spinning protons. Because T2*-weighted imaging is sensitive to 

these inhomogeneities, it allows changes in blood oxygenation levels to become visible. 

Since increased neural activity is typically coupled with elevated blood flow and oxygenation 

(neurovascular coupling), the BOLD signal serves as an indirect marker for brain activity 

(Iadecola, 2017). Building upon this principle, fMRI measures BOLD signal fluctuations over 

time to localize active brain regions. And with this, a revolution in cognitive neuroscience 
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began, as this technique allows for the non-invasive investigation of the human mind 

(Gazzaniga et al., 2014; Logothetis & Wandell, 2004). 

 

Figure 2. Contrast depended on the blood oxygen level 

 

Note: (a) shows the brain of an anaesthetised rat breathing air with 21% oxygen (normal 

atmospheric composition), and (b) shows the same rat after increasing the inspired oxygen to 

90%. When oxygen levels are increased, the venous system becomes less visible. This is 

because image contrast in T2*-weighted imaging depends on the amount of deoxygenated 

haemoglobin in the blood. Adapted from Ogawa et al. (1990).  

 

However, it is important to keep in mind that the BOLD signal reflects metabolic and 

vascular changes, rather than the firing of neurons (spiking). It correlates more reliably with 

local field potentials (LFPs), which represent synaptic input and intracortical processing, than 

with action potentials from individual neurons. As a result, BOLD signals can appear in brain 

regions where no neuronal spiking occurs, reflecting passive input or inhibitory processes 

rather than active output (Logothetis, 2012). These metabolic changes arise from the energy 

demands of neural processing, which involves both excitation and inhibition (Moon et al., 

2021). The relationship between BOLD signals and underlying neuronal activity is therefore 

complex and not yet fully understood. 

The hemodynamic response, and consequently the BOLD signal, evolves over 

seconds (see Figure 3), whereas neuronal activity occurs within milliseconds (Gazzaniga et 

al., 2014; West et al., 2019). The BOLD signal follows a characteristic hemodynamic 

response function: after stimulus onset, it rises to a peak at around 5 seconds, then slowly 
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returns to baseline, often with a post-stimulus undershoot. Experimental paradigms in fMRI 

are tailored to capture the hemodynamic response effectively. In task-based fMRI, two 

common experimental designs are used: block design, where conditions are alternated in 

blocks of several seconds (e.g. task vs. control), and event-related design, typically applied in 

more complex paradigms (e.g. decision making), where individual trials of task and control 

conditions are presented in a randomised order. In the latter, the BOLD response is time-

locked to specific events, such as stimulus onset or movement initiation (Huettel, 2012). In 

resting-state fMRI, spontaneous fluctuations of the BOLD signal are recorded over time in 

the absence of a task (Biswal et al., 1995). Altered connectivity patterns in these networks are 

observed in many neurological and psychiatric disorders (Fox & Greicius, 2010). 

 

Figure 3. Time course of the BOLD signal 

 

Note: Mean blood oxygen level-dependent (BOLD) signal time courses across three brain 

regions (A–C) in younger and older individuals. The peak response typically occurs around 5 

seconds post-stimulus onset but varies by brain region and age group. Adapted from West et 

al. (2019). With permission from Elsevier.  

 

The human cortex contains approximately 10 billion neurons and 10 trillion synaptic 

connections. To study their dynamic interactions, we must move beyond single-cell methods 

and employ techniques that capture population-level co-activation patterns (Logothetis, 

2012). For enable this, functional connectivity (FC) was introduced, which refers to the 

temporal correlation of the BOLD signal in spatially separated brain areas, where no 

directionality or structural connection is implicated. FC is particularly useful for identifying 

large-scale brain networks, comparing group-level differences (e.g., patients vs. controls), 

and exploring the brain's intrinsic functional architecture in both task-based and resting-state 

fMRI (Friston, 2011). 
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1.4.2 Proton magnetic resonance spectroscopy (¹H-MRS) 

Even though NMR-active nuclei respond principally to the forces of B0 and B1, their 

local molecular environment affects how they resonate: Electrons circulate around the 

nucleus, and depending on their density, a local electron-induced field is created that opposes 

B0, reducing the net magnetic field at the nucleus and making it resonate at a lower frequency 

(shielding). In the unshielded case, the electron-induced field fails to oppose B0 (due to low 

electron density) or reinforces it (due to paramagnetic or anisotropic effects), making the 

nucleus resonate at a higher frequency. The molecular structure and neighbouring atoms 

change how the same nucleus (e.g., ¹H) resonates, giving each metabolite its characteristic 

frequency. This phenomenon is called chemical shift, and it is the basis of MRS. Since 

absolute frequencies in Hz depend on the field strength, they are usually expressed as relative 

units in parts per million (ppm), with water as the reference point. This convention is most 

widely used in ¹H-MRS, which is the most common MRS modality, due to the high natural 

abundance and strong NMR signal of ¹H compared to other nuclei (e.g., ³¹P, ¹³C). The peaks 

in the spectra are termed resonances, which may split into doublets or multiplets due to 

interactions with neighbouring nuclei (J-coupling). The concentration of metabolites is 

calculated from the area under the curve, and ratios with Cr are typically reported for 

reproducible quantification, as Cr is assumed to remain stable (Arnold et al., 1951; Grover et 

al., 2015; Hahn & Maxwell, 1952; Proctor & Yu, 1950).  

These are the 6 most abundantly present metabolites in the brain spectrum at field 

strengths of ≤ 3 T (see Figure 4): 

N-Acetylaspartate (NAA) is one of the most abundant metabolites in the brain, with 

a major resonance at ~ 2.01 ppm. NAA is considered a marker of neuronal integrity and 

function, involved in myelin lipid synthesis, osmoregulation, and mitochondrial metabolism. 

It is degraded in oligodendrocytes by the enzyme aspartoacylase, yielding acetate and 

aspartate. Chemically, NAA is an N-acetylated derivative of aspartic acid (Moffett et al., 

2007; Shannon et al., 2016; Zheng et al., 2025). Reduced NAA levels are indicative of 

neuronal loss or dysfunction and are observed in conditions such as multiple sclerosis, brain 

tumours, and neurodegenerative disorders (De Stefano & Filippi, 2007; Murray et al., 2014; 

Pedrosa De Barros et al., 2016). 

Choline (Cho) resonance in vivo appears around 3.2 ppm and represents a 

combination of choline-containing compounds: primarily free choline (a precursor for 
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phospholipid metabolism), phosphocholine (involved in membrane synthesis), and 

glycerophosphocholine (a breakdown product of phospholipid degradation). Because 

membrane turnover increases in pathological states involving inflammation or rapid cell 

proliferation, Cho is considered a marker of cellular membrane dynamics, with elevated 

levels observed in brain tumours, demyelination (e.g., multiple sclerosis), and gliosis (Horská 

& Barker, 2010). Conversely, decreased Cho levels may occur in neurodegenerative disorders 

(Guo et al., 2017). 

Creatine components (Cr) peak in vivo appears at 3.0 ppm, with a smaller resonance 

at 3.9 ppm. These resonances belong to Cr, an essential molecule for biological energy 

storage and transfer, and phosphocreatine (PCr), a high-energy phosphate reservoir used in 

adenosine triphosphate (ATP) regeneration. Since total creatine (Cr + PCr) is relatively stable 

in the brain under normal conditions, it is often used as an internal reference for metabolite 

quantification in ¹H-MRS (Yazigi Solis et al., 2014). However, altered creatine levels can be 

observed in certain pathological conditions, such as creatine deficiency syndromes, brain 

tumours, and neurodegenerative diseases (Mercimek-Andrews & Salomons, 2022). 

Glutamate (Glu) and glutamine (Gln) have multiple resonances between 2.1–2.5 

ppm and 2.1–2.6 ppm. Due to overlapping resonance patterns, Glu and Gln are often reported 

as a combined peak (Glx), especially at field strengths ≤ 3 T, where spectral resolution is 

limited. Glu is the primary excitatory neurotransmitter playing a crucial role in synaptic 

transmission, plasticity, and metabolism. Gln serves as a precursor and regulator of glutamate 

metabolism within the glutamate-glutamine cycle. Elevated Glx levels are associated with 

excitotoxicity in conditions like epilepsy, while decreased levels can be seen in some 

neurodegenerative diseases (Ramadan et al., 2013; Sarlo & Holton, 2021). 

Myo-inositol (mI) appears at 3.5–3.6 ppm and serves as a glial and 

neuroinflammation marker, primarily found in astrocytes. It plays a crucial role in 

osmoregulation (maintaining cellular fluid balance), phospholipid metabolism, and second 

messenger systems. Increased mI levels are associated with astrocytosis and gliosis, 

processes where glial cells (mainly astrocytes) proliferate in response to neural damage. 

Elevated levels are found in neuroinflammatory conditions such as multiple sclerosis (Haris 

et al., 2011), while reduced levels are seen in hypo-osmolar states and certain psychiatric 

disorders (Coupland et al., 2005).  
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Figure 4. Example 1H magnetic resonance spectra 

 

Note: A ¹H-MR spectrum from the human brain shown in parts per million (ppm) at echo 

time (TE) = 32 ms using a point-resolved spectroscopy (PRESS) sequence at a field strength 

of 3 T. Abbreviations: NAA, N-acetylaspartate; Cre, creatine; Cho, choline; myoI, myo-

inositol; Glu, glutamate; Gln, glutamine; Glx, combined glutamate + glutamine; MM, 

macromolecules. Adapted from Rae (2014). With permission from Springer Nature. 

 

There are several key difficulties in interpreting metabolites in MRS. Resonance 

frequency overcrowding, where peaks overlap due to low field strength and poor spectral 

resolution, makes signal separation challenging, but manageable using prior knowledge based 

fitting strategies (Slotboom et al., 1998). Although metabolites act as markers for 

biochemical processes, most are involved in multiple pathways, complicating their clinical or 

functional interpretation. Furthermore, the relationship between metabolite concentrations 

and specific pathological or physiological states remains poorly understood for many 

compounds, limiting diagnostic certainty (Rae, 2014). 
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1.5 Research aims and hypotheses 

The overall goal of this thesis is to describe how paralysis alters brain function and 

metabolism, focusing on two approaches: 

1. Mapping brain reorganisation patterns in SCI across subacute and chronic phases. 

2. Comparing SCI and FP — two conditions that share paralysis as the main symptom 

but differ in aetiology — to disentangle brain changes related to the symptom of 

paralysis itself (i.e., loss of voluntary movement) from those specific to the 

underlying condition. 

Study 1: Brain reorganisation after SCI 

The aim of this study is to determine how paralysis alters spontaneous neuronal 

activity and functional connectivity in subacute vs. chronic SCI. The assumptions are that 

individuals with subacute SCI exhibit aberrant spontaneous neuronal activity, reflecting early 

neuroplasticity. Individuals with chronic SCI show consolidated reorganisation with altered 

brain connectivity patterns, indicating long-term adaptation.  

Study 2: The role of motor inhibition in FP 

This study aims to test whether FP-specific symptoms are driven by impaired motor 

inhibitory processes, distinct from SCI-related paralysis. It is assumed that individuals with 

FP show behavioural deficits in motor inhibition and altered connectivity within inhibitory 

networks.  

Study 3: Metabolic profile in FP 

The goal is to identify whether FP is associated with altered metabolic profiles in 

brain regions involved in symptom generation. The hypothesis of this study is that individuals 

with FP exhibit distinct metabolite patterns, differentiating them from individuals with SCI 

and HC.  
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2. Empirical studies 

2.2 Brain reorganisation after spinal cord injury 

 

 

Functional connectivity and amplitude of low‑frequency fluctuations changes in 
people with complete subacute and chronic spinal cord injury 

 

Vallesi, V., Richter, J. K., Hunkeler, N., Abramovic, M., Hashagen, C., Christiaanse, E., 
Shetty, G., Verma, R. K., Berger, M., Frotzler, A., Eisenlohr, H., Eriks‑Hoogland, I., 
Scheel‑Sailer, A., Michels, L., Wyss, P. O. 

 

Contribution:  

I performed data analysis, figure design, data interpretation, manuscript drafting, and 
revision. 

 

Published in Scientific Reports (2022): https://doi.org/10.1038/s41598-022-25345-5  
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Abstract 

After spinal cord injury (SCI), reorganization processes and changes in brain 

connectivity occur. Besides the sensorimotor cortex, the subcortical areas are strongly 

involved in motion and executive control. This exploratory study focusses on the cerebellum 

and vermis. Resting‑state functional magnetic resonance imaging (fMRI) was performed. 

Between‑group differences were computed using analysis of covariance and post‑hoc tests 

for the seed‑based connectivity measure with vermis and cerebellum as regions of interest. 

Twenty participants with complete SCI (five subacute SCI, 15 with chronic SCI) and 14 

healthy controls (HC) were included. Functional connectivity (FC) was lower in all subjects 

with SCI compared with HC in vermis IX, right superior frontal gyrus (pFDR = 0.008) and 

right lateral occipital cortex (pFDR = 0.036). In addition, functional connectivity was lower in 

participants with chronic SCI compared with subacute SCI in bilateral cerebellar crus I, left 

precentral‑ and middle frontal gyrus (pFDR = 0.001). Furthermore, higher amplitude of 

low‑frequency fluctuations (ALFF) was found in the left thalamus in individuals with 

subacute SCI (pFDR = 0.002). Reduced FC in SCI indicates adaptation with associated deficit 

in sensory and motor function. The increased ALFF in subacute SCI might reflect 

reorganization processes in the subacute phase. 

 

Introduction 

In spinal cord injury (SCI), the afferent and efferent pathways in the spinal cord are 

damaged, resulting in long-lasting impairment of motor and sensory function1. Nonetheless, 

neuronal plasticity takes place in the spinal cord, which is a prerequisite for rehabilitation2,3. 

However, there is less known about the neuronal reorganization occurring in the brain and the 

extent to which this can be detected using neuroimaging methods.  

In a resting-state fMRI study, altered local BOLD-signal correlation (regional 

homogeneity) in the sensorimotor regions, thalamus and cerebellum in acute SCI of maximal 

30 days after onset was found4. These restructuring processes are also evident in functional 

mailto:wyssp.sci@gmail.com
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connectivity (FC), namely the reduced covariance of the BOLD time series between primary 

and secondary somatosensory cortex in monkeys following SCI5.  

Other connectivity measures such as the analysis of the amplitude of low-frequency 

fluctuations (ALFF), revealed alterations in complete SCI as reduced ALFF in the right 

lingual gyrus but increased ALFF in the right frontal gyrus6. This is also shown in the relative 

measurement of ALFF, namely fractional amplitude of low-frequency fluctuations (fALFF), 

where low fALFF was found in complete and incomplete SCI in superior medial frontal 

gyrus and higher fALFF in putamen and thalamus, which was negatively correlated with 

motor and sensory function7. The described changes might be different due to lesion 

characteristic, but also related to patient characteristics and therapeutic interventions7. Graph 

theory-based connectome analyses indicated decreased betweenness centrality in the left 

precentral gyrus, right caudal middle frontal gyrus and left transverse temporal gyrus in SCI8. 

There are major differences in reorganization between humans with complete and 

incomplete disruption of the nerve signal from the corticospinal tract. In humans with SCI, 

lower FC has been reported in resting-state networks (salience, dorsal-attention, sensorimotor 

and default-mode networks) comparing in complete SCI to incomplete SCI9. Brain 

connectivity was lower in complete SCI than in incomplete SCI, and therefore the focus of 

this study was to investigate exclusively complete SCI.  

In previous FC studies in SCI, the majority of the focus was on sensorimotor cortex9–

11. Beside this area, however, the anterior and posterior portions of the cerebellum are also 

involved in motion and body representation12,13, making it relevant for SCI. Moreover, recent 

studies emphasize the role of the cerebellum in executive control14,15. The cerebellar vermis, 

located between the two cerebellar hemispheres, has structural connections to motor areas. 

Using transneuronal tracers, a large number of neurons projecting from the motor cortex to 

the vermis were identified16. In addition to local proximity, strong relationship has been 

demonstrated between the vermis and cerebellum16. SCI induced in rats indicated cellular-

level alterations in cerebellar circuits17.  

Accordingly, in the case of deficits in somatosensory and motor activity, a series of 

reorganization processes is assumed to take place in the subcortical regions after a complete 

SCI, assuming that a longer duration of the SCI should result in a lower FC. In this study, we 

examined FC in the vermis and cerebellum in complete SCI. Our working hypothesis 

presumed that the functional connectivity is lower in complete SCI representing altered 
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connectivity and is distinct between the subacute and chronic phase. The aim of this study is 

to clarify, first, brain connectivity and whether it is affected by the disruption of neural 

information from the lower limbs, and second, whether these impacts differ in the subacute 

compared to chronic phase after spinal cord injury. 

 

Results  

Demographics  

A total of 36 subjects were recruited for the study at the outpatient clinics of our 

institution. All participants completed the MRI measurement and clinical assessments. Due to 

too high values in the Hospital Anxiety and Depression Scale (HADS) (≥ 7 score) indicating 

comorbidity of depression, two subjects had to be excluded in order to prevent the possible 

influence of depressive mood on resting state fMRI data. Thus, the final study sample 

consisted of 34 participants, 15 persons with chronic SCI (13 males, mean age = 53.5 ± 11.3 

years, mean time since injury = 21.9 ± 13.6 years), 5 with subacute SCI (2 males, mean age = 

39.4 ± 5.55 years, mean time since injury = 12.2 ± 4.8 weeks) and 14 HC (8 males, mean age 

= 41.2 ± 14.8 years) (see Table 1 for details of the SCI participants). The original target 

subsample of 15 participants with subacute SCI was not achieved due to recruitment 

difficulties. However, the total sample actually achieved is comparable to previous studies on 

SCI9,18. To determine whether there is a significant relationship between groups and sex, 

Fisher’s exact test was used. There was no statistically significant association between the 

groups and sex (two-sided p = 0.08). However, the Kruskal–Wallis test showed that there is a 

statistically significant difference between the groups and age (χ2
(2) = 7.29, p = 0.03). 

Therefore, age was included as a covariate in all further analyses. The Kruskal–Wallis test 

examining the influence of motion showed that the three groups did not move on average 

differently during the fMRI scan. (χ2
(2) = 0.177, p = 0.92). 
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Table 1 

Demographics for spinal cord injury participants 

Subject Sub-

group 

Sex Age  

(in years) 

Handedness TSI  

(in years) 

NLI NP 

1 cSCI m 59 right 34.89 Th4 Yes1 

2 cSCI m 57 right 36.87 Th4 No 

3 cSCI m 49 right 15.55 Th6 Yes 1 

4 cSCI m 31 left 4.91 Th6 No 

5 cSCI m 35 right 12.79 Th6 Yes2 

6 cSCI m 65 left 11.89 Th10 No 

7 cSCI m 57 right 8.65 Th9 Yes 1 

8 cSCI f 62 right 22.91 Th2 No 

9 cSCI m 41 right 11.39 Th10 No 

10 cSCI m 57 right 50.26 Th3 No 

11 cSCI m 66 right 35.16 Th3 No 

12 cSCI f 45 right 37.19 Th5 No 

13 cSCI m 50 right 18.97 Th4 No 

14 cSCI m 62 right 19.28 Th6 No 

15 cSCI m 67 right 8.50 Th11 No 

16 sSCI f 42 right 0.35 Th10 No 

17 sSCI m 46 right 0.24 Th6 No 

18 sSCI m 38 left 0.31 Th11 No 

19 sSCI f 31 right 0.14 Th3 No 

20 sSCI f 40 left 0.16 Th4 Yes 1 

Note. 1at neurological level, 2below neurological level 
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cSCI: chronic SCI; NLI: Neurological Level of Injury; NP: Neuropathic pain; sSCI: subacute 

SCI; SCI: Spinal Cord Injury; TSI: Time since injury 

 

Connectivity analyses.  

The results of the seed-based FC analysis of covariance (ANCOVA) with age as 

covariate showed that there was a significant difference between HC vs. cSCI vs. sSCI with 

the seed vermis IX to the right superior frontal gyrus (F(1, 31) = 28.77, pFDR = 0.008, η2 = 0.48, 

cluster size = 103 voxels) and to the right lateral occipital cortex (F(1, 31) = 25.07, pFDR = 

0.036, η2 = 0.45, cluster size = 73 voxels) as shown in Fig. 1. The Bonferroni post-hoc test 

revealed that cSCI have significant lower resting state FC compared to HC in both clusters 

(cluster 1: t(1, 31) = 6.56, padj. < 0.001, 95% CI [0.18, 0.29]) (cluster 2: t(1, 31) = 4.03, padj. = 

0.001, 95% CI [0.15, 0.26]). There was also a significant difference between sSCI and HC 

(cluster 1: t(1, 31) = 4.81, padj. < 0.001, 95% CI [0.17, 0.26]) (cluster 2: t(1, 31) = 4.38, padj. < 

0.001, 95% CI [0.19, 0.37]). The other vermis substructures were not significant regarding 

the FC in HC vs. cSCI vs. sSCI. 

 

Figure 1 

Functional connectivity group differences in the vermis. (a) The significant group differences 

of the functional connectivity (FC) in vermis IX between HC, cSCI and sSCI are shown 

(pFDR  <  0.05). (b) Estimated marginal mean (Emmean) FC is shown on the y-axis for the 

different groups on the x-axis for cluster 1 (right superior frontal gyrus) and cluster 2 (right 

lateral occipital cortex). All comparisons are Bonferroni corrected. Cluster 1: HC (Emmean  
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=  0.16; Standard Error (SE)  =  0.02); cSCI (Emmean  =  −0.08; SE  =  0.02); sSCI (Emmean 

 =  −0.06; SE  =  0.04). Cluster 2: HC (Emmean  =  0.23; SE  =  0.03); cSCI (Emmean  =  0.03; 

SE  =  0.03); sSCI (Emmean  =  −0.05, SE  =  0.06). ** p  <  0.01, *** p  <  0.001, **** p  <  

0.0001. 

 

Furthermore, there was a significant group means difference of FC in the cerebellum 

crus I left (F(1, 31)  =  10.11, pFDR  =  0.001, η2  =  0.25, cluster size  =  82 voxels and 65 voxels, 

resp.) and right (F(1, 31)  =  7.08, pFDR  =  0.001, η2 = 0.19, cluster size  =  82 voxels and 65 

voxels, resp.) to the left precentral gyrus and the left middle frontal gyrus (see Fig. 2). 

 

Figure 2 

Functional connectivity group differences in the vermis. (a) The significant group differences 

of the functional connectivity (FC) in vermis IX between HC, cSCI and sSCI are shown 

(pFDR  <  0.05). (b) Estimated marginal mean (Emmean) FC is shown on the y-axis for the 

different groups on the x-axis for cluster 1 (right superior frontal gyrus) and cluster 2 (right 

lateral occipital cortex). All comparisons are Bonferroni corrected. Cluster 1: HC (Emmean  

=  0.16; Standard Error (SE)  =  0.02); cSCI (Emmean  =  −0.08; SE  =  0.02); sSCI (Emmean  

=  −0.06; SE  =  0.04). Cluster 2: HC (Emmean  =  0.23; SE  =  0.03); cSCI (Emmean  =  0.03; 

SE  =  0.03); sSCI (Emmean  =  −0.05, SE  =  0.06). ** p  <  0.01, *** p  <  0.001, **** p  <  

0.0001. 
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In the left cerebellum crus I, the post-hoc test showed that cSCI differed significantly 

from HC (t(1, 31)  =  6.23, padj.  <  0.001, 95% CI [0.18, 0.30]) and from sSCI (t(1, 31)  =  −2.73, 

padj.  =  0.032, 95% CI [−0.10, −0.18]). The cSCI group showed lower resting-state FC 

compared to HC and sSCI. In the right cerebellum crus I, FC in the cSCI was significantly 

different to HC (t(1, 31)  =  5.38, padj.  <  0.001, 95% CI [0.17, 0.28]), but not to sSCI (t(1, 31)  =  

1.56, padj.  =  0.386). There was no significant difference between sSCI and HC (t(1, 31)  =  

−2.53, padj.  =  0.051). No other cerebellar substructures differed within the three groups 

regarding FC. 

The voxel-based morphological analysis did not reveal any differences in the grey 

matter volume (GMV) for any of the three ROIs with significant group FC differences 

(vermis IX: F(2, 31)  =  0.094, p  =  0.91; left cerebellum crus I: F(2, 31)  =  0.346, p  =  0.710; 

right cerebellum crus I: F(2, 31)  =  0.295, p  =  0.747). 

The results of the ANCOVA with the ALFF values revealed significant differences in 

the left thalamus (F(1, 31)  =  9.04, pFDR  =  0.002, η2  =  0.23, cluster size  =  41 voxels) between 

sSCI and HC (t(1, 31)  =  −4.84, padj.  <  0.001, 95% CI [−0.16, −0.32]) as well as sSCI and 

cSCI (t(1, 31)  =  −5.35, padj.  <  0.001, 95% CI [−0.20, −0.37]) (see Fig. 3). 

 

Figure 3 
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Group differences in the amplitude of low-frequency fluctuations (ALFF). Estimated 

marginal mean (Emmean) ALFF is shown on the y-axis for the groups on the x-axis. All 

comparisons are Bonferroni corrected. HC (Emmean  =  0.33; Standard Error (SE)  =  0.03); 

cSCI (Emmean  =  0.29; SE  =  0.03); sSCI (Emmean  =  0.57; SE  =  0.04). *** p  <  0.001, 

**** p  <  0.0001. 

 

Discussion  

In this study, a resting-state fMRI was conducted in participants with complete 

subacute and chronic SCI and HC at 3 T. Significant differences were found in several brain 

connectivity analyses between SCI and HC as well as between sSCI and cSCI. 

The two SCI groups showed lowered FC compared to HC in vermis IX (uvula of 

vermis), superior frontal gyrus right and lateral occipital cortex. This specific vermis structure 

might be relevant for SCI since both SCI subgroups have lower FC than healthy controls. 

However, in the FC of bilateral cerebellum crus I, the left precentral gyrus and the left middle 

frontal gyrus, sSCI and HC were found to have a similar level of FC whereas cSCI showed a 

lower FC. These findings may indicate functional reorganization in SCI in the chronic phase. 

Differences in FC were found between cSCI and sSCI, which might be due to the state. In 

previous resting-state fMRI studies, reduced FC was also found in SCI, but so far only with 

the seed regions in the sensorimotor areas. Decreased FC was found in the primary motor and 

primary sensory areas in pre- and post-comparison of induced SCI in mice, with the post 

measurement during the chronic phase19. Lower FC in people with complete SCI was found 

in sensorimotor cortex, but also higher FC in the left postcentral gyrus and bilateral 

thalamus11. Furthermore, reduced FC was found in complete SCI in the right lingual gyrus 

and vermis III6. So far, the vermis IX subregion has been associated with spatial orientation20. 

According to our results, the substructures of the vermis and cerebellum seem to be relevant 

in relation to SCI, and future studies might analyze the subcortical area as single 

subdivisions. 

Only sSCI showed higher ALFF in the left thalamus compared to cSCI and HC. This 

finding might reflect ongoing plasticity processes in sSCI, which might also be a factor 

contributing to the higher BOLD signal fluctuation. It has been shown that after upper limb 

amputation in humans, ALFF increases over time in thalamus, among others21. The ALFF 

https://www.nature.com/articles/s41598-022-25345-5#ref-CR11
https://www.nature.com/articles/s41598-022-25345-5#ref-CR6
https://www.nature.com/articles/s41598-022-25345-5#ref-CR20
https://www.nature.com/articles/s41598-022-25345-5#ref-CR21
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results of this study are to some extent consistent with the pre-clinical results22, where non-

human primates with induced SCI showed variations of fALFF in the left thalamus, left 

cerebellum, right lateral geniculate nucleus, right superior parietal lobule and posterior 

cingulate gyrus. It has been shown that 6 months after induced SCI in rats, i.e. the subacute 

phase, BOLD activity is increased in the thalamus, which has been linked to plasticity 

processes23. In a study with both complete and incomplete SCI in humans, where ALFF was 

examined in the early stage of the subacute phase (4 – 14 weeks), reduced BOLD fluctuation 

was found in the primary sensorimotor cortex and increased ALFF in the cerebellum and 

orbitofrontal cortex10. More in-depth research on ALFF following the time course of SCI is 

required as it shows effects on BOLD fluctuation especially in the early phase of SCI. 

There was no difference between SCI and HC in terms of global and local efficiency 

in the network analysis, which is in line with previous results24. Similar to our findings, no 

network difference regarding global efficiency was found in subjects with complete SCI and 

HC, but they did show a significant difference in local efficiency18. However, the sample 

included patients with injury at the cervical level C4 – C7 (tetraplegia), whereas in this study 

we only included paraplegia (i.e. injury at the thoracic level). It has also been shown that 

there are differences in reorganization between tetraplegia and paraplegia, as humans with 

tetraplegia showed lower brain activity in a positron emission tomography study25. Probably 

the lesion height and thus the proximity of the injury might lead to differences in neuronal 

networks efficiency. Future studies are required to investigate this association between injury 

level and functional networks. 

Whether the lower FC in cSCI compared to sSCI and HC using the bilateral 

cerebellum crus I is due to the chronic phase remains open. Future studies are required to 

examine the time course of SCI with several measurement points from the acute to the 

chronic phase. Another issue is the definition of subacute and chronic phase in SCI as it is a 

continuous process between subacute and chronic phases. Therefore, in this study a clear cut-

off point was chosen for the recruitment to ensure comparison of the two subgroups sSCI and 

cSCI. Consistent with the guidelines according to which the strongest recovery after SCI 

occurs in the first 3 months and lasts up to 18 months26, subjects with subacute SCI up to 7 

months and subjects with chronic SCI from 2 years onwards were considered. Thus, the 

phase in between from the months 8 to 24 after SCI was not covered in order to achieve a 

more distinct separation. The sex ratio in our sample was unbalanced, with a larger 

proportion of men. However, this corresponds to the prevalence of SCI, where 68.3 % are 

https://www.nature.com/articles/s41598-022-25345-5#ref-CR22
https://www.nature.com/articles/s41598-022-25345-5#ref-CR23
https://www.nature.com/articles/s41598-022-25345-5#ref-CR10
https://www.nature.com/articles/s41598-022-25345-5#ref-CR24
https://www.nature.com/articles/s41598-022-25345-5#ref-CR18
https://www.nature.com/articles/s41598-022-25345-5#ref-CR25
https://www.nature.com/articles/s41598-022-25345-5#ref-CR26
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men27. Furthermore, the small sample in this study (especially that of the sSCI) is another 

limitation to generalization. To reduce the risk of alpha error (error type I), only adjusted p-

values were considered, and the effect sizes were included. In addition, only people with 

complete paraplegic SCI were included in the sample to minimize strong variations within 

the group. This is relevant and therefore a strength of this study, as reorganization processes 

of incomplete SCI varies widely compared to complete SCI9. 

Reduced FC was found in the substructures vermis IX and bilateral cerebellum crus I 

in complete SCI, especially in the chronic phase, which can be related to the deficit of 

sensory and motor activity of SCI. Increased ALFF was found only in sSCI, which provides 

evidence for plasticity processes, as it was not present in cSCI. Thus, this study demonstrates 

the relevance for future investigations in SCI involving the subcortical area. A detailed 

understanding of functional reorganization processes in cortical as well as subcortical regions 

will support therapy recommendations and rehabilitation in SCI. 

 

Methods  

Institutional review board approval 

This cohort study was approved by the Institutional Review Board (local ethics 

committee northwest and central Switzerland (EKNZ), approval number: PB 2019-01624), 

and was conducted in accordance with the Declaration of Helsinki. To increase the quality of 

reporting of this observational study, STROBE guidelines were followed28. All participants 

signed an informed consent form before participating in the study. 

Participants 

The recruitment took place from September 2019 to November 2021. The data were 

acquired on the same day. The inclusion age for all participants ranged from 18 to 80 years. 

The guidelines for clinical trials with SCI were followed for recruitment regarding the time 

since injury for SCI to differ between subacute and chronic state26. Therefore, the subsequent 

additional inclusion criteria were pursued for people with SCI: Less than 7 months (for 

subacute, sSCI) or more than 24 months (for chronic, cSCI) since the SCI, having a complete 

injury with American Spinal Injury Association Impairment Scale (AIS) A and a lesion level 

between Th1 to Th12 (paraplegic). The exclusion criteria for the overall sample were MRI 

https://www.nature.com/articles/s41598-022-25345-5#ref-CR27
https://www.nature.com/articles/s41598-022-25345-5#ref-CR9
https://www.nature.com/articles/s41598-022-25345-5#ref-CR28
https://www.nature.com/articles/s41598-022-25345-5#ref-CR26
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contraindication, traumatic brain injury, and neurological or mental disorders assessed by a 

survey. 

Experimental design 

Clinical assessments 

All participants with SCI were assessed for severity and level of SCI by certified 

physicians with the International Standards for Neurological Classification of Spinal Cord 

Injury (ISNCSCI)29. Furthermore, the questionnaire HADS30 was conducted to control for 

comorbidity of depressive and/or anxiety symptoms (exclusion if score  >  7), as depression 

has been reported to alter FC31. To assess neuropathic pain, which has been shown to increase 

FC in SCI32, the International Spinal Cord Injury Pain Classification (ISCIP) was carried 

out33. 

Imaging acquisition 

The neuroimaging data were acquired with a 3 T MRI unit (Philips Achieva, release: 

5.4.1; Philips Healthcare, Best, the Netherlands) using a 32-channel head coil (Philips 

Healthcare). Participants were placed supine in the scanner. MR measurement sequences 

included a survey acquisition, anatomic acquisitions and resting state fMRI measurements 

with a total examination duration of 14 min. 

The anatomic T1-weighted images were acquired with a repetition time (TR)/echo 

time (TE) of 8.12 ms/3.71 ms, flip angle of 8°, slice thickness of 1 mm, field of view (FoV) 

of 256 × 256 × 180 mm3, voxel size of 1 × 1 × 1 mm3 and bandwidth of 19 Hz. This resulted 

in a duration of 2 min 6 s. The functional T2-weighted echo-planar images were collected 

using a TR/TE of 2700 ms/26.7 ms, flip angle of 80°, voxel size of 3 × 3 × 3 mm3, bandwidth 

of 2116 Hz, FoV of 240 × 240 × 160 mm3 and 220 repetitions. The duration of this sequence 

took about 9 min 54 s. During the fMRI sequence, the participants were instructed to relax, 

think of nothing in particular, keep their eyes closed but stay awake. No music was played 

during this measurement. Immediately afterwards, all participants were asked whether they 

had adhered to it. 

Data preprocessing 

CONN toolbox, version 21b34, based on SPM, was used for analysis of functional 

MRI data. The following preprocessing steps were conducted: The first 10 images were 

https://www.nature.com/articles/s41598-022-25345-5#ref-CR29
https://www.nature.com/articles/s41598-022-25345-5#ref-CR30
https://www.nature.com/articles/s41598-022-25345-5#ref-CR31
https://www.nature.com/articles/s41598-022-25345-5#ref-CR32
https://www.nature.com/articles/s41598-022-25345-5#ref-CR33
https://www.nature.com/articles/s41598-022-25345-5#ref-CR34
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excluded to allow the spin-system to reach steady state. The functional images were realigned 

according to the first image and co-registered to the anatomical images. Normalization was 

performed as well as segmentation with respect to Montreal Neurological Institute (MNI) 

space so that gray matter, white matter, and cerebrospinal fluid (CSF) tissue could be 

separated35. All spikes above five standard deviations of the global BOLD signal were 

removed. To reduce physiological influences, e.g. head movement, slow frequency 

fluctuations in the range of 0.008 – 0.09 Hz were filtered out in the BOLD signal. The motion 

correction included the three translational and three rotational regressors, and their 

derivatives. Finally, a Gaussian-smoothing kernel of 6 mm (isotropic) full-width-at-half-

maximum was applied. The whole brain was parcellated into 274 regions according to the 

Brainnetome Atlas36. 

Functional connectivity and statistical analysis 

Statistical analyses were done with CONN toolbox34 and R software37 using the 

package emmeans38. Cerebellum and vermis were used separately in their subdivisions as 

seed regions for seed-based connectivity maps. In the Brainnetome Atlas, these seed 

structures are segmented into fine-grained subdivisions, resulting in 10 substructures of the 

cerebellum in the left and right hemisphere respectively and eight vermis substructures. For 

the cerebellum, the left and right substructures were combined in the model as an average 

effect. Fisher-transformed bivariate correlations between the individual seeds and every voxel 

of the brain were calculated and implemented in an ANCOVA for assessing group 

differences with age as covariate. Only clusters with False Discovery Rate (FDR) correction 

and a significance threshold of pFDR  <  0.05 were considered thereby minimizing the alpha 

error (error type I). Post-hoc group comparisons were then calculated with a Bonferroni 

correction and a significance level of p  <  0.05. Confidence intervals (CI) of 95% and effect 

sizes eta-squared (η2) were calculated for all significant results. Kruskal–Wallis tests 

examined the influence of age and average motion. 

The graph theory-based measures of centrality (global efficiency) and locality (local 

efficiency) were used for the analysis of functional network organization39. This involves 

examining the nodes (regions of interest, ROIs) with their edges (functional connections) in 

the entire brain. Global efficiency is calculated using the average of the inverse distance 

between a node and all other nodes and local efficiency is computed using the inverse of the 

shortest path length between a node and each of its adjacent nodes40. Both network metrics 

https://www.nature.com/articles/s41598-022-25345-5#ref-CR35
https://www.nature.com/articles/s41598-022-25345-5#ref-CR36
https://www.nature.com/articles/s41598-022-25345-5#ref-CR34
https://www.nature.com/articles/s41598-022-25345-5#ref-CR37
https://www.nature.com/articles/s41598-022-25345-5#ref-CR38
https://www.nature.com/articles/s41598-022-25345-5#ref-CR39
https://www.nature.com/articles/s41598-022-25345-5#ref-CR40
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were calculated using a cost-function threshold range of 0.1 – 0.5 with 0.01 step size, which 

means that only the 10 – 50 % highest correlations are kept for comparison between the 

groups. This was done to minimize the false positive rate40. 

In addition, but complementary to the FC, a comparison was made between the 

groups in terms of ALFF to investigate whether in the selected frequency range the BOLD 

signal strengths differed41. 

To determine the influence of voxel composition, we calculated the GMV for the 

ROIs with significant results. Thereby, we subject-specific overlaid the results of the grey 

matter segmentation with the atlas. 

 

Data availability  

The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 
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2.3 The role of motor inhibition in functional paralysis 
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Abstract 

Background 

Functional paralysis (FP), a subtype of functional neurological disorder (FND), is 

characterized by symptoms of paralysis without clinically evident damage to the nervous 

system. Previous research has reported impaired inhibitory control in FND, such as weaker 

inhibition and slower response latencies, yet the underlying neural correlates remain unclear. 

Moreover, it is unknown whether such neural correlates depend on the symptoms, or are a 

specific trait of the disorder. To address this gap, we compared individuals with chronic FP, 
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healthy controls (HC) and individuals with spinal cord injury (SCI), who present a similar 

symptom phenotype but differ in the cause of their condition, hence provided the opportunity 

to disentangle disorder-specific from symptom-specific patterns of neural activity.  

In this observational study, 16 patients with FP (6 males/10 females; mean age = 39.4 

± 13.1 years), 24 patients with SCI (18 males / 6 females; mean age = 42.4 ± 11.6 years), and 

29 HC (8 males / 21 females; mean age = 35.5 ± 12.6 years) underwent event-related 

functional magnetic resonance imaging (fMRI) while performing a go/no-go task. We 

conducted a task-related validation analysis to isolate functional networks involved in 

response inhibition, and implemented a generalized psychophysiological interaction (gPPI) 

focusing on the associative motor network. We then compared behavioral performance and 

patterns of functional connectivity across groups with a general linear model.  

No group differences in task performance emerged, suggesting intact motor inhibition 

in FP. Validation analysis over the whole sample showed the recruitment of typical regions of 

the motor inhibition network. Compared to HC, we identified significant differences in 

functional connectivity (p < 0.05, family-wise error corrected) in both paralysis groups (FP 

and SCI), which exhibited higher functional connectivity between the right precentral gyrus 

and the left insula during response inhibition. Functional connectivity during response 

inhibition was similar between patient groups.  

These findings suggest a shared neural pattern associated with symptoms of paralysis, 

rather than a disorder-specific deficit, and may reflect an abnormal limbic drive of the motor 

network involved in movement initiation. 

 

Keywords: functional neurological disorder, spinal cord injury, functional connectivity, 

go/no-go, task-based fMRI 

 

Introduction 

Functional neurological disorder (FND) presents with neurological symptoms without 

clinically evident damage to the nervous system, although emerging neuroimaging studies 

suggest potential group-level microstructural brain alterations1,2. The clinical presentation of 

FND encompasses a wide range of symptoms, including, but not limited to, functional 
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seizures, persistent perceptual postural dizziness, functional cognitive disorder and functional 

movement disorders3.  

To date, the underlying pathophysiology of FND is still unknown, and consequently, 

effective treatments and prognostic indicators are lacking4. The etiology of FND is 

considered to involve a complex interplay of biological, psychological, and social factors, 

none of which alone is sufficient to causally explain the disorder5–7. While psychiatric 

comorbidities, such as depression and anxiety, are frequently observed in FND, they do not 

appear to directly influence the disorder's outcome8. Moreover, given the heterogeneity 

among individuals with FND, multiple combinations of predisposing factors may result in 

similar functional symptoms9.  

Studies focusing on FND as a whole have documented neurocognitive impairments in 

multiple domains. For instance, information processing speed is more severely affected in 

FND than in other somatic disorders10. Additional deficits include spatial working memory 

and attention11 as well as executive functions12. It is assumed that the impaired cognitive 

integrative functions observed in FND are not directly associated with comorbid symptoms of 

anxiety or depression but may underlie disorder-specific processes13. Notably, inhibitory 

control, a subdomain of executive functions, is impaired, with the functional seizure subtype 

showing greater deficits than genetic generalized epilepsy14. Van Wouwe et al.15 found that 

individuals with FND exhibit slower response latencies in both action initiation and action 

cancellation tasks compared to healthy controls (HC), and make more errors in interference 

control when responding to conflicting stimuli. Similarly, Hammond-Tooke et al.16 reported 

that people with FND demonstrate longer response time and a higher number of errors in 

motor inhibition tasks using the go/no-go paradigm compared to HC. 

One possible explanation for the impaired neurocognitive domain, specifically motor 

inhibition in FND, is alterations in the serotonergic system. Individuals with FND exhibit 

changes in their serotonergic pathways, which are associated with clinical outcomes and 

symptom severity17. Moreover, direct serotonin release is known to influence performance in 

motor inhibition tasks18. 

To date, little is known about the brain activity associated with impaired motor 

inhibition in FND. In a study on functional paralysis (FP), a subtype of FND characterized by 

motor deficits such as paralysis, the left inferior frontal gyrus was found active during passive 

movements of the affected hand, and impaired inhibitory control was suggested to contribute 
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to symptom production19. However, another case report examined brain activity during motor 

inhibition using a go/no-go task found abnormal activity in the precuneus, ventromedial 

prefrontal cortex, and left orbitofrontal cortex—regions typically associated with self-related 

representations rather than inhibitory control. Conversely, the same study reported that a 

group of HC exhibited activation in the right inferior frontal gyrus and inferior parietal 

lobule, areas more commonly involved in inhibitory control20. Building upon this initial 

single-case finding, our research aims to generalize these insights to a broader FP cohort. We 

investigated patterns of functional connectivity associated with proactive motor inhibitory 

control in FP using event-related functional magnetic resonance imaging (fMRI) during a 

go/no-go task. Functional connectivity analysis allows for the examination of network-level 

interactions between brain regions, which is particularly relevant in FP, where large-scale 

network disruptions are central to the disorder21.  

According to Bayesian Brain Theory and the Predictive Processing framework, the 

brain continuously predicts sensory inputs and updates these predictions based on prediction 

errors—discrepancies between expected and actual sensory experiences. This process 

facilitates efficient energy regulation (allostasis)22. In FND, chronic prediction errors may 

lead to a brain state of 'fatigue' or 'hyperarousal' as the brain attempts to maintain allostasis 

despite a constant mismatch, resulting in energy mismanagement23. In FP, we hypothesize 

that these chronic mismatches extend beyond sensory processing to motor control, disrupting 

large-scale networks involved in motor inhibition. 

The novelty of our study is that, in order to determine whether motor inhibition and its 

neural correlates in FP are due to the underlying disorder processes, we included two 

comparison groups: individuals with spinal cord injury (SCI) exhibiting similar motor 

symptoms and a second control group of healthy participants. In SCI, paralysis arises from 

disruptions in afferent and efferent sensorimotor pathways24, whereas in FP, such disruptions 

are not identifiable. Despite this difference, both conditions present a similar phenotypic 

manifestation of motor deficits. Furthermore, individuals with SCI are affected by 

neurocognitive impairment, with traumatic brain injury, psychiatric disorders, medication 

side effects and pain being contributing factors25. Of note, individuals with SCI show 

impaired executive functions, such as verbal fluency26, but not in the specific domain of 

inhibitory control.  
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FP and SCI share phenotypically similar motor impairments but differ in their 

neurobiological mechanisms. Investigating motor-related regions within the inhibitory 

control network27 allows us to differentiate symptom-related alterations (neural changes 

resulting from the presence of paralysis, regardless of aetiology) from condition-specific 

changes. We focused on motor-associated regions, such as the precentral gyrus and 

supplementary motor area, as these areas may reflect disorder- or symptom-specific 

connectivity changes. 

If motor inhibition alterations in FP arise from central dysfunction (energy 

mismanagement), we would expect FP-specific connectivity changes in motor-inhibitory 

regions, distinct from SCI, where motor impairments stem from peripheral neuronal 

disruption. Conversely, overlapping alterations in both groups would suggest symptom-

related effects. 

 

Material and methods 

Design and ethical approval 

This study employed a cross-sectional design. The reporting of this study was 

conducted according to the STROBE guidelines. Ethical approval was obtained from the 

local Ethics Committee of Northwest and Central Switzerland (EKNZ, approval number: 

2021-01775). All participants provided written informed consent in accordance with the 

Declaration of Helsinki. The study was preregistered on ClinicalTrials.gov (ID: 

NCT05139732). 

 

Participants 

The study was conducted at the Swiss Paraplegic Centre in Nottwil, Switzerland. 

Participants were primarily recruited through the Swiss Paraplegic Centre via online and in-

clinic flyers, as well as physician referrals. Additional participants came from the Clinic for 

Neurology at the Cantonal Hospital St. Gallen. The sample size of 74 was determined a priori 

using G*Power28 (see supplementary material for parameter details). The total initial sample 

size consisted of 71 participants, with 2 participants excluded due to excessive motion during 

fMRI scans, resulting in a final sample size of 69. The FP group (n = 16, 6 males / 10 
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females, mean age = 39.4 ± 13.1 years) was age-matched with HC (n = 29, 8 males / 21 

females, mean age = 35.5 ± 12.6 years). The SCI group consisted of 24 participants (18 males 

/ 6 females, mean age = 42.4 ± 11.6 years). Detailed demographic information is provided in 

Supplementary Table 1 and 2. The inclusion criteria were: (i) having symptoms for at least 6 

months (for all patients); (ii) being able to hold a pen (for all patients); and (iii) age between 

18 and 60 years. The exclusion criteria were: (i) having contraindications for magnetic 

resonance imaging; (ii) having a history of neurological disorders (except for FND and SCI 

for the respective patient groups); (iii) having any acute psychological disorder; and (iv) 

having red-green color vision deficiency.  

 

Psychometric and functional assessment tools 

The Hospital Anxiety and Depression Scale (HADS) was used to assess anxiety and 

depression levels among the participants. This includes two subscales: one for anxiety 

(HADS-A) and one for depression (HADS-D)29. Pain intensity during the measurement and 

over the past 7 days was measured using the Numeric Rating Scale (NRS)30. To evaluate 

quality of life, the Satisfaction with Life Scale (SWLS) was administered31. Additionally, all 

patients completed the Spinal Cord Independence Measure (SCIM) to assess their functional 

independence32. The International Standards for Neurological Classification of Spinal Cord 

Injury (ISNCSCI)33 was performed by certified physicians to determine the severity of 

paralysis in both FP and SCI groups (see Supplementary Table 1). 

 

Go/no-go task 

All participants completed an event-related go/no-go task during fMRI scanning using 

their dominant hand. The task, adapted from Cojan et al.20 and implemented in PsychoPy34, is 

detailed in Fig. 1. Participants were instructed to respond as quickly as possible by pressing a 

button on an MR-safe device when presented with a go signal, and to withhold their response 

when a no-go signal appeared. Response times and accuracy were recorded for each trial. 

Response times were analyzed only for correct go and no-go trials, and outliers (defined as 

response times greater than 2 standard deviations from the mean) were excluded from the 

analysis35. Overall task accuracy was calculated for each participant as the percentage of 

correct responses (correct trials / total trials × 100), where correct trials included both hits 
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(correct responses to go trials) and correct rejections (withheld responses on no-go trials). 

These individual accuracy percentages were then averaged across groups for statistical 

comparisons. Detailed accuracy analyses for each condition are reported in the supplementary 

material, including go trial accuracy (hit rate: hits/[hits + misses] × 100) and no-go trial 

accuracy (correct rejection rate: correct rejections/[correct rejections + false alarms] × 100). 

Following eight practice trials inside the scanner, participants completed four blocks 

of 52 trials each. To maintain consistent motivation, performance feedback, expressed as a 

percentage of correct responses, was provided after each block. Stimuli were presented in a 

pseudorandom order, with go stimuli comprising 75% of trials and no-go stimuli 25%, 

ensuring the unpredictability of the no-go stimuli20. This ratio produces the highest error 

rates36, maximizing sensitivity for detecting inhibitory control deficits. 

 

Figure 1: Go/no-go task design. 

 

Note: In this inhibitory control task, each trial began with a fixation cross, followed by the 

pseudo-random presentation of either a go-stimulus (a green hand) or a no-go stimulus (a red 

hand). After the stimulus, a blank screen with a jittered interstimulus interval of 1000 to 3000 

ms was displayed. 
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Brain imaging acquisition and pre-processing 

Neuroimaging data were collected using a 3 T MRI scanner (Philips Achieva, release 

5.4.1; Philips Healthcare, Best, the Netherlands) equipped with a 32-channel head coil 

(Philips Healthcare). Participants were positioned supine within the scanner with an MR-safe 

response device placed in their dominant hand. The MR imaging protocol included 

anatomical scans, and task-based fMRI sequences, with the entire procedure lasting 

approximately 20 minutes (for acquisition parameters see supplementary material). 

Functional and anatomical data were preprocessed using the CONN Toolbox, version 22a37 

including realignment with correction of susceptibility distortion interactions, outlier 

detection, direct segmentation and MNI-space normalization, and smoothing. Excessive 

motion during fMRI was defined as mean motion estimates exceeding the third quartile plus 

three times the interquartile range (Q3 + 3IQR) or falling below the first quartile minus three 

times the interquartile range (Q1 - 3IQR)38. Participants exceeding these thresholds were 

excluded from further analysis. The detailed pre-processing steps are listed in the 

supplementary material. 

 

Functional connectivity and statistical analysis 

To ensure that participants remained focused throughout the task-based fMRI session, 

we performed control measurements on behavioral performance. We examined participants’ 

response time across the entire time series and assessed accuracy within each of the four task 

blocks. Behavioral data were analyzed using non-parametric methods due to violations of 

parametric model assumptions (see supplementary material). Mean response time and 

accuracy in percentages were calculated for each participant, and group differences were 

tested using the Kruskal-Wallis test.  

For the imaging data, the conditions of correct rejection versus hit , were analyzed to 

isolate inhibition-specific neural activity, controlling for shared visual processing39. To 

ensure the validity of the go/no-go task for the functional connectivity analysis, we assessed 

activation patterns during motor inhibition (correct rejection vs. hit) and motor execution (hit 

vs. correct rejection) across the entire sample. This validation was conducted via a voxel-wise 

analysis using a flexible factorial design in the Statistical Parametric Mapping software 

(SPM12) running under MATLAB R2021a (The MathWorks, Inc., Natick, MA). The model 

included two factors: (1) group and (2) condition (hit and correct rejection), as well as their 



48 

 

interaction. This allowed us to identify the networks involved and verify whether the task 

elicited the expected activation patterns, confirming its successful implementation. Contrasts 

of interest compared activation between groups and across conditions, thresholded at p < 

0.001 (voxel-level) with p < 0.05 family-wise error (FWE) correction at the cluster level.  

To study changes in functional connectivity (FC) across these conditions, a 

generalized psychophysiological interaction (gPPI) analysis was used 40. The Automated 

Anatomical Labelling Atlas 3 (AAL3)41 was used for all neuroimaging analyses. Based on 

the meta-analyses of the go/no-go task by Zhang et. al.27, we selected motor-associated 

regions of interest (ROIs) that are implicated in motor inhibition. Specifically, we tested three 

seeds, i.e., the right and left precentral gyrus, which have been linked to the execution and 

control of voluntary movements42, and the right supplementary motor area, which is known 

to play a crucial role in motor planning and timing of inhibitory processes43. The seed blood-

oxygen-level-dependent (BOLD) signals were considered the physiological term, whereas the 

time course of the conditions was considered the psychological term. The multiplication of 

these two factors formed the psychophysiological interaction term, and functional 

connectivity changes were characterized using Fisher-transformed semipartial correlation 

coefficients, providing an estimate of connectivity changes across conditions. 

A separate General Linear Model (GLM) was calculated for each voxel44, where the 

dependent variables were the connectivity measures obtained from the gPPI analysis. For 

each subject, a connectivity value corresponding to each task condition (hit and correct 

rejection) was estimated at every voxel. A random-effects analysis was performed at the 

group level using an analysis of covariance (ANCOVA), with age and handedness as 

covariates. 

Using the Gaussian Random Field theory45, only cluster-level results with FWE 

correction and a significance threshold of pFWE < 0.05 were considered, thereby minimizing 

the Type I error (alpha error). Post-hoc group comparisons were then performed with a 

Bonferroni correction and a significance level of p < 0.05. Confidence intervals (CI) of 95% 

and generalized eta-squared (η2
G) effect sizes were calculated for all significant results. 

Additionally, η²G was reported for non-significant results to provide context for observed 

effect sizes. 

To assess the robustness of our primary findings, all significant FC and behavioral 

models were re‑estimated with additional covariates known to influence both neural and 
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behavioural measures, namely sex, anxiety/depression scores (HADS‑A and HADS‑D 

scores) and medication intake. 

In order to verify the association between behavioral performance and neural activity, 

the Spearman correlation coefficient was calculated between the accuracy on the go/no-go 

task and patterns of functional connectivity in the clusters showing a significant difference 

among the three groups. The bootstrap method (10’000 bootstrap samples) was employed to 

study the robustness of the correlation. To further assess potential confounds, we examined 

the relationship between time since symptom onset and functional connectivity in both 

paralysis groups (FP and SCI) separately.  

All analyses were conducted using the CONN Toolbox, version 22a37 and R 

software46, with the packages emmeans47 and tidyverse48. 

 

Results 

Patient characteristics 

There were no significant differences in age across the groups, and no statistically 

significant association was found for handedness distribution. However, a significant 

association was found between sex and education among the groups. No significant 

differences were found between the FP and SCI groups in terms of functional independence, 

as measured by the SCIM. Similarly, symptom severity, assessed using the ISNCSCI, was 

comparable between the two patient groups, indicating similar severity of the sensorimotor 

symptoms.  

For HADS-A, 56 out of 69 participants scored within the normal range, 6 (n = 2 FP, n 

= 2 SCI, n = 2 HC) scored in the mild anxiety range, and 7 (n = 6 FP, n = 1 HC) scored in the 

severe range, and a significant group difference was observed. For HADS-D, 59 out of 69 

participants were in the normal range, 5 (n = 2 FP, n = 3 SCI) were in the mild range, and 5 

(n = 4 FP, n = 1 SCI) in the severe range, with significant group differences. 

On average, participants reported no or mild pain during the experiment. However, 

the FP group reported moderate pain over the past seven days, which showed a statistically 

significant difference between the groups. A significant group difference was also found in 

the SWLS, with the FP group being less satisfied than the SCI and HC groups 
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(Supplementary Table 1). Supplementary Table 2 shows the post-hoc comparisons of 

demographic and clinical characteristics between the HC, FP and SCI groups.  

 

Behavioral performance 

No significant changes in response time over time were observed, indicating stable 

sustained attention during the experiment (see Supplementary Fig. 1). In the go/no-go task, 

accuracy showed no significant group difference (see Fig. 2) (χ2 = 4.33, df = 2, p = 0.115, η²G 

= 0.06) with the following distribution per group: FP group (median = 98.6%, interquartile 

range = 2.52%); SCI group (median = 99.0%, interquartile range = 1.44%); HCs (median = 

99.5%, interquartile range = 0.96%). The variability across groups was further examined 

using Levene’s test, which indicated significant differences in variance across groups (see 

supplementary material). 

The response time for hits did not significantly differ between groups (see Fig. 3A) 

(χ2 = 2.71, df = 2, p = 0.258, η²G = 0.04) with the following response time per group: FP 

group (median = 0.40s, interquartile range = 0.10s); SCI group (median = 0.41s, interquartile 

range = 0.07s); HCs (median = 0.40s, interquartile range = 0.07s). The variability in response 

time between groups was further tested with the coefficient of variation, which showed no 

difference in variation between groups (see supplementary material). The model analyzing 

incorrect response time (false alarms) included only a small fraction of the total trials (140 

out of 14,352) since accuracy was high, and showed no significant group differences (see Fig. 

3B) (χ2 = 5.74, df = 2, p = 0.057, η²G = 0.12).  
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Figure 2: Task accuracy across groups. 

 

Note: Overall accuracy during the go/no-go task is shown as a percentage (total n = 69). Data 

were analyzed using Kruskal-Wallis test, revealing no significant group differences between 

individuals with functional paralysis (FP), with spinal cord injury (SCI), and healthy controls 

(HC) (χ2 = 4.33, df = 2, p = 0.115, η²G = 0.06). Note that the y-axis is zoomed in for clarity. 

Individual data points represent participant-level accuracy. 

Abbreviation: ns = not significant. 
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Figure 3: Response times across groups. 

 

Note: A Kruskal-Wallis test was conducted to examine group differences in response time 

during the go/no-go task. Individual data points represent participant-level mean response 

time. (A) There were no significant group differences in response time during correct trials 

(hits) between the functional paralysis (FP), spinal cord injury (SCI) group and healthy 

controls (HC) (χ2 = 2.71, df = 2, p = 0.258, η²G = 0.04) (total n = 69). (B) There were no 

significant group differences in incorrect responses (false alarms) between the FP group, SCI 

group and HC (χ2 = 5.74, df = 2, p = 0.057, η²G = 0.12) (total n = 48). 

Abbreviation: ns = not significant. 

 

Functional networks of motor inhibition 

The validation analysis confirmed activation in the motor inhibitory network across 

the whole sample (i.e., both patients’ groups and HC together) (see Supplementary Fig. 2 for 

motor inhibition and Supplementary Fig. 3 for the separate effects of hit and correct 

rejection).  

Voxel-wise comparisons of BOLD activity during correct rejection versus hit trials 

revealed significant group differences in task-related activation. The flexible factorial 

analysis identified greater activation in the FP group compared to HC in the left insula and 
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left superior temporal gyrus (Supplementary Table 3). The FP group also showed increased 

activation relative to HC in the left posterior cingulate cortex and bilateral precuneus. For the 

contrast HC > FP, significant clusters were located in the left postcentral gyrus and left 

inferior parietal lobule. Comparisons involving the SCI group demonstrated increased 

activation relative to both FP and HC in the right postcentral gyrus and right precentral gyrus. 

The SCI > HC contrast additionally revealed significant activation differences in the bilateral 

precuneus. Complete statistical results are provided in Supplementary Table 3. 

Out of the three tested seeds (i.e, right supplementary motor area, right and left 

precentral gyrus) with the gPPI, one showed significant alterations in functional connectivity 

among the groups. The FC of the right precentral gyrus (seed) and left insula (cluster 1: F(2, 64) 

= 12.92, pFWE = 0.02, η2
G = 0.35, cluster size = 92 voxels), as well as the left medial superior 

frontal gyrus and the bilateral supplementary motor area (cluster 2: F(2, 64) = 19.84, pFWE = 

0.03, η2
G = 0.32, cluster size = 85 voxels) differed among the groups (Fig. 4 and Table 1). 

Bonferroni-corrected post-hoc tests revealed that, in the first cluster, the FP group 

demonstrated significantly higher functional connectivity compared to HC, as did the SCI 

group compared to the HC. There was no significant difference between the two patient 

groups. Detailed statistical results are shown in Table 1. In the second cluster, post-hoc tests 

showed that the SCI group had significantly lower functional connectivity compared to the 

HC and to the FP group. The FP group showed no significant difference to HC (see Table 1).  

Sensitivity analyses confirmed the robustness of the behavioral and functional 

connectivity findings when including covariates (Supplementary Table 4). 

The correlation analysis revealed that functional connectivity in cluster 1 (ρ = -0.31, p 

= 0.009), but not cluster 2 (ρ = -0.06, p = 0.614), significantly correlated with accuracy on the 

go/no-go task across the entire sample (see Fig. 5). Bootstrapped Spearman correlation 

analysis confirmed the robustness of this relationship, with a 95% bias-corrected and 

accelerated confidence interval of [-0.51, -0.06]. The small bias (0.005) and standard error 

(0.113) further support the reliability of the correlation estimate. When excluding two low-

accuracy outliers, the correlation remained significant with ρ = -0.285 and p = 0.019. Time 

since symptom onset was not significantly associated with functional connectivity (cluster 1) 

in either the FP group (ρ = -0.24, p = 0.380) or the SCI group (ρ = 0.03, p = 0.905). 
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Table 1. Functional connectivity differences using the right precentral gyrus as seed 

Cluster 1 

Brain 

Region(s) 
Peak MNI 

k 

(voxels) 

F- 

value(2,64) 

P-

valueFWE 
FP vs HC FP vs SCI SCI vs HC 

Left insula -32 20 14 92 12.92 0.02 

5.10*** 0.48ns 4.93*** 

[0.04, 

0.11] 

[-0.03, 

0.04] 
[0.03, 0.10] 

Cluster 2 

Left medial 

superior 

frontal gyrus, 

bilateral 

supplementary 

motor area 

-04 30 44 85 19.84 0.03 

-0.04ns -4.49*** -5.01*** 

[-0.03, 

0.03] 

[-0.09,  

-0.03] 

[-0.09,  

-0.03] 

Abbreviations: FP, functional paralysis group; HC, healthy controls; SCI, spinal cord injury 

group; ***, p < 0.001; ns, not significant; FWE, family-wise error; MNI, Montreal 

Neurological Institute. 

Note: All p-values are family-wise error corrected for 0.05, with a 95% confidence interval 

and post-hoc tests are adjusted using Bonferroni.  
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Figure 4: Group differences in motor inhibition-related functional connectivity. 

 

Note: (A) Functional connectivity differences between groups during motor inhibition (using 

generalized psychophysiological interaction analysis) were observed (total n = 69). (B) The 

right precentral gyrus (R PrG) seed showed significant group differences in functional 

connectivity (FC) with two clusters. The first cluster included the left insula (F(2, 64) = 

12.92, family-wise error-corrected (FWE) p = 0.02, η2G = 0.35, cluster size = 92 voxels), and 

the second cluster included the left medial superior frontal gyrus (L SFG med) and the 

bilateral supplementary motor area (SMA) (F(2, 64) = 19.84, pFWE = 0.03, η2G = 0.32, 

cluster size = 85 voxels). In cluster 1, the functional paralysis (FP) group and the spinal cord 

injury (SCI) group had significantly higher FC than the healthy controls (HC). In cluster 2, 

only the SCI group had significantly lower FC compared to both the FP group and HC. 

Abbreviations: R, right; L, left; SMA, supplementary motor area; SFG med, medial superior 

frontal gyrus; PrG, precentral gyrus; FC, functional connectivity; FP, functional paralysis 

group; SCI, spinal cord injury group; HC, healthy controls; ns, not significant; *** p < 0.001. 
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Figure 5: Precentral gyrus-insula connectivity negatively correlates with inhibitory 

accuracy.  

 

Note: Spearman correlation between the functional connectivity of the right precentral gyrus 

and the left insula (cluster 1) with overall accuracy in the whole sample (n = 69, ρ = -0.31, p 

= 0.009). Sensitivity analysis excluding two low-accuracy outliers yielded an attenuated but 

persistent effect (n = 67, ρ = -0.285, p = 0.019). 

Abbreviations: FP, functional paralysis group; SCI, spinal cord injury group; HC, healthy 

controls. 

 

Discussion 

In this task-based fMRI study on motor inhibition, no group differences were 

observed in accuracy on the go/no-go task, nor in response time during hits and false alarms, 

contrary to our hypothesis. In contrast, functional connectivity during motor inhibition 

revealed significant group differences. Both the FP and SCI groups exhibited similar 

connectivity patterns between the right precentral gyrus and the left insula, with both patient 

groups showing higher connectivity in these regions compared to HC. Notably, connectivity 

values in this network significantly correlated with accuracy across the whole sample, 

including FP, SCI and HC groups, indicating that performance during motor inhibition is 

associated with communication within this functional network. In addition, the SCI group 

demonstrated lower functional connectivity between the right precentral gyrus, the left medial 
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superior frontal gyrus, and the bilateral supplementary motor area, in contrast to the FP group 

and the HC. This finding was contrary to our hypothesis. These connectivity values were not 

correlated with accuracy.  

While some gPPI findings co-localized with activation differences (notably in FP's 

left insula and SCI's precentral seed, see Supplementary Table 3), most connectivity effects 

occurred independently of local BOLD changes. This suggests both region-specific coupling 

between activation and connectivity, and network-level reorganization distinct from local 

processing. 

Contrary to our findings, prior behavioural studies investigating the go/no-go task in 

FND have reported reduced accuracy49,50. Hammond-Tooke et al.16 observed longer response 

time, with around 15% higher false alarms compared to HC. One possible explanation for the 

discrepancy in behavioural findings is that previous studies on motor inhibition in FND often 

focused on positive motor symptoms, such as functional tremor and dystonia49, or mixed 

subtypes of FND, including functional weakness and co-existing functional seizures15,16,50. In 

contrast, this is the first study to focus on a homogeneous subtype of FND characterised 

solely by symptoms of paralysis, in comparison to a population exhibiting similar motor 

symptoms, such as SCI. Furthermore, in our study, the hand used for the task was unaffected 

for all participants, excluding the possibility of reduced performance due to a mere motor 

impairment. It is then possible that previous findings on impaired motor inhibition may have 

been influenced by the inclusion of participants with positive motor symptoms. These 

symptoms could have introduced additional complexity, potentially affecting the 

interpretation of motor inhibition deficits in FND. Because FND encompasses a broad 

spectrum of behavioral differences, it is essential to consider these variations in behavioral 

assessments—particularly those relying on response times, such as in our study. Indeed, a 

recent meta-analysis reported inconsistent results regarding the impairment of neurocognitive 

functions in FND across various studies and phenotypes51. Acknowledging distinct FND 

subtypes in both behavioral and neuroimaging research is therefore crucial for deepening the 

understanding of the mechanisms underpinning FND as a whole, as well as the unique 

features of each subtype. 

Using a version of the go/no-go task similar to that employed by Cojan et al. 20, our 

FP group demonstrated overall accuracy (~ 97% correct responses) comparable to the HC in 

that study. Their response time (~ 0.4 s) was also in line with typical measurements, thereby 
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indicating normal task performance across the FP, SCI, and HC groups. In fact, response 

times of around 0.4–0.6 s are generally considered standard in these types of behavioral 

assessments52,53. 

Both FP and SCI groups in our study displayed altered functional connectivity 

between the right precentral gyrus and the left insula during motor inhibition (FC cluster 1). 

This network is associated with inhibitory control. According to Hoffstaedter54, the premotor 

cortex is part of the “what-network,” which governs movement selection, whereas the insular 

cortex is part of the “when-network,” which governs movement timing. The anterior insula is 

described as a gatekeeper in executive control because it integrates both internal and external 

multisensory stimuli55. These regions have frequently been discussed in the broader context 

of FND. For instance, reduced left anterior insular volume has been reported in individuals 

with FND who experience severe physical health impairments, compared to HC56. In 

addition, both sensorimotor and insular cortices have been identified as neural correlates of 

FND in a meta-analysis21, and they have emerged as classifiers for FND in large-scale cross-

validation studies involving mixed FND samples57,58. Although we found no significant 

association between these FC alterations and time since symptom onset, the shared network 

changes in both paralysis groups could reflect a common neural adaptation—potentially 

arising in the chronic stage of paralysis. Interestingly, the connectivity between the precentral 

gyrus and the supplementary motor area (FC cluster 2) showed significant decreases in SCI, 

compared to FP and HC, consistent with known motor‐network alterations in SCI59 and 

potentially reflecting specific disruptions in afferent and efferent spinal–motor pathways 

unique to SCI. 

Within a predictive‑processing framework, the insula’s interoceptive and salience 

functions imply that heightened precentral–insula coupling may reflect increased 

precision-weighting of motor predictions22,23. In SCI, this could arise from persistent 

mismatches between intended movement and disrupted sensory feedback (deafferentation), 

driving compensatory network reorganization. In FP, chronic prediction errors likely stem 

from maladaptive priors or aberrant attentional focus on bodily signals—though the precise 

origin of these mismatches remains unknown. Crucially, our data do not allow us to 

distinguish whether the same connectivity change reflects adaptive plasticity in SCI versus 

maladaptive processes in FP. 
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Limitations and Future Directions 

One limitation of this study is the high accuracy across all groups on the go/no-go 

task, indicating a possible ceiling effect. While a more demanding inhibition paradigm may 

be required to reveal subtler deficits, simple go/no‑go designs reliably detect gross 

motor‑inhibition impairments in other patient populations (e.g. Parkinson’s disease 60). The 

absence of any group differences here thus suggests that large‑scale inhibition deficits are 

unlikely in our FP sample, though finer‑grained paradigms may uncover more nuanced 

alterations. Interpretation of the false-alarm response time model should be approached with 

caution, as only a small fraction of trials were included due to the high overall accuracy. 

Future studies might also consider different phases of the disorder—for example, by 

comparing subacute and chronic phases—to capture how these conditions evolve over time. 

Another limitation of this study is that the FP group exhibited higher mean scores of 

depression and anxiety compared to both the SCI and HC groups. However, these scores 

remained in the subclinical range and did not translate into measurable performance deficits: 

behavioural accuracy and response times were equivalent across all three groups. Moreover, 

we conducted sensitivity analyses controlling for both depression and anxiety 

(Supplementary Table 4), which confirmed that neither behavioural nor 

functional‐connectivity results were altered by these comorbidities. Thus, neural‐connectivity 

differences in the FP group appear robust to variation in affective symptoms. 

The desired sample size for the FP group was not achieved due to challenges in 

recruitment. However, the target sample sizes for the SCI and HC groups were successfully 

met. To ensure the robustness of our findings and facilitate generalization, effect sizes were 

included in all analyses. 

It remains challenging to disentangle the neural activity stemming from the 

underlying disorder processes from that generated by the symptom itself. Hence, it is 

important for future studies to include control groups with comparable symptom 

presentations. This approach would help clarify whether observed brain activity patterns are 

truly tied to the pathophysiology of FND or instead reflect broader, symptom-related effects. 
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Supplementary material 

Sample 

The following parameters were used to calculate the sample size: Based on previous 

magnetic resonance (MR) studies conducted by our team, a power of 0.8 was estimated with 

an expected effect size of 0.37, and the significance level (alpha) was set at 0.05. For an 

analysis of covariance (ANCOVA) comparing three independent groups, a total sample size 

of 74 participants was calculated, which results in approximately 25 participants per group. 

Due to recruitment difficulties, the target sample size was not quite reached for the functional 

paralysis (FP) group but was reached for the spinal cord injury (SCI) group and the healthy 

controls (HC). 

 

Acquisition parameters 

The anatomic T1-weighted images were acquired using a magnetization-prepared 

rapid gradient-echo (MPRAGE) sequence with the following parameters: repetition time 

(TR) / echo time (TE) of 8.3 ms / 3.9 ms, inversion time (TI) = 950 ms, turbo field echo 

(TFE) factor = 128, flip angle of 8°, slice thickness of 1 mm, field of view (FoV) of 256 × 

256 × 180 mm³, voxel size of 1 × 1 × 1 mm³, and bandwidth of 191 Hz. For the functional 

T2-weighted echo-planar images, the following parameters were used: TR / TE of 2700 ms / 

27 ms, flip angle of 80°, voxel size of 3 × 3 × 3 mm³, bandwidth of 2119 Hz, FoV of 240 × 

240 × 159 mm³, and 356 repetitions. 

 

Normality test 

Normality of the data was assessed using the Shapiro–Wilk test for both response 

times (W = 0.95, p = 0.013) and accuracy (W = 0.56, p < 0.001), indicating that these data 

deviate significantly from a normal distribution. 

 

Pre-processing and denoising 

The realignment of the functional data was conducted with the SPM realign and 

unwarp procedure1. All scans were realigned to the first scan of the session using a least 
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squares approach and a 6-parameter (rigid body) transformation2. To correct for motion and 

magnetic susceptibility interactions, the scans were resampled using b-spline interpolation. 

Potential outlier scans were identified using artifact detection tools3. The mean functional 

image was co-registered to each subject’s T1-weighted anatomical scan during normalization. 

The functional and anatomical images were normalized into standard MNI space and 

segmented into gray matter, white matter, and cerebrospinal fluid (CSF). Subsequently, the 

images were resampled into 2 mm isotropic voxels4,5 following a direct normalization 

procedure6. Finally, the functional images were smoothed using spatial convolution with a 

Gaussian kernel of 6 mm full width at half maximum.  

The following confounders were denoised from the functional data7,8: white matter 

and CSF timeseries, motion parameters and their first-order derivatives (12 factors) to 

account for subject movement during the scan, outlier scans, session and task effects and their 

first-order derivatives (4 factors) to control for variability due to different scanning sessions, 

and cubic trends (4 factors) to account for low-frequency drifts within each functional run. 

Simultaneous high-pass frequency filtering of the BOLD timeseries above 0.01 Hz was 

applied. 

Characteristics 

 

Supplementary Table 1. Demographics and clinical characteristics 

Variable 

Median (IQR) 

Test 

statistics 
P-value 

FP-

group 

(n= 16) 

SCI-

group 

(n = 24) 

Healthy 

controls 

(n=29) 

    

Age [in years] 

37.5 

(18.8) 41 (16.2) 33 (18) 
χ2 = 4.28 0.118 

Sex [n of men] 6 18 8 n.a.  0.002 

Education [n]       n.a.  0.024 

  Compulsory education 2 2 2     

  

Upper secondary 

education 2 0 4 
    

  Vocational 7 5 4     
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training/apprenticeship 

  

Post-secondary non-

tertiary education 4 6 4 
    

  University/college 1 11 15     

Handedness [n of right-

handed] 14 19 29 
n.a.  0.022 

Anagesics [n] 5 4 1 n.a. 0.036 

Psychotropics [n] 6 3 3 n.a. 0.081 

Hospital Anxiety and Depression Scale (range: 0 - 21)     

  Total score depression 4 (7) 2.5 (4) 2 (3) χ2 = 10.42 0.005 

  Total score anxiety 7 (7) 3.5 (4.25) 4 (3) χ2 = 10.39 0.006 

Satisfaction with Life Scale 

(range: 5 - 35) 23 (13.8) 

28.5 

(6.25) 30 (3) 
χ2 = 10.81 0.004 

Numeric Rating Scale (range: 0 - 10)     

  Pain experienced now 3 (6.25) 0 (3) 0 (1) χ2 = 13.09 0.001 

  

Pain experienced in the 

past 7 days 5 (4.5) 1 (3.25) 0 (1) 
χ2 = 18.30 < 0.001 

Time since symptom onset 

[years] 2.5 (3.5) 11 (18.5) n.a. 
χ2 = 9.48 0.002 

Spinal Cord Independence 

Measure (range: 0 - 100) 

88.5 

(24.8) 75 (27) n.a. 
χ2 = 2.49 0.114 

ISNCSCI     

  

Total score motor 

(range: 0 - 100) 85 (31) 69 (46) n.a. 
χ2 = 1.57 0.21 

  

Total score light touch 

(range: 0 - 112) 

18.5 

(20.8) 

13.5 

(13.8) n.a. 
χ2 = 0.71 0.399 

  

Total score pinprick 

(range: 0 - 112) 9 (16.2) 

15.5 

(13.8) n.a. 
χ2 = 1.26 0.262 

Abbreviations: FP, functional paralysis; SCI, spinal cord injury; n.a., not applicable; ISNCSCI, 

International Standards for Neurological Classification of Spinal Cord Injury 

Note: Test statistics from the Kruskal-Wallis rank sum test are reported. For Fisher's exact test, test 

statistics are not applicable. A p-value of less than 0.05 was considered significant. 
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Supplementary Table 2. Post hoc comparisons of demographic and 

clinical characteristics 

Variables HC vs FP FP vs SCI HC vs SCI 

Sex pFWE = 1.000 pFWE = 0.074 pFWE = 0.003 

Education pFWE = 0.037 pFWE = 0.082 pFWE = 1.000 

Handedness pFWE = 0.364 pFWE = 1.000 pFWE = 0.044 

Analgesics pFWE = 0.049 pFWE = 1.000 pFWE = 0.491 

HADS-D 

W = 106.5 

pFWE = 0.008 

W = 252.5 

pFWE = 0.280 

W = 242.5 

pFWE = 0.170 

HADS-A 

W = 115 

pFWE = 0.0161 

W = 298.5 

pFWE = 0.010 

W = 371 

pFWE = 1.000 

SWLS 

W = 367.5 

pFWE = 0.004 

W = 119.5 

pFWE = 0.139 

W = 429 

pFWE = 0.445 

Abbreviations: HC, healthy controls; FP, functional paralysis group; SCI, 

spinal cord injury group; FWE, family-wise error rate; HADS-D, Hospital 

Anxiety and Depression Scale - Depression; HADS-A, Hospital Anxiety 

and Depression Scale - Anxiety; SWLS, Satisfaction with Life Scale. 

 

Note: Group sizes were HC = 29, FP = 16, SCI = 24. Post-hoc pairwise 

comparisons were carried out with Fisher’s exact test for categorical 

variables (sex, education, handedness) and Wilcoxon rank-sum test for 

ordinal/score variables (HADS-D, HADS-A, SWLS). All p-values are two-

tailed and Bonferroni-adjusted for family-wise error. “W” denotes the 

Wilcoxon rank-sum statistic. 

 

 

Behavioral Results 

Further accuracy analyses were conducted to examine performance differences 

between trial types and groups. Levene’s test for homogeneity of variance revealed a 

significant difference in variances in overall accuracy across groups (F(2, 66) = 4.62, p = 

0.013). For detailed condition-level analysis, we computed two additional accuracy measures: 

(1) go trial accuracy (hit rate), calculated as hits/(hits + misses) × 100, and (2) no-go trial 

accuracy (correct rejection rate), calculated as correct rejections/(correct rejections + false 
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alarms) × 100. Kruskal-Wallis tests comparing these measures across groups showed no 

significant differences for either go trials (χ²(2) = 2.09, p = 0.352) or no-go trials (χ²(2) = 

3.75, p = 0.154). 

To test variability in response times across groups, we calculated each participant’s 

coefficient of variation (CV) and compared them using a Kruskal–Wallis test. The result 

indicated no significant difference between groups (χ2 = 4.07, p = 0.131). 

 

 Figure 1. 

 

Note: The stability of behavioral performance was assessed throughout the go/no-go task. (A) 

The blue lines represent individual response times for each trial before filtering extreme 

outliers, while the red line is the fitted Loess regression using locally weighted smoothing for 

time series. (B) The y-axis has been zoomed in for visibility. The overall accuracy remained 

stable across task blocks, with a maximum change of 0.8% for the entire sample. 

 

Voxel-wise Validation of Motor Inhibition BOLD Activity 

The validation analysis showed activation of the motor inhibitory network, including 

regions such as the bilateral precentral gyrus, bilateral supplementary motor area (SMA), left 
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superior parietal lobule, bilateral supramarginal gyrus, mid-cingulate cortex, right inferior 

frontal gyrus (triangular and opercular parts), right middle frontal gyrus, right angular gyrus, 

and left inferior occipital gyrus9. Sensorimotor areas, including cerebellar lobules 4, 5, 6, 8, 

and vermis 6 and 8, were also active10, alongside cortical regions such as the bilateral 

posterior cingulate gyrus, paracentral lobule, and inferior parietal lobule. Subcortical 

activation included the thalamic nuclei and left caudate. Further regions, including the 

bilateral precuneus, left rolandic operculum, left insula, bilateral superior frontal gyrus, 

bilateral inferior parietal lobule, and occipital and temporal areas, demonstrated significant 

activation (t = 4.88, pFWE < 0.05, k > 20 voxels; see Supplementary Fig. 2 for motor 

inhibition and Fig. 3 for the separate effects of hit and correct rejection). 

 

Figure 2. 

 

Note: Group-level activation maps for motor inhibition (positive t-values) and execution 

(negative t-values) during the go/no-go task (n = 69). The color bar represents t-statistic 
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magnitudes. Maps are thresholded at cluster-level family-wise error-corrected p < 0.05 

(extent threshold: k = 20 voxels; height threshold: t = 4.88). 

Abbreviations: STP, superior temporal pole; Cereb, cerebellum; Ins, insula; Ling, lingual 

gyrus; IOG, inferior occipital gyrus; Fus, fusiform gyrus; Tha VPL, thalamus ventral 

posterolateral nucleus; Tha IL, thalamus intralaminar nuclei; MOG, middle occipital gyrus; 

Tha PuA, thalamus anterior pulvinar nucleus; STG, superior temporal gyrus; Rol, rolandic 

operculum; Caud, caudate; PrG, precentral gyrus; IFG op, inferior frontal gyrus opercular 

part; Cing mid, mid-cingulate cortex; IPL, inferior parietal lobule; PoG, postcentral gyrus; 

SPL, superior parietal lobule; SOG, superior occipital gyrus; SMA, supplementary motor 

area; SFG, superior frontal gyrus. 

 

Figure 3.  

 

Results (n = 69) of the control analysis for only hit (left) and only correct rejection (right). 

The color bars represent t-statistic magnitudes. Activation maps are thresholded at a cluster-

level family-wise error corrected p < 0.05, with an extent threshold of k = 20 voxels. The 

height threshold for significance is set at t = 4.88. 
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Abbreviations: ACC pre, pregenual anterior cingulate cortex; IFG orb, inferior frontal gyrus 

orbital part; Ling, lingual gyrus; Cereb, cerebellum; MTG, middle temporal gyrus; IOG, 

inferior occipital gyrus; Calc, calcarine cortex; Tha PuM, thalamus medial pulvinar nucleus; 

Prec, precuneus; ACC sup, supracallosal anterior cingulate cortex; Tha VPL, thalamus 

ventral posterolateral nucleus; SMA, supplementary motor area; PCL, paracentral lobule; 

PrG, precentral gyrus; PoG, postcentral gyrus; SPL, superior parietal lobule; Fus, fusiform 

gyrus; MOG, middle occipital gyrus; IFG op, inferior frontal gyrus opercular part; IFG tri, 

inferior frontal gyrus triangular part. 

 

Supplementary Table 3. Significant Group Differences in BOLD Activity During Correct 

Rejection vs. Hit 

Contrast Region MNI 

k 

(voxels) p-FWE statistic 

FP > HC 

Left insula, left 

superior temporal 

gyrus 

-44 0 -4 146 0.02 5.02 

FP > HC 

Left posterior 

cingulate cortex, 

bilateral precuneus 

-6 -46 16 165 0.011 4.34 

HC > FP 

Left postcentral 

gyrus, left inferior 

parietal lobule 

-30 -26 48 176 0.008 4.23 

SCI > FP 

Right postcentral 

gyrus, right 

precentral gyrus 

46 -18 38 154 0.016 5.15 

SCI > HC 

Right postcentral 

gyrus, right 

precentral gyrus 

42 -20 38 346 < 0.001 5.19 

SCI > HC Bilateral precuneus 0 -70 42 119 0.045 4.3 
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Note: All contrasts were thresholded at p < 0.001 (uncorrected) at the voxel level, with only clusters 

surviving p < 0.05 FWE-corrected at the cluster level reported. Only significant comparisons are 

shown. BOLD activity reflects differences during correct rejection trials vs. hit trials. 

Abbreviations: FP, functional paralysis group; HC, healthy controls; SCI, spinal cord injury group; 

MNI, Montreal Neurological Institute standard space coordinates; k, cluster size; FWE, Family-wise 

error-corrected. 
 
 

Sensitivity Analyses 

Supplementary Table 4. Sensitivity Analyses: Behavioral and ROI-Level Functional Connectivity Results 

Model  Partial η² (group)  statistic (df) p-value 

Response Time (Hits) 

RT ~ group  0.04 χ2 = 2.71 (2) 0.258 

RT ~ group + age + handedness + sex + 

HADS-D + HADS-A + analgesics + 

psychotropics 

0.001 χ2 = 0.07 (2) 0.968 

Response Time (False Alarms) 

RT ~ group  0.12 χ2 = 5.74 (2) 0.057 

RT ~ group + age + handedness + sex + 

HADS-D + HADS-A + analgesics + 

psychotropics 

0.01 χ2 = 0.46 (2) 0.793 

Accuracy 

ACC ~ group 0.06 χ2 = 4.33 (2) 0.115 

ACC ~ group + age + handedness + sex + 

HADS-D + HADS-A + analgesics + 

psychotropics 

0.02 χ2 = 1.52 (2) 0.467 

Cluster 1 

FC ~ group + age + handedness 0.34; CI 95% [0.18, 1.00] F = 17.59 (2, 64) < 0.001 

FC ~ group + age + handedness + sex + 

HADS-D + HADS-A + analgesics + 

psychotropics 

0.36; CI 95% [0.19, 1.00] F = 10.22 (2, 59) < 0.001 

Cluster 2 

FC ~ group + age + handedness 0.34; CI 95% [0.18, 1.00] F = 15.31 (2, 64) < 0.001 
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FC ~ group + age + handedness + sex + 

HADS-D + HADS-A + analgesics + 

psychotropics 

0.34; CI 95% [0.18, 1.00] F = 14.13 (2, 59) < 0.001 

 

Note: Behavioral models: Group effects were first assessed using Kruskal-Wallis tests (χ²). Covariate-adjusted 

models were then fitted by regressing out effects of age, handedness, sex, HADS scores, and medication 

(analgesics/psychotropics) from residuals before testing group effects. Functional connectivity models: For each 

cluster (cluster 1: right precentral gyrus [seed] and left insula; cluster 2: right precentral gyrus [seed], left medial 

superior frontal gyrus, and bilateral supplementary motor area), two models were fitted: (1) a baseline model 

adjusted for age and handedness, and (2) a sensitivity model further adjusted for sex, HADS-Anxiety, and HADS-

Depression to evaluate robustness. The group effect was assessed via partial η² and Type III ANOVA p-values; 

models were compared using likelihood ratio tests, and coefficients were reported with 95% CIs. 

Abbreviations: RT, response time; ACC, accuracy; FC, functional connectivity; HADS-A, Hospital Anxiety and 

Depression Scale – Anxiety; HADS-D, Hospital Anxiety and Depression Scale – Depression; η², partial eta squared; 

CI, confidence interval; df, degrees of freedom. 

 

Analysis Code 

# go_no_go_analysis.R 

# Task-based fMRI analysis for Go/No-Go data 

# -------------------------------------------------- 

 

# 1. Load packages 

library(tidyverse) 

library(lme4) 

library(car) 

library(ggplot2) 

library(ggpubr) 

 

# 2. Set working directory to script location (requires RStudio) 

setwd(dirname(rstudioapi::getSourceEditorContext()$path)) 

 

# 3. Read & preprocess data 

go_nogo <- read_csv('go_nogo.csv') %>% 

    mutate(condition = factor(condition), 

         group     = factor(group)) 

 

# Split into hits and false alarms 

hit <- filter(go_nogo, condition == 'hit') 

FA  <- filter(go_nogo, condition == 'false_al') 

 

# 4. Exclude extreme RTs (±2 SD) and non-positive values 
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summarize_rt <- function(df) { 

  m <- mean(df$key_resp.rt, na.rm = TRUE) 

  s <- sd(df$key_resp.rt, na.rm = TRUE) 

  df %>% 

    filter(between(key_resp.rt, m - 2*s, m + 2*s), 

           key_resp.rt > 0) 

} 

 

hit_filt <- summarize_rt(hit) 

FA_filt  <- summarize_rt(FA) 

 

# 5. Test RT differences across groups 

# 5a. Descriptives by group 

hit_filt %>% group_by(group) %>% summarize(mean_rt = mean(key_resp.rt), 

                                           sd_rt   = sd(key_resp.rt)) 

# 5b. Levene’s test for homogeneity 
leveneTest(key_resp.rt ~ group, data = hit_filt) 

 

# 5c. Participant-level means and nonparametric test 

participant_rt <- hit_filt %>% 

  group_by(participant, group, age) %>% 

  summarize(mean_rt = mean(key_resp.rt), .groups = 'drop') 

 

kruskal.test(mean_rt ~ group, data = participant_rt) 

 

# 5d. Effect size (generalized η²) for Kruskal–Wallis 
compute_eta2G <- function(ranks, groups) { 

  grp_sizes  <- table(groups) 

  grp_ranks  <- tapply(ranks, groups, sum) 

  total_r    <- sum(ranks) 

  mean_r     <- total_r / length(ranks) 

  ss_eff     <- sum((grp_ranks^2)/grp_sizes) - total_r^2/length(ranks) 

  ss_tot     <- sum((ranks - mean_r)^2) 

  ss_err     <- ss_tot - ss_eff 

  ss_eff/(ss_eff + ss_err) 

} 

eta2G_rt <- compute_eta2G(rank(participant_rt$mean_rt), participant_rt$group) 

cat("RT η²G =", round(eta2G_rt, 3), "\n") 
 

# 6. Sensitivity analysis with covariates 

demog <- read_csv2('task_fMRI_FND_demog.csv') %>% 

  slice(-c(6, 31)) %>% 

  mutate(group = factor(group)) 

hand  <- read_csv('hand.csv')  %>% slice(-c(6, 31)) 

hadsa <- read_csv('HADS-A.csv') %>% slice(-c(6, 31)) 

hadsd <- read_csv('HADS-D.csv') %>% slice(-c(6, 31)) 

meds  <- read_csv('meds.csv')  %>% slice(-c(6, 31)) 
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RT_cov <- participant_rt %>% 

  left_join(demog, by = c("participant")) %>% 

  bind_cols(hand, hadsa, hadsd, meds, demog) 

 

# Remove covariate effects and rerun KW 

RT_cov$rt_resid <- resid(lm(mean_rt ~ age + sex_female + hand + 

                              hadsa + hadsd + analgesics + psychotropic, 

                            data = RT_cov)) 

kw_resid <- kruskal.test(rt_resid ~ group, data = RT_cov) 

cat("Residual RT KW p-value =", kw_resid$p.value, "\n") 

 

# 7. Response-time plots 

# Boxplot of hit RT by group 

ggplot(participant_rt, aes(group, mean_rt)) + 

  geom_boxplot(outlier.shape = NA, width = 0.6) + 

  geom_jitter(width = .1, alpha = .7) + 

  labs(x = NULL, y = "Mean RT (s)") + 

  theme_minimal() 

 

# RT time series (all trials) 

ggplot(go_nogo, aes(trial_start, key_resp.rt)) + 

  geom_line(alpha = .6) + 

  geom_smooth(method = "loess") + 

  labs(x = "Time (s)", y = "RT (s)") + 

  theme_minimal() 

 

# 8. Accuracy analyses 

accuracy <- go_nogo %>% 

  group_by(participant, group, age) %>% 

  summarize( 

    overall_acc = mean(key_resp.corr, na.rm = TRUE) * 100, 

    hit_acc     = mean(condition == "hit",    na.rm = TRUE) * 100, 

    rej_acc     = mean(condition == "corr_rej", na.rm = TRUE) * 100, 

    .groups = 'drop' 

  ) 

 

# Nonparametric tests 

kruskal.test(overall_acc ~ group, data = accuracy) 

# Effect size 

eta2G_acc <- compute_eta2G(rank(accuracy$overall_acc), accuracy$group) 

cat("Accuracy η²G =", round(eta2G_acc, 3), "\n") 
 

#sensitivity analysis 

ACC <- cbind(accuracy, demog, hand, hadsa, hadsd, meds) 

ACC$acc_resid <- 

resid(lm(overall_acc~age+sex_female+hand+hadsa+hadsd+analgesics+psychotropic, 

data=ACC)) 

kw_acc <- kruskal.test(acc_resid~group, data=ACC) 
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print(kw_acc) 

rks <- rank(ACC$acc_resid); gs <- table(ACC$group); gr <- tapply(rks, 

ACC$group, sum) 

tot <- sum(rks); m_r <- tot/nrow(ACC) 

ss_e <- sum((gr^2)/gs) - tot^2/nrow(ACC) 

ss_t <- sum((ACC$acc_resid - m_r)^2); ss_err <- ss_t-ss_e 

eta2G_acc <- ss_e/(ss_e+ss_err) 

cat("Acc cov-adjusted η²G=", round(eta2G_acc,3),"\n") 
 

# Accuracy boxplot 

ggplot(accuracy, aes(group, overall_acc)) + 

  geom_boxplot(outlier.shape = NA, width = 0.6) + 

  geom_jitter(width = .1, alpha = .7) + 

  labs(x = NULL, y = "Accuracy (%)") + 

  theme_minimal() 

 

# 9. Accuracy over blocks 

block_summary <- go_nogo %>% 

  group_by(block_loop.thisN) %>% 

  summarize( 

    mean_acc = mean(key_resp.corr, na.rm = TRUE) * 100, 

    se_acc   = sd(key_resp.corr, na.rm = TRUE) / sqrt(n()) * 100 

  ) 

 

ggplot(block_summary, aes(factor(block_loop.thisN), mean_acc)) + 

  geom_col(fill = NA, color = "black") + 

  geom_errorbar(aes(ymin = mean_acc - se_acc, ymax = mean_acc + se_acc), 

                width = 0.2) + 

  labs(x = "Block", y = "Accuracy (%)") + 

  theme_minimal() 

 

# task_fMRI_conn_analysis.R 

# Streamlined analysis of significant FC clusters from CONN 

# -------------------------------------------------------- 

 

# 1. Load packages 

library(tidyverse)    # Data wrangling & ggplot2 

library(rstatix)      # Statistical tests 

library(ggpubr)       # ggplot enhancements 

library(broom)        # Tidy model output 

library(emmeans)      # Estimated marginal means 

library(car)          # Anova type III 

library(effectsize)   # Effect size calculations 

library(boot)         # Bootstrap 

 

# 2. Set working directory 

setwd(dirname(rstudioapi::getSourceEditorContext()$path)) 
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# 3. Read & merge data 

demog   <- read_csv2('task_fMRI_FND_demog.csv') %>% 

  mutate(ID = row_number(), group = factor(group)) 

clus    <- read_csv('aal_2_clus.csv') 

hand    <- read_csv('hand.csv') 

hadsa   <- read_csv('HADS-A.csv') 

hadsd   <- read_csv('HADS-D.csv') 

meds    <- read_csv('meds.csv') 

tsi     <- read_csv('tsi.csv') 

 

data <- clus %>% 

  bind_cols(demog, hand, hadsa, hadsd, meds, tsi) %>% 

  drop_na() 

 

# 4. Medications: Fisher tests by group 

# Specify which meds you want to test 

meds <- c("psychotropic", "analgesics") 

 

res <- tibble(med = meds) %>% 

  rowwise() %>% 

  mutate( 

    # build the contingency table: rows = 0/1, cols = group 

    tbl = list(table(factor(data[[med]], levels = c(0,1)), data$group)), 

    # run Fisher's exact test on the 2×3 table 

    p_value = fisher.test(tbl)$p.value 

  ) %>% 

  ungroup() %>% 

  # Bonferroni‐correct the two p‐values 
  mutate(p_adj = p.adjust(p_value, method = "bonferroni")) 

 

print(res) 

 

# 5. Recode factors & define contrasts 

data <- data %>% 

  mutate( 

    group       = factor(group, levels=c('FND','SCI','HC')), 

    hand        = factor(hand), 

    psychotropic= factor(psychotropic), 

    analgesics  = factor(analgesics), 

    SMA_ch = SMA_PrG_corr_rej - SMA_PrG_hit, 

    Ins_ch = Ins_PrG_corr_rej - Ins_PrG_hit 

  ) 

 

# 6. ANCOVA helper function 

run_ancova <- function(df, response) { 

  formula <- as.formula(paste(response, '~ age + hand + group')) 

  lm_fit  <- lm(formula, data=df) 

  aov_res <- Anova(lm_fit, type='III') 



81 

 

  eta     <- eta_squared(lm_fit, partial=TRUE) 

  emm     <- emmeans(lm_fit, pairwise~group, adjust='bonferroni') 

  list( 

    lm      = lm_fit, 

    ancova  = aov_res, 

    eta     = eta, 

    emmeans = emm 

  ) 

} 

 

# 7. Analyze SMA contrast 

sma_res <- run_ancova(data, 'SMA_ch') 

print(sma_res$ancova) 

print(sma_res$eta) 

print(sma_res$emmeans) 

 

# 8. Plot SMA results 

p_sma <- ggplot(data, aes(group, SMA_ch)) + 

  geom_boxplot() + 

  geom_jitter(width=0.1, alpha=0.7) + 

  stat_pvalue_manual( 

    broom::tidy(sma_res$emmeans$contrasts) %>% 

      mutate( 

        y.position = max(data$SMA_ch) + seq(0.02, by=0.02, length.out=n()), 

        label = case_when( 

          p.value<.001 ~ '***', p.value<.01 ~ '**', p.value<.05 ~ '*', 

TRUE~'ns' 

        ) 

      ), 

    label='label', tip.length=0, size=5 

  ) + 

  labs(x=NULL, y='Δ FC (SMA)') + theme_minimal() 
 

# 9. Analyze Insula contrast 

ins_res <- run_ancova(data, 'Ins_ch') 

print(ins_res$ancova) 

print(ins_res$eta) 

print(ins_res$emmeans) 

 

# 10. Plot Insula results 

p_ins <- ggplot(data, aes(group, Ins_ch)) + 

  geom_boxplot() + 

  geom_jitter(width=0.1, alpha=0.7) + 

  stat_pvalue_manual( 

    broom::tidy(ins_res$emmeans$contrasts) %>% 

      mutate( 

        y.position = max(data$Ins_ch) + seq(0.02, by=0.02, length.out=n()), 

        label = case_when( 
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          p.value<.001 ~ '***', p.value<.01 ~ '**', p.value<.05 ~ '*', 

TRUE~'ns' 

        ) 

      ), 

    label='label', tip.length=0, size=5 

  ) + 

  labs(x=NULL, y='Δ FC (Insula)') + theme_minimal() 
 

# Display plots 

print(p_sma) 

print(p_ins) 

 

# 11. Sensitivity analysis: add covariates 

model_full <- lm(SMA_ch ~ group + age + hand + sex_female + `HADS-A` + `HADS-

D` + analgesics + psychotropic, 

                 data=data) 

eta_orig <- eta_squared(sma_res$lm, partial=TRUE) %>% 

filter(Parameter=='group') 

eta_full <- eta_squared(model_full, partial=TRUE) %>% 

filter(Parameter=='group') 

ANOVA_comparison <- anova(sma_res$lm, model_full) 

list(eta_orig=eta_orig, eta_full=eta_full, model_comp=ANOVA_comparison) 

 

# 12 Spearman correlations with clinical scores 

scores <- data %>% filter(group!='HC') 

# TSI vs SMA, Ins 

scores %>% 

  group_by(group) %>% 

  summarise( 

    rho_sma = cor(tsi, SMA_ch, method='spearman'), 

    p_sma   = cor.test(tsi,SMA_ch,method='spearman')$p.value, 

    rho_ins = cor(tsi, Ins_ch, method='spearman'), 

    p_ins   = cor.test(tsi,Ins_ch,method='spearman')$p.value 

  ) 

 

# 13. Correlation vs accuracy 

go_nogo <- read_csv('go_nogo.csv') %>% 

  group_by(participant, group) %>% 

  summarise( 

    acc = mean(key_resp.corr)*100, 

    rt  = mean(key_resp.rt) 

  ) 

merged  <- inner_join(data, go_nogo, by=c('ID'='participant','group')) 

 

cor.test(merged$Ins_ch, merged$acc, method='spearman') 

 

#Bootstrap Spearman correlation (Ins_ch vs. accuracy) 

library(boot) 
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# 1) Define a function that returns Spearman’s ρ for a resampled dataset 
cor_fun <- function(dat, indices) { 

  d <- dat[indices, ] 

  cor(d$Ins_ch, d$acc, method = "spearman") 

} 

 

# 2) Run the bootstrap (10 000 replications) 
set.seed(2025)  # for reproducibility 

boot_res <- boot(data = merged, statistic = cor_fun, R = 10000) 

 

# 3) Print the raw bootstrap results 

print(boot_res) 

 

# 4) Compute bias-corrected & accelerated confidence intervals 

boot_ci <- boot.ci(boot_res, type = "bca") 

print(boot_ci) 

 

# 14. Final combined plot: Ins_ch vs accuracy 

ggplot(merged, aes(acc, Ins_ch, color=group)) + 

  geom_point() + geom_smooth(method='lm', se=TRUE) + 

  labs(x='Accuracy [%]', y='FC (Insula)') + 

  theme_minimal(base_size=14) 
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2.4 Metabolic profile in functional paralysis 

 

 

Lower Anterior Cingulate N-Acetylaspartate/Creatine Associated with Motor 
Impairment in Spinal Cord Injury but Not in Functional Paralysis 

 

Vallesi, V., Galléa, C., Branzoli, F., Eriks-Hoogland, I., Gegusch, M., Zito, A. G., Wyss, P. 
O., Scheel‑Sailer, A., Verma, R., Slotboom, J. 
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Abstract 

Functional paralysis (FP), a subtype of functional neurological disorders, involves 

motor strength loss in certain limbs, resembling symptoms in spinal cord injury (SCI). Unlike 

SCI, caused by structural spinal cord damage, FP shows functional alterations in regions 

including the anterior cingulate (ACC) and insular cortices. This work aims to investigate 

metabolic alterations in FP, and compare them to SCI, to see whether these alterations are 

specific to the condition or represent a common consequence of paralysis, irrespective of its 

cause. Using Magnetic Resonance Spectroscopic Imaging, we compared metabolites in the 

ACC and insula of individuals with FP (n = 16, median age = 36 years, interquartile range 

[IQR] = 25.75, 5 males), individuals with SCI (n = 21, median age = 40 years, IQR = 15, 15 

males), and healthy controls (HC) (n = 25, median age = 35 years, IQR = 17, 8 males). In the 

ACC, individuals with FP showed lower total N-acetyl-aspartate to total creatine ratio 

(tNAA/tCr) compared to HC (HL = -0.10, padj = 0.042), and the same was observed for those 

with SCI (HL = -0.11, padj = 0.042). Moreover, tNAA/tCr correlated significantly with motor 

strength in participants with SCI (ρ = 0.56, p = 0.014) but not in those with FP (ρ = 0.05, p = 

0.869), indicating that lower tNAA/tCr was associated with greater loss of motor strength 

only in SCI. In FP, motor‐strength severity appears independent of tNAA/tCr reduction, 

which may reflect the presence of paralysis rather than its magnitude. 

 

Keywords: functional neurological disorder; brain metabolism; anterior cingulate cortex; 

paralysis; N-acetyl-aspartate 

 

Introduction 

Functional neurological disorder (FND) is characterized by a wide spectrum of 

neurological symptoms, ranging from negative motor symptoms (e.g., paralysis) to positive 

motor symptoms (e.g., tremor, dystonia) and non-motor manifestations such as functional 

seizures 0. A hallmark feature of functional paralysis (FP) is a lack of motor strength and/or 

sensation in certain limbs, a phenotypic presentation that can be quite similar to the paralysis 

observed in spinal cord injury (SCI). Both conditions result in limited mobility and often 

require assistive devices, such as wheelchairs, depending on the severity and level of 

symptoms. While SCI-related paralysis arises from structural damage to the spinal cord 1, 
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FND is often described as dysregulation of functional brain networks 2. This distinction is 

supported by numerous fMRI studies in FND showing differences in brain activity and 

connectivity 3, though structural injury or damage has not been observed in this disorder 4. 

Neuroimaging studies have systematically identified key marker regions of FND, 

such as the anterior cingulate and the insular cortices. A meta-analysis by Boeckle et al. 5 

found that patients with the motor type of FND differ from healthy controls (HC) in regions 

including the insula, anterior cingulate cortex, the amygdala, thalamus, and prefrontal and 

motor cortex. When comparing affected versus unaffected sides, differences were particularly 

notable in the insula, anterior cingulate cortex, as well as in the temporal cortex, prefrontal 

cortex, and sensorimotor regions. Similarly, Weber et al. 6 used a multivariate machine 

learning approach to distinguish FND individuals from HC based on whole-brain resting-

state functional connectivity, identifying key discriminant features in the insula, cingulate 

cortex, sensorimotor cortex, and hippocampal regions. In another classifier study, Waugh et 

al. 7 highlighted the sensorimotor cortex, dorsolateral prefrontal cortex, and insula as markers 

for FND. 

The biological mechanisms underlying these functional differences are not fully 

understood, but some hypotheses emerge. Neuroinflammation may play a role in FND. 

Mueller et al. 8 reported higher brain temperature in the anterior cingulate cortex in 

participants with functional seizures. Brain temperature was shown to be an indicator for low-

level neuroinflammation 9. Additionally, systemic factors such as gut microbiome dysbiosis 

and chronic inflammation have been proposed as potential contributors to FND symptoms 10. 

These findings raise the possibility that functional disruptions in FND may be accompanied 

by biochemical changes in cellular metabolism and signal transduction pathways, which 

regulate processes such as inflammation, synaptic transmission, and energy homeostasis. 

Magnetic Resonance Spectroscopy (MRS) is a non-invasive method used to 

characterize the integrity of cellular metabolism in vivo in humans or preclinical models, by 

quantifying levels of specific metabolites underlying neuroinflammation or neuronal 

dysfunction. For instance, total N-acetyl-aspartate (tNAA, reflecting the combined pool of N-

acetyl-aspartate and N-acetyl-aspartyl-glutamate), a marker of neuronal integrity and 

function, is involved in myelin lipid synthesis, osmoregulation, and mitochondrial 

metabolism 11,12. Total choline-containing compounds (tCho), which plays a role in 

membrane synthesis, are often altered in neurodegenerative disorders 13,14. Glutamate (Glu), 
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the primary excitatory neurotransmitter, is crucial for synaptic transmission, plasticity, and 

metabolism, while glutamine (Gln) regulates glutamate metabolism within the glutamate–

glutamine cycle. Elevated levels of the sum of Glu and Gln (Glx) are associated with 

excitotoxicity in conditions like epilepsy 15. Total creatine (tCr, representing the combined 

signal of creatine and phosphocreatine), essential for energy storage and transfer, is relatively 

stable in the brain under normal conditions 16, though altered levels are observed in disorders 

such as creatine deficiency syndromes 17. A biomarker for neuroinflammation and glial 

proliferation in brain pathology is myo-inositol (mI), where higher levels are associated with 

astrocytosis and gliosis and lower levels with hypo-osmolar states 18. 

Cellular metabolism measured with MRS is altered in SCI pathology. In the first 14 

days after traumatically induced SCI in rats, significantly lower levels of tNAA and tCr were 

observed in the rostral, epicenter, and caudal segments of the spinal cord, remaining reduced 

up to 56 days post-injury 19. In the subacute phase after SCI (2–9 months) in humans, tNAA 

and Glx increased in the pons, whereas tCr decreased 20, however, lower tNAA levels in the 

same region were found in the chronic phase 21. 

Despite the differing etiologies of FP and SCI, both conditions share overlapping 

clinical features. This raises the question of whether potential biochemical changes in these 

regions are driven by the symptom of paralysis itself or by the underlying causality of 

paralysis. To address this question, we compared the metabolic profiles of FP participants 

with those of SCI participants and HC. We hypothesized that both paralysis groups would 

show distinct metabolic alterations compared to HC, and that these alterations would differ 

between FP and SCI, reflecting their divergent pathophysiologies. Finally, we examined 

whether aberrant metabolites correlated with motor strength to determine if shared symptoms 

arise from similar or distinct metabolic disturbances. 

In this study, we employed 2D 1H MR Spectroscopic Imaging (MRSI) using Point-

Resolved Spectroscopy Sequence (PRESS) localization to investigate the regions of interest 

(ROIs) of the bilateral anterior cingulate cortex and bilateral insula, which were selected due 

to their relevance in FND 5–7 and their anatomical location, which allows for high spectral 

quality by being distant from bone, fat, and air-filled spaces. 

 

Materials and methods 
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Study design and sample 

This cross-sectional study was conducted between November 2022 and February 

2024 at the Swiss Paraplegic Centre in Nottwil, Switzerland, and was approved by the local 

Ethics Committee of Northwest and Central Switzerland (EKNZ, reference number: 2021-

01775). All participants provided written informed consent. The study adheres to the 

STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) 

guidelines, and the ethical principles of the Declaration of Helsinki were followed. A 

preregistration is available on ClinicalTrials.gov (identifier: NCT05139732). 

The recruitment of participants was conducted through the Swiss Paraplegic Centre 

and the Clinic for Neurology at the Cantonal Hospital St. Gallen via advertisements, as well 

as physician referrals. Inclusion was possible for individuals aged 18–60 years and for those 

in the two paralysis groups who had experienced symptoms for at least 6 months. Exclusion 

criteria included any MRI contra-indications, a history of neurological disorders (e.g. 

epilepsy or tumor) other than FP and SCI, as well as any severe psychiatric conditions (e.g. 

schizophrenia). 

A power calculation using G*Power 22 determined a priori a sample size of 74, based 

on a power of 0.8 (as determined by prior studies from our team), an expected effect size of 

0.37, and a significance level (α) of 5%. This resulted in 25 participants per group.  

Participants with insufficient spectral quality in a given ROI were excluded (see Table 

1). Exclusions resulted from spectral artifacts, or ROIs missed due to spatial planning errors. 

 

Clinical measurements 

For the entire sample, the following psychological questionnaires were administered: 

the Satisfaction with Life Scale (SWLS) 23, pain intensity during the examination and in the 

past 7 days using the Numeric Rating Scale (NRS) 24, and anxiety and depression using the 

Hospital Anxiety and Depression Scale (HADS-A and HADS-D) 25. Symptom severity for 

the two paralysis groups was measured with the International Standards for Neurological 

Classification of Spinal Cord Injury (ISNCSCI) 26, which was conducted by certified 

physicians. With this, scores for motor strength, light touch, and pin prick were obtained. The 

time since symptom onset (TSS) in years was collected, and additionally, the Spinal Cord 

Independence Measure (SCIM) 27 for the assessment of functionality was administered. 
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MRI/MRSI acquisition 

Structural MRI and 1H MRSI were conducted using a clinical 3 T MRI unit (Philips 

Achieva, Release 5.1.7; Philips Healthcare, Best, the Netherlands) with a 32-channel head 

coil (Philips Healthcare). The MR scan protocol included a three-dimensional anatomical T1-

weighted image and a 2D PRESS sequence for spectroscopic imaging. The structural image 

was acquired with the following parameters: Repetition time (TR) = 8.5 ms; echo time (TE) = 

4.1 ms, flip angle = 8°, field of view (FOV) = 256 × 256× 25 mm³, 25 slices and a voxel 

volume of 1 × 1 × 1 mm³. For the MRSI, the following parameters were used: TR = 1500 ms, 

TE = 30 ms, spectral bandwidth = 2000 Hz, readout duration = 512 ms, 1024 samples (1.95 

Hz/point resolution), with nominal voxel size of 10 × 10 × 15 mm³ (reconstructed to 5 × 5 × 

15 mm³, 16 × 16 matrix), totalling 6:20 min scan time. The FOV was 160 × 160 mm², and the 

excited volume of interest (VOI) was 80 × 80 × 15 mm³. The scan was performed in 

transverse orientation with the participant in a head-first, supine position. The VOI was 

consistently positioned based on anatomical landmarks for all participants, ensuring 

standardised placement across the 2D MRSI plane. Second-order static magnetic field (B₀) 

shimming was performed automatically using the scanner's volume-based pencil-beam 

method (PB-volume). Water suppression was achieved using an excitation-based scheme 

with a suppression window of 140 Hz and a second pulse angle of 300°. Outer volume 

suppression was implemented using circular saturation slabs (10 slabs, thickness = 30 mm) to 

minimize signal from metabolic and subcutaneous lipids in tissues surrounding the brain. 

 

1H spectroscopy analysis 

MRSI data were analyzed using a model-based fitting approach implemented in 

SpectrIm version 2.0.12 (available at https://spectrim.diskstation.me/spectrImWeb/) 28. The 

raw spectra were preprocessed to improve spectral quality, including water removal using the 

HLSVDPro algorithm (4 – 9 ppm, 8 components), truncation of the frequency domain 

(10.943 – 12.509 ppm), frequency shift correction, automatic phasing algorithm (1.5 – 4.4 

ppm), and exponential apodization. The preprocessed spectra were fitted using TDFDfit 29, a 

time/frequency-domain fitting algorithm, with a predefined model incorporating prior 

knowledge of metabolite spectra. The basis set for spectral fitting was simulated using 

NMRScope of the jMRUI package 30, and included the metabolite signal profiles of tNAA, 

https://spectrim.diskstation.me/spectrImWeb/
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tCho (glycerophosphocholine + phosphocholine), mI + glycine, Glx, lactate, and tCr. The 

fitting process optimized model parameters to minimize the residual between the observed 

and modeled spectra, enabling accurate quantification of metabolite peak areas. The quality 

of the fit of all spectra was individually checked by two of the authors, and any spectra with 

poor fit quality were excluded from the analysis. The sum of glutamate and glutamine was 

calculated and reported as Glx, reflecting the combined contribution of these metabolites to 

the glutamatergic system. Metabolite areas were quantified as ratios relative to tCr. 

Specifically, the area under the curve for each metabolite was divided by the area under the 

curve for tCr (e.g., tNAA/tCr, tCho/tCr, mI/tCr, Glx/tCr). This approach was chosen because 

tCr is considered a stable reference metabolite, and its use is consistent with previous 

research on FND. Representative spectra and voxel placements for each group are shown in 

Supplementary Figures S1–S3. Gray matter, white matter, and cerebrospinal fluid volumes 

were compared between groups; signal-to-noise ratio and spectral linewidth were also 

assessed (see Supplementary Table 1 and 2 for details). 

 

Statistical analysis 

Statistical analyses were performed using R (version 4.4.3). Categorical demographic 

variables were compared between groups using Fisher’s exact test. Continuous clinical 

measures and metabolite ratios were assessed for normality (Shapiro–Wilk test) and 

homogeneity of variance (Levene’s test); due to violations of these assumptions and unequal 

sample sizes, non-parametric tests and permutation-based methods were employed. As the 

omnibus test, group comparisons of metabolite ratios were conducted by permutation-based 

analysis of covariance (ANCOVA; Freedman–Lane method, 10,000 permutations)31,32 with 

sex as a covariate. We then performed sex-stratified post-hoc pairwise comparisons (10,000 

permutations), calculating Hodges–Lehmann median differences and their 95 % bootstrapped 

confidence intervals (10,000 iterations)33. To control Type I error, p-values were adjusted 

within each model using the false discovery rate (FDR) at α = 0.05. Effect sizes were 

reported as partial eta squared, with ηp² ≥ 0.01 considered small, ηp² ≥ 0.06 medium, and ηp² ≥ 

0.14 large 34. Relationships between variables were assessed using partial Spearman's rank 

correlation (coefficient ρ), with correlations interpreted as weak (| ρ | < 0.3), moderate (0.3 ≤ | 

ρ | < 0.5), or strong (| ρ | ≥ 0.5) 35. 
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Results 

Demographics 

After ROI-specific spectral quality exclusions, final sample sizes ranged from 56 to 

61 participants per region (see Table 1 for details). Exclusions affected 9–14 participants per 

region from the initial sample (N = 70). All demographic information is reported in Table 2. 

Age did not differ significantly between the groups. Sex distribution differed significantly 

between groups (see Table 2), consequently, it was included as a covariate in primary 

analyses. There was a significant group difference in the SWLS, pain during the examination 

and in the last 7 days, and anxiety and depression scores. FP and SCI showed no difference in 

SCIM, motor strength, or light touch, but they differed significantly in terms of TSS and pin 

prick scores.  

 

Table 1: Sample sizes for each region of interest  

ROI FP  SCI  HC  Total 

Anterior cingulate cortex 16 20 25 61 

Left insula 15 21 21 57 

Right insula 15 21 20 56 

Abbreviations: ROI, region of interest; FP, functional paralysis; SCI, spinal 

cord injury; HC, healthy controls. 

 

Table 2: Demographic characteristics of participants. 

  
FP (n = 16) SCI (n = 21) HC (n = 25) 

Test 

statistic p-Value 

Age in years 36 (25.75) 40 (15) 35 (17) χ2 = 1.15 0.563 

Sex (n males) 5 15 8 n. a.  0.023 
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SWLS 22.5 (12.25) 28(6) 29 (3) χ2 = 12.41 0.005 

NRS (current 

moment) 
4 (4.5) 0 (3) 0 (0) χ2 = 18.71 < 0.001 

NRS (past 7 days) 4 (4) 1 (4) 0 (1) χ2 = 22.37 < 0.001 

HADS-A 5.5 (5.75) 4 (5) 4 (3) χ2 = 6.59 0.043 

HADS-D 2.5 (6) 2 (4) 2 (2) χ2 = 7.36 0.035 

TSS in years 3 (4.28) 12 (19) n. a.  W = 93.5 0.023 

SCIM 79 (35.25) 75 (30) n. a.  W = 180 0.724 

Motor strength 78.5 (41) 68 (46) n. a.  W = 193 0.45 

Light touch  94 (40.5) 75 (30) n. a.  W = 214 0.072 

Pin prick 98 (38) 70 (35) n. a.  W = 228 0.024 

Abbreviations: ROI, region of interest; FP, functional paralysis; SCI, spinal cord injury; 

HC, healthy controls; swls, satisfaction with life scale; NRS, numeric rating scale; HADS-

A, hospital anxiety and depression scale - anxiety;  HADS-D, hospital anxiety and 

depression scale - depression; TSS, time since symptoms; SCIM, spinal cord independence 

measure; n.a., not applicable. 

Note: In all rows except for sex the median and interquartile range are reported. Test 

statistics from the Kruskal-Wallis rank sum test or Wilcoxon rank-sum test are reported. 

For Fisher's exact test, test statistics are not applicable. A false-discovery rate adjusted p-

value of less than 0.05 was considered significant. 

 

Metabolic parameters 

The metabolite ratios in the anterior cingulate cortex for all three groups are shown in 

Figure 1. Only tNAA/tCr showed a significant group difference (F(2, 57) = 4.74, p = 0.011, ηp²  

= 0.14, large effect) with the FP group differing from HC (HL = -0.10, padj = 0.042, 95 % CI 

[-0.20, -0.004]) but no difference from the SCI group (HL = -0.01, padj = 0.876, 95 % CI [-

0.09, 0.08]). There was a significant difference between the SCI group and HC (HL = -0.11, 

padj = 0.042, 95% CI [-0.16, -0.03]). There were no group differences in tCho/tCr, mI/tCr or 
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Glx/tCr (see Table 3). In this ROI, tNAA/tCr correlated significantly with the motor strength 

score in the SCI group (ρ = 0.55, p = 0.014, large effect), but no correlation was observed in 

the FP group (ρ = 0.05, p = 0.869) (see Figure 2). This association remained significant in 

sensitivity analyses adjusting for age, TSS, current pain intensity NRS, and 

depressive/anxiety symptoms (all p < 0.05, Supplementary Table 3). No significant group 

differences were found in the left insula for tNAA/tCr, tCho/tCr, mI/tCr or Glx/tCr (see 

Figure 3 and Table 3). In the right insula, only tCho/tCr showed a significant group effect 

(F(2, 52) = 3.65, p = 0.034, ηp² = 0.12, medium effect) with the SCI group differing from HC 

(HL = -0.04, padj = 0.018, 95 % CI [-0.11, 0.02]) but no difference from the FP group (HL = -

0.06, padj = 0.063, 95% CI [-0.02, 0.12]). The FP group showed no difference to HC (HL = 

0.01, padj = 0.928, 95% CI [0.002, 0.01]). The tCho/tCr ratio showed no statistically 

significant correlation with the motor strength score in individuals with SCI (ρ = -0.12, p = 

0.606).  

 

Figure 1.  

 

Note: Metabolite ratios in the anterior cingulate cortex among individuals with functional 

paralysis (FP), spinal cord injury (SCI), and healthy controls (HC). There was a significant 

group difference in total N-acetyl-aspartate/total creatine (tNAA/tCr) (F(2, 57) = 4.74, p = 
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0.011, ηp² = 0.14), with the FP and the SCI group showing lower ratios compared to HC. 

However, there were no significant differences in total choline/total creatine (tCho/tCr), myo-

inositol/total creatine (mI/tCr) or (glutamate + glutamine)/total creatine (Glx/tCr). 

 

Figure 2. 

Note: Partial spearman correlation (adjusted for sex residuals) between total N-acetyl-

aspartate/total creatine (tNAA/tCr) in the anterior cingulate cortex and the score for motor 

strength. There was no significant correlation in the functional paralysis (FP) group (ρ = 0.05, 

p = 0.869); however, there was a significant positive correlation in the spinal cord injury 

(SCI) group (ρ = 0.56, p = 0.014). 

  



97 

 

Figure 3. 

 

Note In A: Metabolite ratios in the left insula among individuals with functional paralysis 

(FP), spinal cord injury (SCI), and healthy controls (HC). There were no significant group 

differences in total N-acetyl-aspartate/total creatine (tNAA/tCr), total choline/total creatine 

(tCho/tCr), myo-inositol/total creatine (mI/tCr) or (glutamate + glutamine)/total creatine 

(Glx/tCr).  

In B: Metabolite ratios in the right insula between the groups FP, HC, and SCI. Only 

tCho/tCr differed significantly between groups (F(2, 52) = 3.65, p = 0.034, ηp² = 0.12), driven 

by a lower ratio in SCI versus HC. There were no significant differences in tNAA/tCr, mI/tCr 

or Glx/tCr. 

 

Table 3: Summary of MRSI Metabolite Ratio Comparisons Between Healthy Controls, 

Functional Paralysis, and Spinal Cord Injury Groups 

  

Test 

statistic 

P-

Value 

Effect 

size FP vs HC FP vs SCI SCI vs HC 

Anterior cingulate cortex 

 

tNAA/t

Cr 

F(2, 57) = 

4.74 

0.011 0.143 

HL = -0.10 

 padj = 0.044 

 CI [-0.20,  

-0.004] 

HL = -0.01 

 padj = 0.876 

 CI [-0.09, 

0.08] 

HL = -0.11 

 padj = 0.044 

 CI [-0.16,  

-0.03] 
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tCho/t

Cr 

F(2, 57) = 

0.14 

0.884 0.005    

 mI/tCr 

F(2, 57) = 

0.70 

0.508 0.024    

  
Glx/tCr 

F(2, 57) = 

0.12 

0.894 0.004    

Left insula 

 tNAA/t

Cr 

F(2, 53) = 

0.30 

0.740 0.011    

 

tCho/t

Cr 

F(2, 53) = 

3.07  
0.055 0.104    

 mI/tCr 

F(2, 53) = 

0.57 

0.578 0.021    

  
Glx/tCr 

F(2, 53) = 

1.84 

0.169 0.065    

Right insula 

 tNAA/t

Cr 

F(2, 52) = 

0.76 

0.473 0.028    

 

tCho/t

Cr 

F(2, 52) = 

3.65 

0.034 0.123 

HL = 0.01 

 padj = 0.928 

 CI [-0.07, 

0.08] 

HL = 0.06 

 padj = 0.066 

 CI [-0.03, 

0.12] 

HL = -0.04 

 padj = 0.024 

 CI [-0.10, 

0.01] 

 mI/tCr 

F(2, 52) = 

0.05 

0.950 0.002    

  
Glx/tCr 

F(2, 52) = 

0.22 

0.807 0.008    

Abbreviations: FP, functional paralysis; SCI, spinal cord injury; HC, healthy controls; 

tNAA, total N-acetyl-aspartate; tCho, total choline; tCr, total creatine; mI, myo-inositol; 

Glx, Glutamate + Glutamine; HL, Hodges-Lehmann; CI, confidence interval. 

Note: All omnibus tests were conducted using permutation-based ANCOVA (Freedman–

Lane method, 10,000 resamples) with sex as a covariate; the permutation p-values and 
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partial eta squared effect sizes are reported. Post-hoc pairwise comparisons were performed 

only when the omnibus group effect was significant, using stratified permutation tests 

(10’000 resamples) with p-values adjusted by false discovery rate. Hodges–Lehmann 

median differences and their 95 % bootstrap confidence intervals (10’000 samples) are 

presented.  

 

Discussion 

We aimed to investigate metabolic alterations in FP in comparison to SCI, to decipher 

their relationship with symptoms, which could be either specific to the condition or represent 

a common consequence of paralysis, irrespective of its cause. We observed significantly 

lower tNAA/tCr ratios (a marker of neuronal viability) in the bilateral anterior cingulate 

cortex of both FP and SCI participants compared to HC. Within the SCI group, lower 

tNAA/tCr correlated with weaker motor strength, indicating that anterior cingulate neuronal 

integrity scales with motor function. In contrast, FP participants showed reduced tNAA/tCr 

regardless of motor strength, suggesting a threshold‐like dysfunction rather than a graded 

effect. This dissociation implies that anterior cingulate tNAA/tCr reductions in SCI reflect 

spinally mediated neuronal loss or deafferentation, whereas in FP we suggest that they likely 

arise from dysfunctional higher‐order networks. Finally, FP participants did not differ from 

HC in tCho/tCr (a marker of inflammation), mI/tCr (a marker for neuroinflammation or glial 

proliferation), or Glx/tCr (a marker of excitatory neurotransmission) 36,37 in either the 

bilateral anterior cingulate cortex or bilateral insula. 

In the context of FND, metabolic alterations appear to vary across symptom subtypes. 

For instance, Demartini et al. 38 reported higher Glx/tCr in the anterior cingulate cortex, 

which correlated with symptom severity in individuals with positive FND symptoms (e.g., 

tremor, gait disorder, or myoclonus), whereas we were unable to detect these glutamatergic 

changes in the ACC within our FND cohort characterized by negative symptoms. This 

suggests that elevated glutamatergic levels in the anterior cingulate cortex may be specific to 

the positive symptom subtype of FND. Conversely, our observed lower tNAA/tCr levels 

would reflect the presence of negative symptoms — a pattern we also found in individuals 

with SCI. Consistently, individuals with the positive motor phenotype of functional seizures 

were characterized by normal tNAA/tCr levels but showed higher mI/tCr in the anterior 

cingulate cortex 8, indicating neuroinflammation in this region. In children with mixed FND 
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subtypes, lower tNAA/tCr levels were observed in the posterior cingulate cortex 39, 

suggesting that metabolic alterations in FND may be region-specific within the cingulate 

cortex. Future studies should investigate different cingulate subregions to refine the 

anatomical understanding of FND, with a focus on clinical subtypes to clarify their roles in 

this disorder 4. 

Atrophic and microstructural changes in the sensorimotor cortex emerge within the 

first few months following SCI 40. Our 2D-MRSI slab selection excited a volume covering 

the anterior cingulate and insular cortices but did not include the sensorimotor cortex. It is 

likely that the changes we observed in the anterior cingulate cortex for the SCI group may be 

associated with the alterations in the sensorimotor cortex, as motor strength is, in general, 

tightly associated with properties of the sensorimotor cortex 40. The association between 

lower tNAA/tCr levels and motor strength loss in SCI is consistent with the broader 

literature. Wyss et al. 41 reported lower tNAA concentrations in the cervical spinal cord of 

SCI participants compared to HC, which were associated with worse motor strength. 

Furthermore, Liu et al. 42 found a similar relationship in SCI between tNAA levels and motor 

strength using the same scoring system, reporting a comparably high correlation but focusing 

on the precentral gyrus. Widerström-Noga et al 43 also reported lower tNAA levels in the 

anterior cingulate cortex of individuals with SCI and neuropathic pain, linking these changes 

to pain-related psychosocial impact.  

The bilateral insula in our FP group showed levels of tNAA, tCho, mI, and Glx 

comparable to those in HC, indicating preserved membrane and glial/neurotransmitter 

metabolism in FP. This observation is particularly notable given that this region is frequently 

highlighted as a key marker of altered functional activity in FND 5–7. We hypothesize that 

functional changes in the insular cortex may reflect differences in information processing 

(e.g., interoceptive integration) rather than underlying biochemical disturbances. In contrast, 

our SCI group exhibited significantly lower tCho/tCr levels in the right insula compared to 

HC. However, the bootstrapped 95% CI included 0, suggesting that while this difference is 

statistically significant, there is a possibility that there is no effect (i.e., the true difference 

could be 0). This indicates that, although the observed difference is unlikely to be due to 

chance, the clinical relevance of the finding may be limited. This conclusion was further 

supported by the absence of a correlation between tCho/tCr levels and motor strength scores 

in this cohort. 
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Several limitations should be considered when interpreting these findings. Although 

the targeted sample size was achieved for the HC group and nearly achieved for the SCI 

group, the FP group notably differed from the targeted sample size due to recruitment 

difficulties. To ensure the robustness and generalizability of our findings, effect sizes were 

included in all analyses. The study groups showed expected demographic differences: sex 

distribution varied between paralysis groups, reflecting known epidemiological patterns 

(FND being female-predominant and SCI male-predominant) 44,45. Importantly, age was 

equally distributed across all three groups (FP, SCI, and HC). To maximize statistical power, 

we controlled only for necessary covariates, specifically including sex in all analyses of 

metabolite ratios. This approach ensured robust detection of disorder-specific effects while 

appropriately accounting for the primary demographic confounder. The FP group showed 

slightly higher HADS-A and HADS-D scores, but these scores remained within the range of 

mild symptoms, making them negligible. While TSS differed between the FP and SCI 

groups, our analyses showed that TSS was not significantly associated with metabolite ratios 

in the ROIs. Importantly, the association between lower tNAA/tCr in the ACC and reduced 

motor strength in the SCI group remained significant after adjusting for TSS (Supplementary 

Table 3), suggesting this relationship is independent of chronicity of injury. To directly 

compare the symptoms between FP and SCI groups, we examined participants with FP using 

the same standardized neurological examination as the ISNCSCI, even though this 

examination has not been formally validated for FND. This approach was necessary because 

the ISNCSCI provides an objective measure of functional impairment (motor and sensory 

scores) that could be equally applied to both populations. While the sensory score for 

pinprick showed a significant difference between groups, the sensory score for light touch did 

not differ significantly. Importantly, motor strength scores also showed no significant 

differences between groups, and this measure was used for the correlation analysis. 

Consequently, symptom severity was comparable between the two paralysis groups. 

Another limitation relates to the spectroscopy measurements. All spectroscopy data 

were acquired using the PRESS localization technique. While some may suggest that this 

technique has limitations 18,46, particularly at 3T and above, due to potential chemical shift 

displacement artifacts (CSDA) and reduced sensitivity caused by RF-pulse imperfections and 

B1+ inhomogeneity, it remains a viable option when compared to more advanced techniques 

such as LASER and semiLASER 47,48. PRESS was used because the semiLASER-MRSI 

sequence for the scanner hardware/software version at the time of data acquisition was 
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unavailable. Strictly speaking, CSDA-related biases may limit the comparability of 

measurements across different anatomical locations. However, MRSI planning was 

consistently performed following a fixed protocol, limiting the variability of the field of view 

covering the ROIs and arbitrary-shaped anatomical regions could be sub-selected from the 

2D-MRSI grid during SpectrIm processing. We are confident that inter-subject differences in 

CSDA are likely negligible. A further limitation concerns the presence of small, highly 

alternating water residuals in the frequency domain after HLSVDpro-based water 

suppression. These residuals did not significantly affect the frequency-selective fitting 

performed by TDFDFit 29, and represent a minor technical limitation given the data 

processing pipeline. 

In conclusion, our findings suggest that while the clinical presentation of paralysis 

and associated motor impairments was highly similar between FP and SCI groups, with both 

showing reduced tNAA/tCr levels in the anterior cingulate cortex, a critical difference 

emerged in their relationship to motor strength. In SCI, lower motor strength scaled with 

reduced tNAA/tCr, whereas this pattern was absent in FP. This dissociation likely reflects 

distinct pathophysiological mechanisms underlying these conditions despite their shared 

symptoms. What mediates the tNAA/tCr reductions in FP remains unclear. To fully unravel 

the complex pathology of FND, future studies should employ whole-brain MRS across FND 

subtypes to map metabolic profiles and identify consistent patterns. Such an approach could 

bridge cellular-level changes with clinical manifestations, advancing our understanding of 

FND’s neurobiology. 
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Supplementary material 

Quality control and tissue composition checks 

Supplementary figure 1. Anterior cingulate cortex and representative spectra.  

 

Note: On the left: MRSI planning for a representative participant of each group. The red 

square denotes the excited volume of interest, and blue squares highlight the analyzed voxels. 

Spectra correspond to the marked voxels.  

On the right: Frequency-domain (FD) spectra from the selected region of interest (ROI), 

showing key metabolite peaks (total N-acetyl-aspartate [tNAA]: 2.01 parts per million [ppm], 
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total creatine [tCr]: 3.03 ppm and 3.94 ppm, total choline [tCho]: 3.21 ppm, myo-inositol 

[mI]: 3.56 ppm, glutamate + glumatine [Glx]: 2.1–2.5 ppm). The dashed line represents the 

fitted model.  

Supplementary figure 2. Left insula and representative spectra.  

 

Note: On the left: MRSI planning for a representative participant of each group. The red 

square denotes the excited volume of interest, and blue squares highlight the analyzed voxels. 

Spectra correspond to the marked voxels.  
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On the right: Frequency-domain (FD) spectra from the selected region of interest (ROI), 

showing key metabolite peaks (total N-acetyl-aspartate [tNAA]: 2.01 parts per million [ppm], 

total creatine [tCr]: 3.03 ppm and 3.94 ppm, total choline [tCho]: 3.21 ppm, myo-inositol 

[mI]: 3.56 ppm, glutamate + glumatine [Glx]: 2.1–2.5 ppm). The dashed line represents the 

fitted model. 

 

Supplementary figure 3. Right insula and representative spectra.  
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Note: On the left: MRSI planning for a representative participant of each group. The red 

square denotes the excited volume of interest, and blue squares highlight the analyzed voxels. 

Spectra correspond to the marked voxels.  

On the right: Frequency-domain (FD) spectra from the selected region of interest (ROI), 

showing key metabolite peaks (total N-acetyl-aspartate [tNAA]: 2.01 parts per million [ppm], 

total creatine [tCr]: 3.03 ppm and 3.94 ppm, total choline [tCho]: 3.21 ppm, myo-inositol 

[mI]: 3.56 ppm, glutamate + glumatine [Glx]: 2.1–2.5 ppm). The dashed line represents the 

fitted model. 

 

Supplementary Table 1. 

  FP vs HC  FP vs SCI SCI vs HC 

Gray matter volume 

t-value -0.41 -0.24 -0.15 

p-value 0.68 0.813 0.881 

White matter volume 

t-value -0.84 -0.18 -0.63 

p-value 0.406 0.858 0.53 

Cerebrospinal fluid 

t-value 0.42 0.01 0.4 

p-value 0.676 0.988 0.693 

Note. Whole-brain gray matter, white matter, and cerebrospinal 

fluid volumes were compared between groups, controlling for 

age and sex. Statistical significance was assessed at two-tailed p 

< 0.05. No statistically significant group differences were 

observed.  

Abbreviations: FP, functional paralysis group; HC, healthy 

controls; SCI, spinal cord injury group.  

 

Supplementary Table 2. 

  FP HC SCI 

Anterior cingulate cortex 
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Signal-to-noise 

ratio 
31.91 ± 5.41 30.23 ± 5.19 36.58 ± 4.05 

Linewidth 12.06 11.22 11.32 

Left insula 

Signal-to-noise 

ratio 25.83 ± 6.38 27.75 ± 6.7 29.05 ± 6.54 

Linewidth 15.22 10.77 10.97 

Right insula 

Signal-to-noise 

ratio 15.56 ± 3.88 15.84 ± 3.6 19.72 ± 4.85 

Linewidth 11.75 12.67 10.59 

Note. Data were acquired from five randomly selected 

participants per group. The signal-to-noise ratio was calculated 

as the mean amplitude of the creatine peak divided by the 

standard deviation of noise. The linewidth was measured as the 

full-width at half-maximum (FWHM) of the creatine peak , 

converted from ppm to Hz using the scanner’s Larmor 

frequency.  

Abbreviations: FP, functional paralysis group; HC, healthy 

controls; SCI, spinal cord injury group.  

 

Sensitivity Analyses 

Supplementary Table 3.  
    

Tested Relationship Group Controlled for ρ p-value 

tNAA/tCr (ACC) ~ Motor strength  SCI sex 0.56 0.01 

tNAA/tCr (ACC) ~ Motor strength  SCI sex + age 0.56 0.01 

tNAA/tCr (ACC) ~ Motor strength  SCI sex + TSS 0.52 0.03 

tNAA/tCr (ACC) ~ Motor strength  SCI sex + NRS 0.56 0.02 

tNAA/tCr (ACC) ~ Motor strength  SCI sex + HADS-D 0.56 0.02 

tNAA/tCr (ACC) ~ Motor strength  SCI sex + HADS-A 0.54 0.02 

Abbreviations: Total N-acetyl-aspartate/total creatine, tNAA/tCr; anterior cingulate cortex, 

ACC; spinal cord injury, SCI; time since symptoms, TSS, numeric rating scale, NRS; 
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hospital anxiety and depression scale – depression, HADS-D; hospital anxiety and depression 

scale – anxiety, HADS-A. 

Note: Sensitivity analyses testing the robustness of the association between tNAA/tCr in the 

ACC and motor strength score in the SCI group (n = 20). The primary association (adjusted 

for sex) remained significant (ρ = 0.56, p = 0.01) after additional adjustment for age, time 

since symptoms, current pain intensity (NRS), and depression/anxiety symptoms, supporting 

the stability of this finding. All correlations used partial Spearman’s method. 
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3. Discussion 

The aim of this thesis was to characterise the effects of paralysis on the brain in 

individuals with spinal cord injury (SCI) and functional paralysis (FP). To address this 

overarching aim, three studies were conducted. Study 1 aimed to characterise functional 

reorganisation processes in the brain during different phases following SCI. In studies 2 and 

3, individuals with FP and SCI were compared in order to disentangle aberrant functional and 

metabolic correlates associated with the paralysis symptom itself from those arising from the 

underlying disorder. Study 2 focused on motor inhibition brain activity patterns, while study 

3 investigated metabolic brain profiles in the bilateral anterior cingulate cortex and insula.  

 

3.2 Summary of the findings 

In study 1, resting-state functional connectivity (FC) and amplitude of low-frequency 

fluctuations (ALFF) — the latter reflecting spontaneous, slow oscillations in the blood-

oxygen-level-dependent (BOLD) signal — were compared between individuals with 

subacute SCI (< 7 months), chronic SCI (> 24 months), and healthy controls (HC). Only 

those in the subacute SCI phase exhibited higher ALFF in the left thalamus (p = 0.002, false 

discovery rate (FDR) corrected, and Bonferroni corrected for the three-group comparison) 

compared with both the chronic SCI group and HC. The FC analysis revealed lower 

connectivity among the cerebellar vermis IX, the right superior frontal gyrus, and the right 

lateral occipital cortex in both SCI groups compared with HC (pFDR = 0.008, and Bonferroni-

post-hoc corrected). Individuals with chronic SCI also showed lower FC among the bilateral 

cerebellar Crus I and the left motor cortex compared with HC (pFDR = 0.001, and Bonferroni 

post-hoc corrected), whereas a similar tendency in the subacute group was less pronounced. 

These findings support the hypothesis that functional reorganisation occurs after SCI and 

differs between the subacute and chronic phases. The higher ALFF of the left thalamus in 

subacute SCI aligns with the findings of Zhu et al. (2015), in which individuals examined 

within 30 days post-injury showed higher spontaneous brain activity, which was negatively 

correlated with the motor score. The thalamus is a key node of many afferent sensory 

pathways: it receives excitatory inputs from the cerebellum and is interconnected with 

pyramidal neurons in the cerebral cortex (Shine et al., 2023). These results indicate that 

disruption to afferent and efferent pathways after SCI goes through an adaptive process, 

whereby connectivity among motor-associated regions is reduced in the chronic phase. 
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Study 2, which investigated the task-based functional magnetic resonance imaging 

(fMRI) during motor inhibition, showed that individuals with FP and SCI exhibited higher 

FC between the right precentral gyrus and the left insula compared to HC (p = 0.02, family-

wise error corrected, and Bonferroni post-hoc corrected for the three-group comparison). This 

increased FC was negatively associated with performance in the motor inhibition task (ρ =  

-0.31). Moreover, performance rates (p = 0.115) and response times (p = 0.258) in the motor 

inhibition task were intact in individuals with FP, comparable to those with SCI and HC, 

contrary to the initial hypothesis.  

The dissociation between altered FC in inhibitory networks and intact behavioural 

performance in the inhibition task suggests these network changes in FP and SCI may reflect 

compensatory processes rather than dysfunction. This finding did not align with the results 

reported in other phenotypes of FND (Hamouda et al., 2021; van Wouwe et al., 2020; Voon 

et al., 2013) or in the same phenotype (Cojan et al., 2009; Hammond-Tooke et al., 2018) and 

indicates intact motor-inhibitory control in FP, unrelated to the disorder. A meta-analysis on 

neurocognitive performance in FND found inconsistent results depending on FND phenotype 

(Millman et al., 2025).  

In functional neurological disorder (FND), there is a growing body of evidence that 

different symptom phenotypes show different functional networks in the brain: Mueller et al. 

(2022) found activation pattern differences between the negative motor symptom phenotype 

of FND (e.g. functional weakness) versus the positive motor symptom phenotype (e.g. 

functional tremor). This was also shown in different subtypes of functional dystonia 

(Piramide et al., 2022). Our FP vs SCI comparisons echo this principle by showing similar 

motor inhibition network alterations in both paralysis groups compared to HC. Although in 

the field of FND, it was often interpreted as an FND trait, this thesis provides evidence that 

this might simply be a symptom-related trait. A meta-analysis on neuroimaging found that 

activation of the insula was present in a wide range of psychiatric disorders suggesting its 

non-specificity (Nord et al., 2021).  

The heterogeneity of neuroimaging findings in FND may stem from the fact that such 

studies often capture only the phenotypic manifestations of symptoms rather than their 

underlying mechanisms. As Bartl et al. (2020) note, many FND studies are often 

underpowered and in general fMRI is not useful on an individual basis; consequently, no 

single mechanism has been definitively established in FND.  
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Study 2 supports the idea that paralysis itself, as a motor symptom, alters brain 

connectivity. If immobility rather than lesion aetiology drives these changes, we would 

expect them to normalise when movement returns. Duggal et al. (2010) demonstrated that in 

spinal cord compression, the motor cortex over-activates to compensate for impairment, 

while the sensory cortex under-activates, likely due to disrupted sensory input. Using fMRI 

before and after surgical decompression, they found increased activation volume in the motor 

cortex post-surgery and partial restoration of sensory cortex activation. Before decompression 

surgery, regional homogeneity (local BOLD synchrony) in the sensorimotor cortex was 

reduced and normalised after surgery (Tan et al., 2015). This indicates that functional 

alterations in SCI and FP might only depict the persisting symptom at the current moment of 

the study perspective. Nonetheless, in these cases of spinal cord compression, the pathology 

differs yet still shows how sensorimotor networks rebound when movement is restored. 

In study 3, the metabolic profile measured with proton magnetic resonance 

spectroscopy (¹H-MRS) showed normal metabolite ratios in the bilateral insula in individuals 

with FP, whereas the bilateral anterior cingulate cortex (ACC) exhibited reduced total N-

acetyl-aspartate to total creatine (tNAA/tCr) ratios in both FP (padj = 0.042) and SCI (padj = 

0.042) compared to HC. A low tNAA/tCr ratio is considered a marker of reduced neuronal 

viability. In SCI, lower tNAA/tCr in the ACC correlated with reduced motor strength scores 

(ρ = 0.49), indicating that neuronal integrity in this region scales with motor function. In FP, 

however, tNAA/tCr reductions were unrelated to motor strength (ρ = 0.07), suggesting a 

threshold-like dysfunction rather than a graded relationship. These are key regions associated 

with aberrant functional activation patterns in FP (Boeckle et al., 2016; Waugh et al., 2023; 

Weber et al., 2022), and these findings were contrary to the initial assumptions.  

This work demonstrates that SCI not only affects the spine and the resulting 

functional symptoms but also brain activity patterns, which are already apparent in the 

subacute phase, as shown in study 1, in motor inhibitory networks, as shown in study 2, and 

neurochemical changes, as shown in study 3. In SCI — independent of phase (subacute or 

chronic) and also of completeness (incomplete vs. complete SCI) — grey matter atrophy has 

been reported in the anterior cingulate cortex, bilateral insular cortex as well as the bilateral 

orbitofrontal cortex and right superior temporal gyrus (Chen et al., 2017). Since tNAA is a 

marker of neuronal viability, this atrophy in that region might explain the lower levels of 

tNAA/tCr. Microstructural alterations such as lower fractional anisotropy, higher mean 

diffusivity and radial diffusivity were also reported in the cingulate gyrus in SCI, indicating 
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integrity loss in this region (Guo et al., 2019). The metabolic findings from study 3 further 

support the presence of biochemical alterations in the anterior cingulate cortex in SCI.  

By contrast, in FP, the absence of a correlation between tNAA/tCr and motor strength 

argues against spinally mediated neuronal loss as the cause of the metabolic change. Instead, 

we suggest that the reduction may arise from dysfunctional higher-order networks involved in 

motor control, potentially reflecting a shared consequence of paralysis that is independent of 

aetiology. 

 

3.3 Limitations and outlook 

In addition to the study-specific limitations discussed earlier, several broader 

limitations should be acknowledged. Although study 1 compared two independent groups of 

individuals with SCI at different phases, its observational design means that between-group 

differences can only suggest temporal changes rather than prove them. A longitudinal design 

with paired samples would be required for causal inference. Nevertheless, these findings 

strongly support the need for future longitudinal studies to validate the observed effects. The 

recovery after an SCI is highly variable and difficult to predict. Knowing that the entire motor 

pathway including its connectivity and metabolic profile, is altered after SCI, might give the 

opportunity to further investigate whether there are correlates of good and poor recovery.  

Studies 1 and 2 examined only FC, meaning they identified synchronised BOLD 

signals across hub regions — but not their directional origins or targets. To determine causal 

interactions, an effective-connectivity analysis would be required. However, effective 

connectivity analyses typically rely on predefined networks, often derived from prior FC 

studies that have replicated these patterns across multiple experiments. In this context, studies 

1 and 2 fulfil their purpose by establishing foundational FC relationships for future causal 

investigations. 

It must be emphasised that all fMRI studies share a fundamental limitation: the 

precise neurobiological meaning of BOLD signals remains incompletely understood (see 

Chapter 1.4.1). To truly unravel disorder mechanisms, a multimodal approach combining 

complementary techniques may be necessary to disentangle the brain's complex functional 

architecture and establish external validity.  
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Study 3 focused on a priori-selected regions of interest, the bilateral anterior cingulate 

and insular cortices, and specific metabolite types. Other brain regions may also show 

metabolic alterations that were not captured. Future studies could combine whole-brain MRS 

(targeting GABA, glucose, and other neurochemicals) with deuterated-glucose metabolic 

imaging, which can uniquely capture short-term metabolic fluxes via deuterated Glx 

production. Such approaches would offer a dynamic perspective on FP-related biochemical 

dysfunction. This initial broad approach in Study 3 provides an important foundation for such 

future work. 

Across all three studies, we implemented strict inclusion criteria to ensure sample 

homogeneity, which, while methodologically rigorous, introduces important limitations. In 

study 1, we exclusively examined individuals with complete SCI to maximise clinical 

comparability by reducing variability in neurological impairment. While this approach 

strengthens internal validity for detecting consistent reorganisation patterns, it necessarily 

limits generalisability to incomplete SCI cases. This precision/generalisability trade-off 

reflects a fundamental tension in clinical neuroscience research between mechanistic clarity 

and clinical representativeness. Studies 2 and 3 included only chronic-phase FP cases to 

examine a stabilised manifestation of the disorder. While this increases comparability 

between participants, it means our findings may not extend to acute FP or other FND 

subtypes. The strict inclusion criteria also limited our sample sizes. Nevertheless, we found 

consistent effects despite these constraints, and all key results include effect sizes. Future 

studies with broader inclusion criteria could help establish the generalisability of these 

findings. 

 

3.4 Conclusion 

Study 1 indicates that, in the subacute phase of SCI, spontaneous brain activity is 

elevated, and that in the chronic SCI cohort large-scale resting-state FC remains altered, 

suggesting that early reorganisation persists into the long term. Study 2 reveals preserved 

motor inhibition in FP, yet shows an associated network alteration in both FP and SCI 

groups, likely a secondary adaptation to chronic motor dysfunction rather than its primary 

cause. Study 3 identified reduced tNAA/tCr, a marker of reduced neuronal viability, in the 

anterior cingulate cortex of both FP and SCI compared to HC. While paralysis, as a negative 

motor symptom, alters brain connectivity in both FP and SCI, the metabolic profile offers 
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subtle differentiation between the two: in SCI, neuronal dysfunction scales with motor 

impairment, whereas in FP it may reflect a threshold‐like disruption within neural circuits for 

which gross structural damage has not yet been identified. This refines the ‘software vs. 

hardware’ analogy in FP: the motor dysfunction (‘software bug’) may involve dynamic 

biochemical dysregulation (‘faulty code execution’) within the system. Understanding why 

this biochemical dysregulation occurs, and how it contributes to symptom persistence, will be 

a critical focus for future research. 
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