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Abstract

Background: Functional neurological disorder (FND) is a condition at the intersection of 

neurology and psychiatry. Individuals with FND exhibit corticolimbic abnormalities, yet little is 

known about the role of white matter tracts in the pathophysiology of FND. This study 

characterized between-group differences in microstructural integrity, and correlated fiber bundle 

integrity with symptom severity, physical disability and illness duration.
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Methods: A diffusion tensor imaging (DTI) study was performed in 32 patients with mixed FND 

compared to 36 healthy controls. Diffusion-weighted magnetic resonance images were collected 

along with patient-reported symptom severity, physical disability (Short Form Health Survery-36), 

and illness duration data. Weighted-degree and link-level graph theory and probabilistic 

tractography analyses characterized fractional anisotropy (FA) values across cortico-subcortical 

connections. Results were corrected for multiple comparisons.

Results: Compared to controls, FND patients showed reduced FA in the stria terminalis / fornix, 

medial forebrain bundle, extreme capsule, uncinate fasciculus, cingulum bundle, corpus callosum, 

and striatal-postcentral gyrus projections. Except for the stria terminalis / fornix, these differences 

remained significant adjusting for depression and anxiety. In within-group analyses, physical 

disability inversely correlated with stria terminalis / fornix and medial forebrain bundle FA values; 

illness duration negatively correlated with stria terminalis / fornix white matter integrity. A FND 

symptom severity composite score did not correlate with FA in patients.

Conclusions: In this first DTI study of mixed FND, microstructural differences were observed 

in limbic and associative tracts implicated in salience, defensive behaviors and emotion regulation. 

These findings advance our understanding of neurocircuit pathways in the pathophysiology of 

FND.
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Introduction

For much of the 20th century, functional neurological (conversion) disorder (FND) was 

marginalized across neurology and psychiatry despite being the second most common 

reason for neurological referral and incurring significant healthcare costs(Barsky et al., 
2005, Hallett, 2006, Stone et al., 2010a). Patients with FND have symptoms not explained 

by traditional neurological conditions, including limb weakness, tremor, gait abnormalities, 

seizures, sensory deficits, fatigue, pain, and cognitive difficulties(Espay et al., 2018a). FND 

has received renewed interest following increased recognition of physical examination signs 

and semiologic features that are specific for the diagnosis(Avbersek and Sisodiya, 2010, 

Daum et al., 2014). Improved diagnostic specificity offers an opportunity to elucidate the 

neurobiology of FND, decrease stigma, and develop biologically-informed treatments.

Though in its early stages compared to other neuropsychiatric disorders, functional magnetic 

resonance imaging (MRI) studies of FND have characterized several differences compared 

to healthy subjects including: 1) amygdalar and periaqueductal gray (PAG) hyperreactivity 

to negatively-valenced stimuli(Aybek et al., 2015, Aybek et al., 2014b, Hassa et al., 2017, 

Voon et al., 2010a); 2) increased amygdalar and cingulo-insular connectivity to motor 

control areas(Diez et al., 2019, Espay et al., 2018c, van der Kruijs et al., 2012, Voon et al., 
2010a); 3) right temporoparietal junction hypoactivation and altered connectivity with 

sensorimotor cortices(Baek et al., 2017, Maurer et al., 2016a, Voon et al., 2010b); and 4) 

motor deficits(Voon et al., 2011). Quantitative MRI has also elucidated gray matter 
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abnormalities in FND, including increased amygdalar volume(Maurer et al., 2018), cingulo-

insular atrophy(Labate et al., 2011, Perez et al., 2018, Perez et al., 2017b, Vasta et al., 2018), 

decreased pituitary volume(Atmaca et al., 2016), and sensorimotor and striato-thalamic 

alterations(Aybek et al., 2014a, Espay et al., 2018c, Maurer et al., 2018, Nicholson et al., 
2014).

By contrast, white matter investigations in FND are in their infancy(Ding et al., 2013, 

Hernando et al., 2015, Lee et al., 2015, Tomic et al., 2018), despite non-specific white matter 

lesions being common in this population(Bolen et al., 2016) and reported links between 

subcortical hyperintensities and the development of somatic symptom disorders(Inamura et 
al., 2015). This literature gap, if clarified, can help contextualize the broadly-distributed, 

multi-network findings described in FND. By measuring the diffusion of water molecules, 

diffusion tensor imaging (DTI) allows for the in vivo characterization of white matter 

microstructural integrity. Fractional anisotropy (FA) is a global microstructural integrity 

measure, with reduced FA linked to decreased white matter integrity. In 44 patients with 

functional dystonia compared to healthy controls, FA reductions in the uncinate fasciculus, 

cingulum bundle, corpus callosum, corticospinal tract, anterior thalamic radiations and 

brainstem structures were identified using tract-based spatial statistics(Tomic et al., 2018); 

this study also showed robust white matter differences in those with fixed functional 

dystonia compared to mobile functional dystonia patients and healthy controls. DTI studies 

in 8(Hernando et al., 2015) and 16(Lee et al., 2015) individuals with psychogenic 

nonepileptic seizures (PNES, a.k.a. dissociative seizures) showed microstructural differences 

in the uncinate fasciculus compared to controls; the internal/external capsules and corona 

radiata also showed group-level differences in one PNES study(Lee et al., 2015). A study 

performed in 17 patients with PNES showed altered (more lattice-like) structural 

connectivity profiles compared to controls, including disruptions in sensorimotor, 

attentional, default mode, and subcortical networks(Ding et al., 2014). These studies, 

however, did not adjust for comorbid depression and anxiety, and FA profiles inconsistently 

correlated with clinical data.

In this DTI study, we performed graph theory and tractography analyses to examine white 

matter integrity in 32 patients with FND compared to 36 healthy controls. First, a white 

matter-based graph theory analysis was performed to identify the cortico-subcortical areas, 

and associated fiber bundles originating from these identified brain regions, exhibiting 

microstructural differences in patients compared to controls. Secondly, probabilistic 

tractography was employed to quantify within-tract FA differences in patients with FND 

compared to controls. Within-group tractography analyses also investigated relationships 

between FA profiles, patient-reported FND severity, physical disability, and illness duration. 

In this cohort, we previously characterized gray matter and resting-state salience network 

alterations(Diez et al., 2019, Perez et al., 2017a, Perez et al., 2018, Perez et al., 2017b), 

theorizing that impaired multimodal integration and emotion dysregulation play important 

roles in the pathophysiology of FND(Perez et al., 2015, Pick et al., 2019). Thus, we 

hypothesized that individuals with FND would exhibit reduced limbic white matter integrity 

compared to controls, and that reduced FA in these tracts would correlate with symptom 

severity, disability and illness duration.
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Materials and Methods

Participants and questionnaires

Thirty-two subjects with FND (22 women, 10 men; mean age=40.9±13.1; average illness 

duration=3.5±4.5 years) were recruited from the Massachusetts General Hospital FND 

Clinic between 2014 and 2018 following a “rule-in” FND diagnosis in accord with the 

Diagnostic and Statistical Manual of Mental Disorders 5th Edition criteria(American 

Psychiatric Association, 2013, Stone et al., 2010b). Four additional patients were enrolled 

but excluded following image acquisition and preprocessing (see Supplementary Methods). 

Given the overlap across the FND spectrum(Perez et al., 2015), we used a transdiagnostic 

approach that included clinically-established functional movement disorders (n=17; 5 

tremor, 5 gait, 1 jerky movements, 1 paroxysmal truncal/head movements, 5 mixed 

(including one with functional dystonia)), functional weakness (n=13), and documented 

(n=13) or clinically-established (n=1) psychogenic nonepileptic seizures (PNES). Eleven of 

32 subjects had mixed phenotypes. Exclusion criteria included major neurological 

comorbidities with magnetic resonance imaging (MRI) abnormalities (e.g. 

encephalomalacia), epilepsy, poorly controlled medical problems with known central 

nervous system consequences, active substance dependence, history of mania or psychosis, 

and/or active suicidality. Comorbid psychiatric diagnoses assessed using the Structured 

Clinical Interview (SCID-I) for DSM-IV-TR were present in 29 of 32 participants. Fourteen 

were on selective serotonin reuptake inhibitors (SSRIs) and/or serotonin-norepinephrine 

reuptake inhibitors (SNRIs). See Supplementary Table 1 for clinical information. Thirty-six 

healthy controls (24 women, 12 men; mean age=39.2±11.8) were recruited through local 

advertisements, and all screened negative for SCID-I major psychiatric comorbidities (one 

had past depression not-otherwise-specified). Four additional controls were enrolled but 

excluded due to lifetime major psychiatric comorbidities. All subjects signed informed 

consent and the Partners Human Research Committee approved this study.

Patients completed the Conversion Disorder subscale of the Screening for Somatoform 

Symptoms-7 scale (SOMS:CD)(Rief and Hiller, 2003) and the Patient Health 

Questionnaire-15 (PHQ15)(Kroenke et al., 2002) as patient-reported FND symptom severity 

measures. The SOMS:CD is a 14-item measure of FND symptoms within the past 7 days 

scored on a 5-point scale. The PHQ15 is a 15-item measure of somatic complaints within the 

past 4 weeks scored on a 3-point scale. To reduce the number of statistical tests, a 

SOMS:CD-PHQ15 composite was created by averaging the z-scores of the two scales 

consistent with our previously published approach(Diez et al., 2019). Patients also 

completed the Short Form Health Survey 36 (SF-36) as a questionnaire of health-related 

quality of life, and the composite physical health score was used as a physical disability 

measure(Ware and Sherbourne, 1992). Subjects also completed the Beck Depression 

Inventory-II (BDI) and the Spielberger State-Trait Anxiety Inventory (STAI).

Data Acquisition and Preprocessing

See Supplementary Methods for T1-weighted and diffusion-weighted MRI scan acquisition 

parameters. Data preprocessing is also outlined in the Supplementary Methods. Note: the 
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total head motion index was computed as a covariate of non-interest to account for possible 

head motion confounds(Yendiki et al., 2014).

Weighted-Degree and Link-Level Graph Theory Analyses

Graph theory was used to delineate white matter integrity profiles in relation to cortico-

subcortical structures(Rubinov and Sporns, 2010, van den Heuvel and Sporns, 2011). The 

first step to study the structural connectome is to create an individual-subject graph. These 

graphs are composed of nodes (brain regions of interest) and links (defining the connectivity 

property of interest). For the nodes, an 87 region brain parcellation was used: 68 cortical and 

16 subcortical regions from the Desikan atlas, the midbrain and pons structures from the 

brainstem parcellation(Iglesias et al., 2015), and the PAG from a probabilistic map(Keuken 

et al., 2014).

The next step to generate an individual-subject structural connectome is to select the metric 

defining the link connectivity measure between each pair of 87 regions(van den Heuvel and 

Sporns, 2011). Commonly used DTI metrics are the mean FA of all the fiber connections 

between each pair of nodes and fiber density (how many fibers connect each pair of nodes). 

We focused on the mean FA (a proxy of microstructural integrity) to identify less efficacious 

connectivity patterns(van den Heuvel and Sporns, 2011), as well as to allow the graph theory 

and within-tract analyses (see below) to use the same diffusion parameter. To complement 

the FA graph analysis, the fiber density (streamline) metric was also used as an additional 

link connectivity measure in a secondary analysis.

To compute the path of the fibers connecting each pair of regions (nodes), PROBTRACKX2 

tool was used taking 100 samples from the range of possible principal diffusion directions 

within each voxel. To remove low probability voxels from the density map (a map defining 

how many fibers pass through each voxel connecting two regions), we eliminated those 

voxels in the path containing less than 0.1% of all the fibers starting in the seed region. To 

compute the mean FA of the above defined path at the individual-subject level, the FA values 

in each voxel were weighted by the probability of fibers passing through that voxel when 

connecting a pair of regions. Thus, FA values of the voxels with highest probability were 

given a greater weight when computing the FA values defining the connectivity of two 

regions. An 87×87 connectivity matrix was obtained for each subject.

While different graph analysis metrics are available(Konigs et al., 2017, Rubinov and 

Sporns, 2010, van den Heuvel and Sporns, 2011), weighted-degree is an index that sums all 

the weights of the links starting in a given node (i.e. one of the 87 regions-of-interest). The 

weighted-degree calculation is defined as:

W Di = ∑
j = 1

n
FAM i, j

Where the weighted-degree for the node i is computed as the sum of all the FA values of the 

links starting in node i and ending in the rest of the n nodes of the brain. Thus, the weighted-
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degree FA value is a proxy of the integrity of white matter originating from a given node 

(brain area).

To examine between-group differences in the weighted-degree FA maps, a general linear 

model was performed controlling for age, gender and head motion, and findings were 

corrected for multiple comparisons using a false-discovery-rate (FDR) q=0.05. This 

identified cortical-subcortical brain areas showing differential fiber integrity in patients with 

FND compared to controls.

To identify altered links, a general linear model was again performed examining between-

group differences at the link-level. These analyses controlled for age, gender and head 

motion, and findings were corrected for multiple comparisons using a false-discovery-rate 

(FDR) q=0.05 considering all possible links. To restrict the results to the weighted-degree 

findings, only the resulting links starting in regions that showed group differences in the 

weighted-degree FA analysis were displayed.

To label altered links in patients with FND vs. controls onto anatomically-defined fiber 

bundles, the following procedures were performed: first, we created a probabilistic white 

matter atlas of the 36 healthy controls by computing all the tracts defined in the query 

language for each of the healthy subjects(Wassermann et al., 2016), and then the resulting 

probabilistic density maps were transformed to MNI space. Thereafter, the mean of these 

density maps across all controls was computed for each fiber bundle. Secondly, to map 

statistically significant link-level findings in relation to the created fiber bundle probabilistic 

atlas, we computed the density map of the fibers passing through both the starting and end 

points for all controls, transformed the data to MNI space, and computed the mean density 

map containing fibers connecting two regions. Finally, this link-level probability map was 

compared with the created atlas to label these links as belonging to the highest probability 

fiber bundle.

Tractography Analyses

As a complementary analysis, we used query language informed tractography to 

characterize the location of FA alterations within specific fiber bundles(Colby et al., 2012, 

Wassermann et al., 2016). This approach incorporates information from the starting and end 

points of each white matter tract as well as brain areas that the tract passes through (i.e. way 

points). Two limbic tracts not defined in the previously published query language were 

constructed as follows: stria terminalis / fornix – starting in the amygdala/hippocampus and 

passing superior to the thalamus and through the ventral diencephalon(Kamali et al., 2015); 

medial forebrain bundle / PAG – fibers starting in the PAG as defined from a 7T probabilistic 

atlas(Ezra et al., 2015). A nonlinear transformation was subsequently applied to the tracts to 

project them to MNI152 space using MRtrix3 software. To generate templates for each tract 

to project the results, fibers from healthy controls were combined into group-based fiber 

bundles. Thereafter, to account for false positives we eliminated fibers with low probability 

(<0.1%) and high curvature (>70%). To remove crossing fibers, we computed a histogram 

for each voxel with the probability of the passing fibers going through each possible 

direction. Fibers with a probability lower than 5% of going within ±15 degrees of the highest 
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probability direction were removed. Additionally, fibers passing through voxels with a 

probability lower than 0.1% were removed.

To investigate between-group within-tract differences in FA values at the voxel-level, a 

general linear model was performed. All between-group analyses controlled for age, gender, 

and head motion. Separate secondary analyses also adjusted between-group findings for: 1) 

BDI and STAI-trait anxiety scores; 2) SSRI and/or SNRI use (yes/no); and 3) motor FND 

subtypes (PNES, functional movement disorders, or functional weakness). Correction for 

multiple comparisons used Monte Carlo simulation cluster-wise correction with 10,000 

iterations and α value of 0.05, applied to a whole-brain white matter mask.

In addition, within-group tractography analyses were performed using a general linear 

model to characterize relationships between fiber tract FA values and indices of FND 

symptom severity (SOMS:CD-PHQ15 composite scores), physical disability (SF-36 

physical health component scores), and illness duration. Within-group analyses controlled 

for age, gender, and head motion, and separate secondary analyses also adjusted for: 1) BDI 

and STAI-trait anxiety scores; 2) SSRI and/or SNRI use; and 3) motor FND subtypes. 

Correction for multiple comparisons used Monte Carlo simulation cluster-wise correction 

with 10,000 iterations and α value of 0.05, applied to a whole-brain white matter mask.

Results

Weighted-Degree and Link-Level Graph Theory

Patients with FND compared to controls showed white matter differences originating from 

the following brain areas: bilateral amygdala, insula, parahippocampal gyri, temporal poles, 

precentral gyri, superior parietal lobules, putamen, periaqueductal gray, midbrain, pons and 

right hippocampus, entorhinal cortex, and the isthmus of the cingulate gyrus. Based on link-

level analyses, 7 fiber bundles showed reduced FA in patients with FND compared to 

controls: 1) stria terminalis / fornix; 2) medial forebrain bundle / PAG projections; 3) 

uncinate fasciculus; 4) extreme capsule; 5) cingulum bundle; 6) corpus callosum; and 7) 

striatal-postcentral gyrus projections (See Figure. 1). See Supplementary Figure. 1 for a 

description of all links surviving multiple comparison correction. No statistically significant 

links with higher FA in FND vs. control cohorts were found. Using the fiber density 

(streamline) metric, there were no statistically-significant group-level weighted-degree 

differences.

Between-Group Tractography

Probabilistic tractography also showed reduced FA in the above identified 7 white matter 

tracts (See Figure. 2). In secondary analyses adjusting separately for depression and anxiety 

scores, antidepressant use, and motor FND subtypes, all tracts remained significant except 

for the stria terminalis / fornix FA reductions that were no longer significant after adjusting 

for group-level depression and anxiety scores.
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Within-Group Tractography

In patients with FND, probabilistic tractography identified that physical disability and longer 

illness durations correlated with reduced stria terminalis / fornix fiber bundle integrity (See 

Figure. 3). Decreased FA in the medial forebrain bundle / PAG projections also correlated 

with physical disability. These within-group findings remained statistically significant when 

adjusting separately for individual differences in depression and anxiety scores, 

antidepressant use, and motor FND subtypes. There were no statistically significant findings 

associated with the SOMS:CD-PHQ15 composite score.

Discussion

Consistent with hypotheses, individuals with FND compared to controls showed reduced 

white matter integrity in the stria terminalis / fornix, medial forebrain bundle, extreme 

capsule, uncinate fasciculus, cingulum bundle, corpus callosum, and striatal-postcentral 

gyrus projections. With the exception of the stria terminalis / fornix, these differences 

remained significant adjusting for group-level depression and anxiety scores. In within-

group analyses, the magnitude of patient-reported physical disability (SF-36 physical health) 

correlated with reduced stria terminalis / fornix and medial forebrain bundle FA values; 

illness duration also negatively correlated with stria terminalis / fornix white matter integrity. 

The SOMS:CD-PHQ15 composite score did not show any statistically significant 

relationship with fiber bundle integrity. All significant within-group findings held adjusting 

for individual differences in depression and anxiety, antidepressant medication use, and 

motor FND subtypes. Notably, weighted-degree and link-level graph theory analyses 

connected the identified white matter alterations to cortico-subcortical-limbic-brainstem 

areas commonly implicated in the pathophysiology of FND including the amygdala, insula, 

parahippocampus, precentral gyrus, putamen and PAG among other regions(Pick et al., 
2019, Voon et al., 2016).

The stria terminalis, carrying efferent amygdalar projections to the hypothalamus and septal 

nuclei, and the fornix, connecting the diencephalon and basal forebrain to the hippocampus, 

showed reduced microstructural integrity in patients with FND compared to controls. 

Disruptions in the integrity of the stria terminalis / fornix fiber bundle also correlated with 

greater physical disability and longer illness durations. These novel, clinically relevant 

findings can be contextualized based on the neuroimaging, neuroendocrine and autonomic 

literature in FND. Across several functional MRI studies, patients with FND exhibited 

heightened amygdalar reactivity to affective-valenced stimuli(Aybek et al., 2015, Hassa et 
al., 2017, Voon et al., 2010a), suggesting a neurobiological correlate of emotional 

dysregulation. Increased amygdalar volume was also observed in an FND cohort compared 

to controls(Maurer et al., 2018), and individual differences in amygdalar gray matter volume 

positively correlated with elevated trait anxiety and mental health disability in our FND 

cohort(Perez et al., 2017b). Furthermore, some patients with FND exhibit exaggerated startle 

responses(Seignourel et al., 2007) and heightened sympathetic tone in cardiac-related 

autonomic measures(Maurer et al., 2016b). Studies have also characterized elevated skin 

conductance(Pick et al., 2016) and cortisol profiles in patients with FND, including links 

between heightened salary cortisol levels and negative attentional biases(Bakvis et al., 
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2009). Similarly, reduced hippocampal activity has been reported during stressful life event 

processing in individuals with FND(Aybek et al., 2014b), and adverse life event burden and 

maladaptive coping styles correlated with decreased hippocampal volumes(Perez et al., 
2017a, Williams et al., 2018). While important for declarative memory, the fornix and 

hippocampus are also implicated in anxiety(Bannerman et al., 2004), and fornix integrity 

inversely correlated with somatization scores in individuals exposed to verbal abuse(Choi et 
al., 2009). Our findings, together with the literature, suggest convergent gray matter, white 

matter and activity-based amygdalar-hippocampal abnormalities in patients with FND. More 

research is needed to determine if the stria terminalis / fornix findings are FND specific or 

more closely tied to psychiatric comorbidities.

The medial forebrain bundle is a brainstem and subcortical fiber tract connecting the deep 

cerebellar nuclei, PAG, hypothalamus and ventral striatum, among other structures. PAG 

tractography studies have verified that the medial forebrain bundle connects the PAG to the 

hypothalamus(Ezra et al., 2015). Our finding of group-level reductions in medial forebrain 

bundle microstructural integrity, and correlations between decreased FA in this tract and 

greater physical disability, are consistent with the literature implicating the PAG in the 

pathophysiology of FND. Neurobiologically, the PAG is involved in defensive behaviors, 

pain modulation, stress responses, and homeostasis(Roelofs, 2017). In FND, increased PAG 

activity was identified during negative emotion processing(Aybek et al., 2015), and our 

laboratory has characterized enhanced laterobasal amygdala-to-PAG resting state 

connectivity(Diez et al., 2019). Individual differences in PAG volume also correlated with 

mental health disability in patients with FND(Perez et al., 2017b). By measuring postural 

sway, a marker of the freezing response, one study identified impaired automatic defensive 

behaviors in patients with FND compared to controls(Zito et al., 2018). Together with the 

autonomic and neuroendocrine literature(Pick et al., 2019), amygdala–hypothalamus and 

PAG–hypothalamus interactions appear to play roles in the pathophysiology of FND.

Our FND cohort also showed decreased microstructural integrity in the uncinate fasciculus, 

cingulate bundle, and extreme capsule, fiber bundles implicated in top-down emotion 

regulation and language functions(Bubb et al., 2018, Makris and Pandya, 2009, Von Der 

Heide et al., 2013). Decreased FA in the uncinate fasciculus and cingulum bundle is 

consistent with white matter profiles previously reported in functional dystonia(Tomic et al., 
2018). Reduced integrity of the uncinate fasciculus, a limbic fiber tract connecting the 

ventromedial and orbitofrontal prefrontal regions to medial temporal structures including the 

amygdala, has been reported across mood, anxiety, and trauma-related disorders(Jenkins et 
al., 2016). Interestingly, uncinate fasciculus microstructure disruptions are linked to 

neuroticism(McIntosh et al., 2013), psychopathologic vulnerability to stress(Hanson et al., 
2015), and exaggerated fear-potentiated startle responses(Fani et al., 2015); abnormal 

ventromedial prefrontal cortex engagement is reported in FND populations(Voon et al., 
2016). Patients with FND also exhibited reduced cingulum bundle FA, particularly in the 

subgenual and parahippocampal/retrospenial subsections, which have been linked to 

affective and nociceptive functions (anterior) and memory performance (posterior). The 

extreme capsule connects fronto-insular areas to the inferior parietal lobule and superior 

temporal gyrus(Makris and Pandya, 2009). It is also notable that the most affected white 

matter sites in the uncinate fasciculus and extreme capsule were adjacent to the insular 
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cortices. Given the functional and gray matter neuroimaging literature identifying insular 

alterations in FND populations(Espay et al., 2018b, Perez et al., 2017a, Perez et al., 2017b, 

van der Kruijs et al., 2012, Vasta et al., 2018, Voon et al., 2011), we speculate that peri-

insular structural and functional alterations relate to deficits in multimodal integration, 

interoception, and emotional awareness(Perez et al., 2015).

Other findings included microstructural alterations in the corpus callosum and striatal 

radiations to the post-central gyrus. Notably, temporoparietal (posterior) aspects of the 

corpus callosum showed FA reductions in patients with FND compared to controls. This 

finding may relate to impaired hemispheric transfer of information and altered bodily 

processing and self-agency perceptions that have been implicated in the pathophysiology of 

FND(Devinsky, 2000, Voon et al., 2010b). Disruptions in striatal–postcentral gyrus 

connections also warrant more inquiry in relation to sensory gating and attentional 

mechanisms.

An unanswered question relates to how to optimally contextualize the fiber bundle 

differences identified in this study, particularly whether the findings relate to disease 

mechanisms, predisposing vulnerabilities, psychiatric comorbidities, and/or compensatory 

processes(Begue et al., 2019). While studies with larger sample sizes and longitudinal 

neuroimaging data collection are needed to clarify these issues, it is notable that the integrity 

of two specific fiber tracts, the stria terminalis / fornix and the medial forebrain bundle, were 

implicated in patient-reported physical disability and illness duration. Given the high 

frequency of uncinate fasciculus alterations characterized in studies of mood and anxiety 

disorders, we speculate that this fiber tract disruption relates more broadly to emotional 

dysregulation. A particularly important theme warranting additional research is the role of 

experience and activity-dependent white and gray matter neuroplasticity. Such research in 

FND populations should consider antenatal and genetic-epigenetic influences, 

developmental trajectories, life experiences, psychiatric comorbidities, mobility levels, 

number of relapses, and prior treatments among other factors(Keynejad et al., 2018, 

Kozlowska et al., 2017, Ludwig et al., 2018, Sampaio-Baptista and Johansen-Berg, 2017).

Limitations include modest sample size, psychiatric comorbidities, psychotropic medication 

use, phenotypic heterogeneity, and sole reliance on patient-reported symptom severity 

scales. While between-group and within-group tractography findings were adjusted for 

depression and anxiety scores which is a study strength, future studies with psychiatric and 

neurological controls, other FND populations, and functional somatic disorders (e.g. somatic 

symptom disorder with predominant pain, fibromyalgia, chronic pain disorders ect.) are 

needed to further contextualize our DTI findings. This is particularly needed given that 

several of the identified white matter tracts (and associated cortico-subcortical brain areas) 

are also components of the central pain matrix, suggesting the considerably more research is 

needed at the intersection of FND and functional somatic disorders(Begue et al., 2019, Denk 

et al., 2014, Ploner et al., 2011). In addition, while individuals with FND commonly exhibit 

mixed symptoms and/or develop new symptoms over the course of their illness, the use of a 

transdiagnostic research approach remains debated. Here, adjusting for FND subtypes did 

not robustly influence the between-group and within-group findings providing support for a 

transdiagnostic approach. Furthermore, it is difficult to directly compare the results of our 
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present study with the 4 prior DTI studies in FND(Ding et al., 2014, Hernando et al., 2015, 

Lee et al., 2015, Tomic et al., 2018) given phenotypic and methodological differences, 

underscoring the need for additional patient cohorts with larger sample sizes and multimodal 

methodology. Future DTI studies should also seek to combine multiple diffusion parameters 

to clarity the specific white matter pathology implicated in FND, particularly given that we 

did not find statistically significant findings using the fiber density (streamline) metric. More 

research is also needed to combine patient-reported scales with objective performance 

measures, as well as combining DTI with behavioral, neuroendocrine, and autonomic data. 

Methodological limitations also included a 2mm voxel size and low B values which limited 

our ability to differentiate the stria terminalis and fornix. Similarly, given the proximity of 

the extreme and external capsules, we cannot exclude external capsule involvement. Higher 

resolution diffusion-weighted sequences are needed to replicate and further characterize the 

microstructural alterations in FND populations.

In conclusion, complementary graph theory and tractography analyses identified 

microstructural alterations in limbic and associative fiber bundles implicated in salience, 

defensive behaviors and emotion regulation. Reduced stria terminalis / fornix and medial 

forebrain bundle integrity were linked to physical disability and illness duration, advancing 

our understanding of neurocircuit pathways in the pathophysiology of FND.
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Figure 1. Weighted-degree and link-level graph theory white matter analyses in patients with 
functional neurological disorder (FND).
Left panel shows cortico-subcortico-limbic-brainstem origins of the fiber bundles showing 

decreased fractional anisotropy in patients with FND compared to healthy controls (HC). 

Only results surviving to FDR q=0.05 adjusting for age, gender and head motion are 

displayed. The origins of the regions showing microstructural alterations in FND included 

the bilateral amygdala, insula, parahippocampal gyri, temporal poles, precentral gyri, 

superior parietal lobules, putamen, periaqueductal gray, midbrain, pons and right 

hippocampus, entorhinal cortex, and the isthmus of the cingulate gyrus. The middle panel 

displays the connectogram identifying the altered fiber bundles starting in the regions 

previously identified in the initial weighted-degree graph theory analyses and connecting to 

other brain areas; only results surviving to FDR q=0.05 adjusting for age, gender and head 

motion are displayed. Each tract was labeled based on the maximum probability of fiber 

identified using query language. The seven fiber bundles showing between-group alterations 

included: the stria terminalis / fornix, medial forebrain bundle, uncinate fasciculus, extreme 

capsule, cingulum bundle, corpus callosum, and striatal to postcentral gyrus projections.
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Figure 2. Probabilistic tractography differences in patients with functional neurological disorder 
(FND) compared to healthy controls (HC).
Patients with FND in tractography analyses showed decreased fractional anisotropy in the 

following fiber bundles: stria terminalis / fornix, medial forebrain bundle, uncinate 

fasciculus, extreme capsule, cingulum bundle, corpus callosum, and striatal to postcentral 

gyrus projections. Only results surviving multiple comparisons are shown adjusting for age, 

gender and head motion. Results from secondary analyses adjusting for between-group 

differences in depression (Beck Depression Inventory-II (BDI)) and trait anxiety 

(Spielberger State Trait Anxiety Inventory (STAI-T)) are also displayed.
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Figure 3. Individual differences in stria terminals / fornix and medial forebrain bundle 
microstructural integrity correlated with physical disability and illness duration in patients with 
functional neurological disorder (FND).
In within-group analyses, the magnitude of patient-reported physical disability (impaired 

SF-36 physical health) inversely correlated with stria terminalis / fornix and medial 

forebrain bundle FA values; illness duration also negatively correlated with stria terminalis / 

fornix white matter integrity. Only results surviving multiple comparisons are shown 

adjusting for age, gender and head motion; all within-group findings also remained 

significant in secondary analyses adjusting separately for depression and anxiety, 

antidepressant medication use, and motor FND subtypes. Note: SF-36 scores were inverted 

so that higher scores represent greater physical disability.
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