Research paper

Corticolimbic structural alterations linked to
health status and trait anxiety in functional
neurological disorder
David L Perez,1,2,3 Benjamin Williams,1 Nassim Matin,1 W Curt LaFrance,4
Victor Costumero-Ramos,5,6 Gregory L Fricchione,7 Jorge Sepulcre,3
Matcheri S Keshavan,8 Bradford C Dickerson3,9
►► Additional material is
published online only. To view
please visit the journal online
(http://d x.doi.o rg/10.1136/
jnnp-2017-316359).

For numbered affiliations see
end of article.
Correspondence to
Dr David L Perez, Massachusetts
General Hospital, Departments
of Neurology and Psychiatry
149 13th Street, Charlestown,
MA 02129, USA; dlperez@
partners.org
DLP and BW contributed
equally.
Received 2 May 2017
Revised 4 July 2017
Accepted 18 July 2017
Published Online First
26 August 2017

Abstract
Objective Affective symptoms influence health status
(health-related quality of life) in functional neurological
disorder (FND), and the salience network is implicated
in the pathophysiology of FND and mood/anxiety
disorders. We hypothesised that self-reported health
status and affective symptoms would map onto salience
network regions and that patients with FND would show
decreased insular volumes compared with controls.
Methods This voxel-based morphometry study
investigated volumetric differences in 26 patients
with FND (21 women, 5 men; mean age=40.3±11.5)
compared with 27 healthy controls (22 women, 5 men;
mean age=40.5±10.8). Post hoc analyses stratified
patients with FND by mental and physical health scores
(Short Form Health Survey-36). Within-group analyses
investigated associations with mental health, physical
health, trait anxiety and depression in patients with FND.
Results There were no volumetric differences between
the complete FND cohort and controls. In stratified
analyses, however, patients with FND reporting the most
severe physical health impairments showed reduced
left anterior insular volume compared with controls.
In within-group analyses, impaired mental health and
elevated trait anxiety were associated with increased
right amygdalar volumes in patients with FND. The
relationship between amygdalar volume and mental
health, driven by emotional well-being deficits and role
limitations due to emotional problems, was independent
of sensorimotor functional neurological symptom
severity and motor FND subtype. In secondary withingroup analyses, increased periaqueductal grey volume
was associated with role limitations due to emotional
problems. Impaired physical functioning correlated with
decreased left anterior insular volumes.
Conclusions These findings support roles for several
regions of the salience network in the pathophysiology
of FND.
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Patients with functional neurological disorder
(FND)/conversion disorder report impairments
in health-related quality of life (QoL), commonly
referred to as health status.1 2 Functional neurological symptoms including abnormal movements, weakness, seizures, numbness, fatigue
and pain frequently coexist with anxiety and

depression.3 4 Psychosocial stressors and socioeconomic difficulties are also common in FND.5
Despite high morbidity and disease prevalence,6
many neurologists and psychiatrists are uncomfortable treating patients with FND. Furthermore, the
limited understanding of the neurobiology of FND
impedes the development of diagnostic and prognostic biomarkers.
Several studies suggest that health status in FND
is partially independent of sensorimotor functional neurological symptoms and closely linked
to affective symptoms. For example, a study of
patients with psychogenic non-epileptic seizures
(PNES) demonstrated that depression and somatic
symptoms, but not seizure frequency, were significantly associated with reduced QoL.7 This finding
has been independently replicated.8 9 A systematic review determined that affective symptoms,
somatic complaints, dissociation, escape-avoidance coping, family dysfunction and other chronic
psychiatric problems are linked to reported health
status in PNES.1 Determinants of health status in
other FND populations have been understudied.
However, reports indicate that health impairments
across FNDs are at least comparable with epilepsy,10
Parkinson’s disease11 and lesion-induced weakness.2
Furthermore, negative expectation and negative
attentional bias influence health perception, which
may lead some patients with FND to overestimate
their symptoms.12
Despite the use of health status as primary
and secondary endpoints in FND clinical
trials13 14 and growing interest in identifying prognostic biomarkers, few neuroimaging studies have
examined brain–QoL relationships in neuropsychiatric disorders. Overall health is multidimensional
and comprised of two main constructs—mental
health and physical health.15 Considering the relationship between affective symptoms and health
status in FND, neuroimaging studies probing
emotion processing may provide insights into the
neural correlates of subjective health perception.
Studies of negative emotional processing in FND
have identified heightened activity throughout
the salience network,16–18 a distributed corticolimbic circuit involved in affective, cognitive and
viscerosomatic functions that include the insula,
dorsal anterior cingulate cortex (ACC), amygdala
and periaqueductal grey as core components.19–21
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Functional MRI (fMRI) studies report increased amygdalar
activity during the viewing of affectively valenced faces22 23
and heightened coupling of amygdalar-supplementary motor
area activity22 24 25 in FND compared with controls. Increases
in insular, dorsal ACC and periaqueductal grey activations have
also been identified in FND.23 26 27
Structural MRI studies further support involvement of salience
network-related corticolimbic brain areas in the neuropathophysiology of FND. Decreased grey matter volume in the ACC
was observed in patients with PNES compared with controls.28
Insular structural alterations have been reported in PNES,29 and
patients with a somatic symptom disorder with predominant
pain exhibited decreased cingulo-insular volumes compared
with controls.30 Neuroimaging meta-analyses of FND31 and
other somatic symptom disorders32 support a neurobiological
role for multiple regions within the salience network. Recently,
we reported that functional neurological symptom severity was
associated with reduced left anterior insular volume in women
with FND, while trauma-related hyperarousal correlated with
decreased dorsal ACC grey matter.33 These findings demonstrated the utility of within-group designs to dimensionally characterise brain–symptom relationships in FND.
In this voxel-based morphometry (VBM) MRI study, wholebrain comparative analyses were performed in 26 patients
with FND and 27 healthy subjects. Post hoc analyses stratified patients with FND by mental and physical health scores
to further study group-level differences. In addition, we used a
within-group dimensional approach to investigate grey matter
volumetric associations with reported mental health, physical health, trait anxiety and depression in patients with FND.
Considering the literature characterising alterations within the
salience network in FND, as well as the recognised relationship
between poor health status and affective symptoms, we hypothesised that self-reported measures of health status and affective
symptoms would both map onto salience network brain areas.
Building on our prior observation that sensorimotor functional
neurological symptom severity correlated with reduced insular
volume,33 we also hypothesised that reported physical health
impairments would be associated with reduced left anterior
insular grey matter and that patients with FND compared with
controls would show decreased insular volume.

Methods

Methods were adapted from those detailed in ref 33.

Participants and psychometric measures

We recruited 26 FND subjects (21 women, 5 men; mean
age=40.3±11.5; range 22–60; average illness duration=3.6±4.3
years) from the Functional Neurological Disorders Clinic at the
Massachusetts General Hospital.34 35 Diagnoses were based on
clinical evaluation by a dual-trained and board-certified neurologist and psychiatrist (DLP). Twenty-seven healthy controls
(22 women, 5 men; mean age=40.5±10.8; range 21–60) were
recruited through local advertisements. Patients met diagnostic
criteria for clinically established functional movement disorders
(n=13),36 documented (n=9) or clinically established PNES
(n=1)37 and/or exhibited positive signs on examination for functional weakness (n=12).38 Nine patients had mixed motor FND,
and a distinct nine subjects exhibited non-dermatomal sensory
deficits. Exclusion criteria included any major neurological
disorder with MRI abnormalities, epilepsy, poorly controlled
medical illnesses with known central nervous system consequences, ongoing substance dependence, a history of mania or

psychosis and/or active suicidality. Psychiatric comorbidities for
all subjects were assessed through the Structured Clinical Interview (SCID-I) for DSM-IV-TR. Twenty-four of 26 patients with
FND met criteria for current comorbid psychiatric diagnoses,
and 20 were on psychotropic medications. All healthy subjects
were without psychiatric comorbidities as evaluated by the
SCID-I, and were not on any psychotropic medications. Clinical information is detailed in online supplementary table 1.
All subjects signed informed consent and the Partners Human
Research Committee approved this study.
As part of a detailed psychometric battery, subjects completed
the Short Form Health Survey-36 (SF-36),39 the Spielberger Trait
Anxiety Inventory (STAI-T)40 and the Beck Depression Inventory-II (BDI).41 The SF-36 is a widely used and validated 36-item
self-report questionnaire assessing health status (also known as
health-related QoL) and consists of two composite categories:
physical health and mental health. The composite mental health
score, which characterises overall emotional wellness and the
extent to which emotional problems impact an individual’s daily
functioning, is comprised of four subscales including emotional
well-being (five items), energy/fatigue (four items), role limitations due to emotional problems (three items) and social functioning (two items). The composite physical health score, which
quantifies overall physical wellness and the extent to which
physical symptoms limit an individual’s abilities to work and/
or perform regular daily activities, is also comprised of four
subscales including physical functioning (10 items), general
health (five items), role limitations due to physical health (four
items) and pain (two items). For the remainder of this article, the
mental health composite score is referred to as ‘mental health’
and the physical health composite score is referred to as ‘physical health’. The SF-36 subscales are referred to by their specific
subdomains, as outlined above. The STAI-T is a 20-item self-report measure of trait anxiety, and the BDI is a 21-item self-report
measure for depression.
Other psychometric measures included the Patient Health
Questionnaire-15 (PHQ-15)42 and the Conversion Disorder
subscale of the Screening for Somatoform Symptoms-7 scale
(SOMS:CD),43 which were only used in this study to control for
functional neurological symptom severity (see below).

MRI data acquisition

Subjects were placed in a Siemens 3 Tesla Trio scanner to acquire
a 3D T1-weighted magnetisation prepared rapid acquisition
gradient echo sequence with the following parameters: orientation=sagittal; matrix size=256×256; voxel size=1×1×1 mm;
slice thickness=1 mm, slices=160; repetition time=2300 ms;
echo time=2.98 ms; field of view=256 mm. Bitemporal foam
pads were used to restrict head motion.

MRI data preprocessing

Statistical Parametric Mapping 8 (SPM8; www.fil.ion.ucl.ac.uk/
spm/) and the VBM8 toolbox were used to analyse data. Scans
were inspected for quality and reoriented along the anterior-to-posterior commissure. Images were segmented into grey
matter, white matter and cerebrospinal fluid components. The
diffeomorphic anatomical registration through exponentiated
lie algebra (DARTEL) was applied to the grey matter images for
spatial normalisation. Non-linear modulation using the Jacobian
determinants derived from the normalisation process was implemented to control for individual whole-brain volume differences. The modulated grey matter images were smoothed with
an 8 mm full-width-at-half-maximum Gaussian kernel.
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MRI statistical analysis

After preprocessing, all between-group comparisons (eg, 26
FND vs 27 healthy controls) were performed using the general
linear model in SPM adjusting for age and gender. For stratified
post hoc analyses, patients with FND in the top 50 percentile of
impaired physical health (n=13) or mental health (n=13) were
compared with controls. For within-group analyses in patients
with FND, SPM-based multiple regression was performed to
examine relationships between covariates-of-interest and grey
matter volumes with age and gender included as nuisance variables. Separate regression analyses were implemented for overall
health status (SF-36 total score), mental health, physical health,
STAI-T and BDI scores. Given that the individual SF-36 subscales
have greater symptom specificity, secondary analyses were also
performed using the eight subscales as covariates-of-interest. For
all analyses, SF-36 scores were inverted so that higher scores
reflected worse health status.
Whole-brain corrections for multiple comparisons at the peak
voxel-level used a family-wise error (FWE) rate of p<0.05.
Given that a priori hypotheses related to salience network brain
areas as proposed by Seeley et al19 and Bickart et al21, we defined
bilateral regions-of-interest in the insula, ACC and amygdala
using the WFU Pickatlas to perform small volume corrections
(SVCs). Since the WFU Pickatlas does not include the periaqueductal grey, SVC for this area was performed using a 12 mm
sphere centred at MNI coordinate (1, −29, −12) based on an
activation likelihood estimation meta-analysis.20 44 An FWE rate
of p<0.05 was used for SVCs at the peak-voxel level.
In post hoc within-group analyses, health status-related volumetric findings were controlled for PHQ-15 and SOMS:CD
scores in separate regression analyses to test if observed relationships were independent of sensorimotor functional neurological symptom severity. Additional regression analyses were also
performed on all significant within-group findings to control
separately for motor FND subtypes.

Results
Associations between health status and affective symptoms
in FND

See online supplementary figure 1 for a description of the relationships between psychometric variables of interest. See online
supplementary table 2 for clinical scores.

Volumetric differences in patients with FND compared with
controls

Compared with healthy controls, patients with FND did not
show any whole-brain corrected or SVC group-level differences.
In stratified post hoc analyses, however, FND patients with
the greatest reported physical health impairments showed
decreased left anterior insular grey matter volumes (psvc=0.007)
compared with controls. Patients with FND reporting the most
severe mental health impairments displayed increased right
posterior-lateral cerebellar grey matter volumes (pwhole-brain-cor=0.036) compared with controls. There were no other statisrected
tically significant between-group findings (see figure 1, table 1,
online supplementary figure 2 and supplementary table 3).

Within-group grey matter associations with health status and
affective symptoms

In 26 patients with FND, increased right amygdalar grey matter
volume was associated with reduced mental health (psmall-vol=0.004) and elevated trait anxiety (psvc=0.018)
ume-corrected(svc)
scores in separate SPM regression analyses (see figure 2).
1054

Figure 1 Patients with functional neurological disorder (FND) reporting
markedly impaired physical and mental health showed decreased
insular and increased cerebellar volumes compared to controls. (A)
Compared with healthy controls, patients with FND in the top-half of
individuals reporting markedly impaired physical health (N=13) exhibited
decreased left anterior insular volume (psvc=0.007, peak z-score=-4.25).
(B) Individuals with FND in the top-half of those reporting impaired
mental health displayed increased right posterior-lateral cerebellar grey
matter volumes (pwhole-brain corrected=0.036, peak z-score=4.80) compared
with controls. Note: physical and mental health are based on the two
composite categories of the Short Form Health Survey-36 (SF-36) scores.
All SF-36 scores were inverted so that higher scores represent worse health
status. To display in the scatter plots an age and gender-adjusted measure
of grey matter volumes for visualisation purposes only, the MarsBar toolbox
(http://marsbar.sourceforge.net/)was used to extract mean grey matter
volumes for each subject at a 5 mm sphere centred at the peak voxel of
statistically significant findings.

The association between mental health deficits and increased right
amygdalar volumes held controlling for PHQ-15 (psvc=0.007)
and SOMS:CD (psvc=0.006) scores. Only trend level associations were appreciated between physical health impairments and
decreased left anterior insular volumes (puncorrected <0.001).
In separate secondary within-group analyses performed using the
eight SF-36 subscales, increased right amygdalar grey matter volume
positively correlated with role limitations due to emotional problems (psvc <0.001) and reduced emotional well-being (psvc=0.014)
subscores (see figure 3 and online supplementary figure 3).
These findings held when controlling for PHQ-15 (psvc=0.001;
psvc=0.022) and SOMS:CD (psvc=0.001; psvc=0.016) scores.
Elevated role limitations due to emotional problems subscale scores
were also associated with increased left amygdalar (psvc=0.030)
and periaqueductal grey (psvc=0.003) volumes, which remained
significant adjusting for PHQ-15 (psvc=0.033; psvc=0.001) and
SOMS:CD (psvc=0.031; psvc=0.004) scores. Impaired physical
functioning subscale scores correlated with decreased left anterior
insular volume (psvc=0.039), although this finding did not hold
when controlling for functional neurological symptom severity.
In post hoc within-group analyses, all statistically significant
findings held controlling for motor FND subtypes, except for
the association between left anterior insular volumes and physical functioning subscale scores, which did not remain significant
when controlling for any motor subtype. There were no statistically significant within-group associations for BDI scores. See
online supplementary tables 4–6 for complete findings.

Discussion

This structural MRI study supports involvement of corticolimbic
components of the salience network in the neurobiology of FND.
While there were no statistically significant group-level
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Table 1 Statistically significant between-group and within-group grey matter volumetric associations in patients with functional neurological
disorder and healthy controls
Cerebral regions
(Brodmann area)

Peak coordinates in MNI
Space (mm)

Peak voxel
Z-score

p Value
(SVC)

−3

−4.25

<0.001 (0.007)

342

−58

−36

4.80

<0.001 (0.036*)

1453

28

−1

−18

3.90

<0.001 (0.004)

415

R amygdala (34)

21

−1

−17

3.46

<0.001 (0.018)

132

Impaired emotional well-being
positive associations

R amygdala (34)

27

−1

−18

3.54

<0.001 (0.014)

170

Role limitations due to emotional
problems
positive associations

R amygdala (20)

30

−3

−20

4.56

<0.001 (<0.001)

1018

Periaqueductal grey

−3

−37

−12

4.12

<0.001 (0.003)

534

L amygdala/
anterior hippocampus
(20)

−27

−6

−18

3.29

<0.001 (0.030)

596

Impaired physical functioning
negative associations

L anterior insula (48)

−39

8

−11

−3.78

<0.001 (0.039)

179

Analysis

Measures of interest

Between group

Poor physical health
13 FND <27 HC

L anterior insula (48)

−42

14

Poor mental health
13 FND>27 HC

R cerebellum, crus I

36

Impaired mental health
positive associations

R amygdala (34)

STAI-Trait anxiety
positive associations

Within group

x

y

z

Cluster extent
(mm3)

Note: Physical and mental health are based on the two composite categories of the Short Form Health Survey-36 (SF-36). The ‘emotional well-being’, ‘role limitations due to
emotional problems’, and ‘physical functioning’ measures are individual subscales of the SF-36. All SF-36 scores were inverted so that higher scores represent worse health
status.
*Denotes whole-brain corrected p value.
FND, functional neurological disorder; HC, healthy controls; L, left; MNI, Montreal Neurological Institute; R, right; STAI-Trait Anxiety, Spielberger Trait Anxiety Inventory; SVC, small
volume corrected.

differences between patients with FND and controls, stratified
post hoc analyses showed that the subset of FND subjects with
the most severely impaired physical health showed reduced left
anterior insular grey matter volumes compared with controls.
In addition, FND patients with the most severely impaired
mental health exhibited increased posterior-lateral cerebellar
grey matter volumes compared with controls. In complementary
within-group analyses performed in patients with FND, impaired
reported mental health and increased trait anxiety were each
associated with increased right amygdalar grey matter volumes.
The association between amygdalar volume and mental health,
driven by deficits in emotional well-being and role limitations
due to emotional problems, was independent of sensorimotor
functional neurological symptom severity and motor subtype.
In secondary within-group analyses, role limitations due to
emotional problems subscale scores were also associated with
increased periaqueductal grey volume, and impaired physical
functioning subscale scores correlated with reduced left anterior
insular grey matter volumes.
In this study, we identified both between-group and within-group associations with left anterior insular volume.
Compared with healthy controls, the subset of patients with
FND reporting the greatest deficits in physical health demonstrated reduced left anterior insular volume. In FND subjects,
impaired physical functioning subscale scores also correlated
with decreased left anterior insular volume. These inter-related
findings are consistent with and extend our prior report of
inverse correlations between functional neurological symptom
severity and anterior insular volume in FND.33 As a paralimbic,
multimodal brain area implicated in the processing and integration of viscerosomatic, interoceptive, affective, cognitive
and visceromotor functions and a core region of the salience
network, we have postulated an important role for the insula
in the pathophysiology of FND.17 45 46 The anterior insula has

been linked specifically to emotional and self-awareness47 and
modulates the balance between frontoparietal control and
default mode networks.48 We have developed the construct of
‘neural functional unawareness’ as a model framework to potentially explain the failed integration of affective, cognitive and
sensorimotor functions in FND.17 46 Given the multiplicity of
symptoms and variable levels of physical disability seen in FND,
our stratified group-level analyses suggest that biomarkers for
FND may be particularly robust in patients with high physical
symptom burden. The stratified group-level observations are
notable given that quantitative structural differences in motor
FND populations compared with healthy subjects have been
inconsistent,28 29 49 50 with one study reporting no cortical differences in 15 individuals with functional weakness compared with
healthy controls.50
The link between reduced mental health, increased trait
anxiety and amygdalar volume in patients with FND may be
contextualised through neuroimaging, neuroendocrine and autonomic studies. As previously noted, fMRI studies have consistently identified increased amygdalar activity during affective
processing in FND,16 22 23 25 and heightened amygdalar activity
has been recently linked to negative attentional bias in individuals
with pathological health anxiety.51 In healthy subjects, individual
differences in trait anxiety mediate amygdalar activity during
unconscious emotional processing,52 and trait-level differences
in fearfulness,53 anxiety54 and negative affect55 correlate positively with amygdalar volumes. Trait anxiety, a risk factor for
the development of psychopathology, is also linked to reduced
parasympathetic tone56 and increased cortisol release.57 Studies
examining hypothalamic–pituitary–adrenal (HPA) axis function
in FND, particularly those with PNES, show cortisol abnormalities. For example, patients with PNES exhibit increased diurnal
cortisol levels compared with controls,58 and attentional bias
for threatening stimuli correlates with salivary cortisol levels
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Figure 2 Individual differences in mental health and trait anxiety
correlated with amygdalar volumes in functional neurological disorder. (A)
Impaired mental health was associated with increased right amygdalar
volumes (psvc=0.004; peak z-score=3.90). (B) Heightened trait anxiety, as
measured by the Spielberger Trait Anxiety Inventory (STAI-Trait Anxiety),
correlated with increased right amygdalar volumes (psvc=0.018; peak
z-score=3.46). (C) Impairments in physical health showed only a trendlevel association with decreased left anterior insular grey matter volumes
(puncorrected<0.001; peak z-score=−3.51). Note: mental and physical health
are based on the two composite categories of the Short Form Health
Survey-36 (SF-36) scores. All SF-36 scores were inverted so that higher
scores represent worse health status. Images are thresholded at a voxelwise uncorrected p value of 0.005. To display in the scatter plots age
and gender-adjusted measures of grey matter volumes for visualisation
purposes only, the MarsBar toolbox (http://marsbar.sourceforge.net/) was
used to extract mean grey matter volumes for each subject at a 5mm
sphere centred at the peak coordinate of statistically significant findings.
in this population.59 Autonomic studies examining heart rate
and heart rate variability have characterised increased sympathetic and decreased parasympathetic tone in motor FND.60–62
Patients with functional movement disorders, for example, show
decreased vagal tone as measured by increased heart rate and
reduced variability.62 Given the convergence of neuroendocrine
and autonomic findings in FND, as well as the heterogeneity
of amygdalar volumes in our FND cohort (see online supplementary figure 2), future studies should examine relationships
between amygdalar volume, HPA axis function, autonomic
profiles and selective serotonin reuptake inhibitor response in
FND.
In secondary analyses, we observed a relationship between
role limitations due to emotional problems subscale scores and
increased periaqueductal grey volume, a region implicated in
fear, anxiety, pain modulation, homeostatic functions and defensive behaviours.20 63 64 In the periaqueductal grey, ventrolateral
and dorsolateral segments are implicated in freezing and fightor-flight responses respectively. Aybek and colleagues have characterised heightened periaqueductal grey responses to affectively
valenced faces in patients with FND compared with controls
and posited links between abnormal threat responses and functional motor symptoms.23 The periaqueductal grey has also been
connected to the neurobiology of panic disorder,65 and there
is considerable overlap between panic attacks and paroxysmal
FND symptoms.66 Additionally, increases in periaqueductal grey
volume have been reported in primary dysmenorrhea67 and
1056

Figure 3 Individual differences in health status subscores linked to
regional salience network grey matter volumes in functional neurological
disorder. (A) Impaired emotional well-being, as measured by the Short Form
Health Survey-36 (SF-36), correlated with increased right amygdalar grey
matter volumes (psvc=0.014, peak z-score=3.54). (B) Role limitations due
to emotional functioning subscale scores were associated with increased
bilateral amygdalar (see online supplementary figure 3) and periaqueductal
grey (PAG) volumes (psvc=0.003, peak z-score=4.12). (C) Impaired physical
functioning subscale scores correlated with decreased left anterior
insular grey matter volumes (psvc=0.039, peak z-score=-3.78). Note:
SF-36 scores were inverted so that higher scores represent worse health
status. The ‘emotional well-being’ subscale is a five-question measure
where subjects rate how they have been feeling emotionally over the
past 4 weeks, with each question rated on a 6-point Likert scale. The ‘role
limitations due to emotional problems’ subscale is a three-item measure
where subjects rate whether emotional problems limited their ability to
work or perform daily activities over the past 4 weeks; questions are
dichotomously scored as ‘yes’ or ‘no’. The ‘physical functioning’ subscale
is a 10-item measure where subjects rate on a 3-point Likert scale to what
extent their health impedes their daily activities (i.e. climbing a flight of
stairs). Images are thresholded at a voxel-wise uncorrected p value of
0.005. To display in the scatter plots age and gender-adjusted measures of
grey matter volumes for visualisation purposes only, the MarsBar toolbox
(http://marsbar.sourceforge.net/) was used to extract mean grey matter
volumes for each subject at a 5 mm sphere centred at the peak coordinate
of statistically significant findings.
migraine headaches,44 conditions frequently comorbid in FND.
Given the phenotypic heterogeneity in FND, we speculate that
abnormally coordinated ventrolateral and dorsolateral periaqueductal grey activity, as well as altered interactions between the
periaqueductal grey and its regulatory limbic/paralimbic regions,
may play a role in the generation of specific functional neurological motor manifestations.
Associations between self-reported health status and regional
brain volumes, while potentially related to illness severity, may
alternatively reflect perceived levels of physical and emotional
limitations driven by negative expectations and negative attentional bias.45 Arthur Barsky and colleagues proposed that
somatosensory amplification, involving critical nodes of the
salience network, mediates the maladaptive tendency to experience benign bodily sensations as noxious, intense and intrusive.68 In support of this interpretation, one study demonstrated
that patients with functional tremor overestimate the frequency
of their symptoms in comparison with objectively obtained
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actigraphy data.12 Patients with functional movement disorders
also show exaggerated startle responses to both positively and
negatively valenced stimuli, supporting a negative attentional
bias in this population.69 Nocebo hyperalgesia has been linked
to decreased opioid and dopaminergic activity in the insula and
periaqueductal grey,70 and negative attentional bias has been
linked to increased amygdalar activity in somatic symptom
disorders.51 Future studies investigating health status-related
biomarkers in FND should collect both self-reported and objective markers of physical and affective symptoms to further clarify
the relationships identified in this study.
While beyond a priori regions-of-interest, we also observed
increased right posterior-lateral cerebellar (crus I) grey matter
volumes in the subset of patients with FND reporting the most
severe deficits in mental health compared with controls. The
increased cerebellar volume observed in our FND cohort maps
onto areas implicated in executive and affective functions,71 and
resting state functional connectivity analyses in 1000 healthy
subjects have linked posterior-lateral aspects of the cerebellum
to the salience network.72 Prior studies have identified structural and functional cerebellar abnormalities in FND24 28 73–75
and other somatic symptom disorders.76 77 These findings are
noteworthy given the increasingly recognised role of the cerebellum in the modulation of cognitive and affective functions
around a homeostatic baseline, termed the universal cerebellar
transform.78 Across a number of systems-level investigations,
the posterior-lateral lobule of the cerebellum (including crus
I) and the midline vermis are implicated in negative emotional
processing and aversive responses. For example, in a taskbased fMRI study performed in health subjects, the posterior
cerebellum displayed increased activations to noxious thermal
stimuli and showed heightened functional connectivity to the
anterior insula, dorsal ACC and periaqueductal grey.79 Future
research should continue to investigate the potential role of
cortical–subcortical–cerebellar interactions in the pathophysiology of FND.
Limitations of this study include psychotropic medication
use in patients, modest sample size, reliance on self-report
measures and the mixed symptomatology of our FND cohort.
Although still debated in the field,80 we have previously outlined
the utility of studying patients across the motor FND spectrum
using a transdiagnostic approach.33 34 46 In 100 consecutive
patients with FND evaluated in our clinic, 1 in 4 showed mixed
functional motor symptoms at initial evaluation, reflecting the
inherent overlap across populations.35 Furthermore, a strength
of this study is the ability to control for motor FND subtypes
in within-group analyses. The reliance on self-report measures
constitutes a potential limitation due to the possible mismatch
between self-reported and objective impairments. However, for
measures of health-related QoL, self-report is the gold standard,
and capturing subjects’ personal views of their mental and physical health is one of the specific aims of this study. Additionally,
we did not exclude FND patients with a high affective symptom
burden. Comorbid psychiatric conditions are exceedingly
common in FND,2 and the inclusion of individuals with psychiatric comorbidities increases the external validity of our cohort
to clinical practice. We did not identify any within-group associations with depression scores, suggesting that depression may be
particularly multifactorial in FND. Future neuroimaging studies
should investigate shared biological underpinnings of FND and
personality disorders, as well as potential differences in personality profiles and developmental trajectories across the spectrum of motor FND.81 82 Lastly, additional research is needed
to clarify the significance of lateralised amygdalar, insular and

cerebellar volumetric findings, particularly their relationship to
autonomic function and conscious versus unconscious affective
processing.83
In conclusion, group-level reductions in left anterior insular
volume and increases in right posterior-lateral cerebellar volume
were observed in patients with FND reporting the most severe
deficits in physical and mental health, respectively. This study
also identified associations between trait anxiety, mental health
and individual differences in amygdalar volumes in FND. Given
the heterogeneity inherent to FND, we demonstrate the utility of
investigating individual differences and stratifying by symptom
severity. This MRI study is also one of the first to probe brain–
QoL relationships in neuropsychiatric disorders and suggests that
mental and physical health perception may have at least partially
distinct neural mechanisms. Our findings strengthen support for
involvement of several regions of the salience network in the
pathophysiology of FND.
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