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ARTICLE INFO ABSTRACT

Keywords: Functional neurological (conversion) disorder (FND) is a condition at the interface of neurology and psychiatry.
Conversion disorder A “software” vs. “hardware” analogy describes abnormal neurobiological mechanisms occurring in the context of
PSYCh?geniF intact macroscopic brain structure. While useful for explanatory and treatment models, this framework may
S{E}’;Iro‘magmg require more nuanced considerations in the context of quantitative structural neuroimaging findings in FND.

Moreover, high co-occurrence of FND and somatic symptom disorders (SSD) as defined in DSM-IV (somatization
disorder, somatoform pain disorder, and undifferentiated somatoform disorder; referred to as SSD for brevity in
this article) raises the possibility of a partially overlapping pathophysiology. In this systematic review, we use a
transdiagnostic approach to review and appraise the structural neuroimaging literature in FND and SSD. While
larger sample size studies are needed for definitive characterization, this article highlights that individuals with
FND and SSD may exhibit sensorimotor, prefrontal, striatal-thalamic, paralimbic, and limbic structural altera-
tions. The structural neuroimaging literature is contextualized within the neurobiology of stress-related neu-
roplasticity, gender differences, psychiatric comorbidities, and the greater spectrum of functional somatic dis-
orders. Future directions that could accelerate the characterization of the pathophysiology of FND and DSM-5
SSD are outlined, including “disease staging” discussions to contextualize subgroups with or without structural
changes. Emerging neuroimaging evidence suggests that some individuals with FND and SSD may have a
“software” and “hardware” problem, although if structural alterations are present the neural mechanisms of
functional disorders remain distinct from lesional neurological conditions. Furthermore, it remains unclear
whether structural alterations relate to predisposing vulnerabilities or consequences of the disorder.

Functional neurological disorder
Somatic symptom disorder

immensely intrigued by FND. Charcot theorized that functional motor
symptoms were due to a “dynamic lesion” adversely impacting motor

1. Introduction

Functional neurological (conversion) disorder (FND) is a complex
condition at the interface of neurology and psychiatry (Trimble and
Reynolds, 2016). Prior to the Diagnostic and Statistical Manual of
Mental Disorders 5th Edition (DSM-5) revised criteria (American
Psychiatric Association, 2013; Stone et al., 2010a), FND for neurologists
was largely a diagnosis for individuals with “medically unexplained”
sensorimotor neurologic symptoms. As such, patients with FND were
marginalized for much of the 20th century, with limited clinical and
neuroscientific interest (Keynejad et al., 2017; Stone et al., 2008).

By contrast, founders of modern neurology and psychiatry were

pathways (Bogousslavsky, 2014). Freud shifted the focus to the un-
conscious mind and theorized that psychological conflicts were “con-
verted” to bodily symptoms to relieve distress (Breuer and Freud,
1956). The French psychologist Janet proposed a role for dissociation
framed as a “retraction of the field of personal consciousness” (Janet,
1907). Recently, there is renewed interest in FND, catalyzed by the
DSM-5 diagnostic criteria and pathophysiology-based research (Carson
et al., 2012). Neurologically, emphasis is now given to identifying ex-
amination signs and semiologic features specific for FND (Avbersek and
Sisodiya, 2010; Daum et al, 2014). Modern biopsychosocial
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formulations for FND incorporate the spectrum of predisposing vul-
nerabilities, acute precipitants, and perpetuating factors (Keynejad
et al., 2018; Pick et al., 2018; Reuber, 2009).

The “software” vs. “hardware” analogy is a useful concept when
discussing the diagnosis of FND with patients (Carson et al., 2016).
According to this framing, the hardware (i.e. brain) lacks relevant
structural abnormalities, however, the software (i.e. how the brain
works) has a glitch that manifests in functional neurological symptoms.
This framework is supported by the preservation of brain structure on
clinical inspection of magnetic resonance imaging (MRI) scans at the
macroscopic level. In parallel, there has been considerable advance
using task and resting-state functional neuroimaging to delineate the
emerging neurobiology of FND, summarized in several reviews and
meta-analyses (Boeckle et al., 2016a; McSweeney et al., 2017; Perez
et al., 2015b; Voon et al., 2016). Major themes across functional neu-
roimaging studies include: (1) heightened amygdalar reactivity to af-
fectively valenced stimuli (Aybek et al., 2015; Aybek et al., 2014b;
Hassa et al., 2017; Kanaan et al., 2007; Morris et al., 2017; Voon et al.,
2010a); (2) increased limbic/paralimbic-sensorimotor connectivity
(Espay et al., 2018b; Li et al., 2015a; Li et al., 2015b; Szaflarski et al.,
2018; van der Kruijs et al., 2012, 2014; Voon et al., 2010a); (3) right
temporoparietal junction/inferior parietal lobule hypoactivation and
altered connectivity with sensorimotor cortices (Baek et al., 2017;
Maurer et al., 2016; Voon et al., 2010b); (4) attentional dysregulation
(Ghaffar et al., 2006; Mailis-Gagnon et al., 2003; Vuilleumier et al.,
2001); and (5) deficits in motor planning (Voon et al., 2011), intention
(de Lange et al., 2010; Spence et al., 2000), execution (Schrag et al.,
2013; Stone et al., 2007) or inhibition (Cojan et al., 2009; Marshall
et al., 1997; Tiihonen et al., 1995). Other abnormalities include implicit
attentional biases (Pick et al., 2018), perceptual-cognitive inferences
(Edwards et al., 2012), and mnemonic contributions to metacognitive
processes disrupting subjective experience (Begue et al., 2018b).

While the framing of FND as a “software” problem is well-received,
this conceptualization may require more nuanced considerations.
Notably, the shift from “psychogenic” to “functional” neurological
disorders was proposed to eliminate false mind versus brain dichoto-
mies (Edwards et al., 2014); similarly, structure-function relationships
are well-recognized to be closely intertwined. Emerging structural
neuroimaging findings point towards a parallel “hardware” related
neurobiology in some FND populations, further bridging the divide
between neurologic and psychiatric conceptualizations (Perez et al.,
2018a). In addition, FND frequently co-exists clinically with the so-
matic symptom disorders (SSD) as largely defined in DSM-IV (somati-
zation disorder, somatoform pain disorder, and undifferentiated so-
matoform disorder) (Kozlowska et al., 2018; Sar et al., 2004; Stone
et al.,, 2010b); a few FND studies reported comorbidities rates with
somatoform disorders above 50% (Bowman and Markand, 1996; Sar
et al., 2004). The SSD category in the DSM-5 was designed to con-
solidate the DSM-IV diagnostic categories of somatization disorder,
somatoform pain disorder, and undifferentiated somatoform disorder,
although this reconceptualization has markedly different criteria based
on cognitive-affective and behavioral aspects and is more explicit about
including patients with defined medical conditions (Dimsdale et al.,
2013). No studies have explicitly examined the overlap between FND
and DSM-5 SSD, and we are unaware of any structural neuroimaging
studies of DSM-5 SSD. Therefore, for the purposes of this article we use
the term SSD to describe the somatic symptom disorders in DSM-IV. We
acknowledge that this is not a one to one translation (see limitation
section).

The explicit co-occurrence of FND and SSD was previously codified
in part by the DSM-IV somatization disorder diagnostic category that
encompassed individuals with functional neurological symptoms and
other prominent somatic symptoms. FND and SSD share predisposing
vulnerabilities (e.g. female predominance, high rates of depression-
anxiety and adverse life event burden (Guz et al., 2004; Paras et al.,
2009; Taylor, 2003)) further raising the possibility of a partially
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overlapping biology. Comorbid somatic symptoms in patients with FND
also negatively impact healthcare utilization and prognosis (Ettinger
et al., 1999; Glass et al., 2018; Ibrahim et al., 2009; Salinsky et al.,
2016).

Reviews and meta-analyses have summarized the functional neu-
robiology of SSD compared to healthy controls (Boeckle et al., 2016b;
Landa et al., 2012; Perez et al., 2015a), which includes: (1) increased
limbic, paralimbic (insula, parahippocampal), and striato-thalamic ac-
tivity during noxious tactile stimuli (Gundel et al., 2008; Luo et al.,
2016; Stoeter et al., 2007); (2) decreased engagement of regulatory
prefrontal regions during sensory and affective processing (Gundel
et al., 2008; Noll-Hussong et al., 2013); (3) and sensorimotor, salience
and default mode network resting-state alterations (Hakala et al., 2002;
Karibe et al., 2010; Li et al., 2016; Zhao et al., 2017).

To aid the early-phase incorporation of structural neuroimaging
findings in the development of biological models for FND and other
functional somatic disorders, we used a transdiagnostic approach to
conduct a systematic review and critically appraise the structural MRI
literature in FND and SSD. We contextualized the structural neuroi-
maging literature within the neurobiology of stress-related neuroplas-
ticity, gender differences, psychiatric comorbidities, and the greater
spectrum of functional somatic disorders. Lastly, future directions were
outlined that may help accelerate the characterization of the patho-
physiology of these enigmatic conditions.

2. Methods

We followed PRISMA guidelines for systematic reviews (Moher
et al., 2009).

Inclusion criteria were: (1) Articles written in English and including
human subjects of any age; (2) Data published between January 1, 1980
and October 31, 2018; (3) Studies in somatosensory and/or motor FND
using DSM-IV or DSM-5 criteria including functional movement dis-
orders (e.g. functional tremor, gait, dystonia, tics/jerks, myoclonus),
functional limb weakness, psychogenic nonepileptic seizures (PNES,
also known as dissociative seizures), and nondermatomal sensory def-
icit disorders; (4) Studies in SSD using DSM-IV criteria including so-
matization disorder, somatoform pain disorder, undifferentiated so-
matoform disorder, and DSM-5 SSD; and (5) Quantitative structural
brain imaging studies (manual tracings, volume-based (e.g. voxel-based
morphometry (VBM)), surface-based (e.g. cortical thickness) and dif-
fusion weighted imaging) comparing patients to healthy controls or
employing within-group analyses.

Exclusion criteria were: (1) Studies without quantitative analyses of
imaging data; (2) Investigations of body dysmorphic disorder, hy-
pochondriasis and illness anxiety disorder; (3) Studies of other func-
tional somatic disorders such as fibromyalgia and irritable bowel syn-
drome; (4) Mixed cohorts that included individuals with major
neurological comorbidities (e.g. epileptic seizures); and (5) Functional
neuroimaging and neurochemical studies (e.g. magnetic resonance
spectroscopy).

3. Literature search strategy

Potential studies were identified through PubMed, PsycINFO and
Embase. All available peer-reviewed records were searched using the
following terms: “functional neurological disorder(s),” “conversion
disorder,” “functional neurological symptom disorder,” “functional
movement disorder(s),” “psychogenic movement disorder(s),” “func-
tional gait,” “psychogenic gait,” “astasia-abasia,” “astasia abasia,”
“functional tremor,” “psychogenic tremor,” “functional dystonia,”
“psychogenic dystonia,” “fixed dystonia,” “psychogenic tic,” “psycho-
genic jerk,” “psychogenic myoclonus,” “functional limb weakness,”
“functional weakness,” “psychogenic limb weakness,” “psychogenic
weakness,” “psychogenic paralysis,” “functional paralysis,” “hysterical
weakness,” “hysterical tremor,” “hysterical gait,” “hysterical dystonia,”
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Fig. 1. Schematic overview of the systematic review process.

“hysterical jerk,” “hysterical tic,” “hysterical myoclonus,” “non-
dermatomal sensory,” “psychogenic numbness,” “hysterical numbness,”
“psychogenic anesthesia,” “hysterical anesthesia,” “somatoform dis-
order,” “somatization,” “undifferentiated somatoform,” OR “somatic
symptom disorder” AND “magnetic resonance imaging,” “MRI,” “neu-
roimaging,” “voxel-based morphometry,” “VBM,” “cortical thickness,”
“diffusion-weighted imaging”, OR “DTL”

References of selected articles were also reviewed to ensure the
search was comprehensive. This yielded 1124 items for a total of 870
articles after removing duplicates (see Fig. 1). Records were subse-
quently screened to ensure that they met the following preliminary
criteria: (a) contained original data from a FND or SSD cohort; (b)
structural neuroimaging was employed to quantify gray and/or white
matter profiles; (c) written in English. This resulted in 720 records. To
identify articles for final inclusion, two raters (I.B. and D.L.P.) in-
dependently reviewed all abstracts, selecting articles based on inclu-
sion/exclusion criteria. This step resulted in 37 potentially eligible
studies. In step 2, the same raters reviewed the full articles to determine
if the article met inclusion criteria and any differences were reconciled.
Of 37 original selections, 29 were included. Table 1 and Table 2 sum-
marize the results in FND and SSD, respectively. Fig. 2 depicts com-
monly identified structural neuroimaging group-differences across FND
and SSD.

” o«

4. Results
4.1. Manual tracings

Several studies used manual tracings to investigate structural pro-
files in patients with FND and SSD (Atmaca et al., 2006; Atmaca et al.,
2016; Atmaca et al., 2011; Hakala et al., 2004; Yildirim et al., 2012).
Atmaca and colleagues reported that 12 women with unilateral func-
tional motor symptoms compared to controls showed smaller bilateral
caudate and right thalamic volumes (Atmaca et al., 2006). Age of
symptom onset positively correlated with left caudate volumes. By
contrast, a study in 10 patients (somatization disorder (n = 6),

undifferentiated somatoform disorder (n = 4)) showed increased bi-
lateral caudate volumes compared to controls (Hakala et al., 2004). In
another study, 20 women with somatization disorder compared to
controls showed smaller bilateral amygdalar volumes (Atmaca et al.,
2011).

Reduced pituitary volumes have been characterized in FND and
somatization disorder populations compared to controls (Atmaca et al.,
2016; Yildirim et al., 2012), although smaller pituitary volumes only
correlated with longer illness durations in those with FND (Atmaca
et al., 2016). Overall, manual tracing MRI studies identified smaller
pituitary volumes across individuals with FND and somatization dis-
order, suggesting disturbances in stress-related neuroendocrine sys-
tems.

4.2. Other volumetric and voxel-based analyses

Volumetric investigations performed in FND and SSD cohorts
identified structural alterations across prefrontal-subcortical-limbic
areas (Aybek et al., 2014a; Espay et al., 2018b; Kozlowska et al., 2017;
Li et al., 2018; Maurer et al., 2018; Nicholson et al., 2014; Perez et al.,
2017a; Perez et al., 2017b; Perez et al., 2018c; Riederer et al., 2017;
Valet et al., 2009). An early VBM study in 14 women with chronic
somatoform pain disorder and high emotional pain responses showed
decreased paralimbic (cingulo-insular, parahippocampal, orbito-
frontal), prefrontal, inferior temporal, and cerebellar gray matter (GM)
volumes compared to controls (Valet et al., 2009). Illness duration
negatively correlated with left parahippocampal volumes and positively
correlated with right thalamic volumes.

A VBM study in 25 patients with somatization disorder compared to
controls showed decreased GM volume in the right cerebellum Crus I,
and increased GM volumes in the left anterior cingulate cortex (ACC),
right middle frontal gyrus, and left angular gyrus (Li et al., 2018).
Middle frontal gyrus GM volume inversely correlated with somatization
subscale scores, while left ACC GM volume negatively correlated with
set-shifting (executive function) errors. Collectively, these two studies
indicate possible structural changes within cortico-limbic-cerebellar
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Fig. 2. Overview of structural neuroimaging findings in functional neurological disorder (FND) and somatic symptom disorders (SSD; DSM-IV somatization disorder,
somatoform pain disorder, and undifferentiated somatoform disorder). Directions of arrows show increases or decreases in regional brain structural measures
compared to healthy controls. Several studies found no between group differences. Abbreviations: Anterior cingulate cortex (ACC); Amygdala (AMG); Cerebellum
(Cx); Dorsolateral prefrontal cortex (dIPFC); Hippocampal formation (HF); Inferior frontal gyrus (IFG); Lateral occipital complex (LOC); Orbitofrontal cortex (OFC);
Parahippocampal gyrus (PHG); Supplementary motor area (SMA); Thalamus (THAL).

circuits in patients with SSD, though volumetric research in these po-
pulations is in its early stages.

By contrast, quantitative volumetric studies in FND populations
have been performed by several groups. A dual VBM and voxel-based
cortical thickness (CTH) study conducted in 15 patients with functional
limb weakness showed no group-level differences compared to controls
(Aybek et al., 2014a). In secondary analyses, however, the functional
hemiparesis subgroup exhibited increased bilateral premotor CTH
compared to controls. In another study, Nicholson and colleagues used
region-of-interest (ROI) FreeSurfer volumetric analyses to show that 14
patients with functional limb weakness exhibited smaller left thalamic
and lentiform nucleus GM volumes compared to controls (Nicholson
et al., 2014).

A within-group VBM study investigated structural associations with
indices of patient-reported symptom severity, post-traumatic stress
disorder (PTSD), and adverse life event burden in 23 patients with
mixed FND (Perez et al., 2017a). Across all patients, there were no
associations with FND symptom severity. However, in the 18 women
with FND, parallel decreases in left anterior insular volume correlated
with patient-reported symptom severity in ROI analyses. In women, the
magnitude of childhood abuse burden also inversely correlated with left
anterior insular volume. Each of these relationships held adjusting for
trait anxiety, but did not remain significant controlling for depression.
Across all individuals, PTSD severity inversely correlated with peri-
genual/dorsal anterior cingulate cortex (ACC) GM volume, potentially
suggesting involvement of distinct salience network regions mediating
FND symptom severity (insula) and PTSD symptom severity (ACC).
Lifetime adverse event burden correlated with reduced left hippo-
campal volume across the entire cohort.

In a related study, Perez and colleagues expanded their cohort to 26
FND patients and 27 controls to investigate between-group and within-
group associations with health-related quality of life, trait anxiety, and
depression (Perez et al., 2017b). There were no volumetric differences
between the complete FND cohort and controls. However, the sub-
group of 13 FND patients with the most impaired physical health
showed reduced left anterior insular GM volume compared to controls
in ROI analyses; the sub-group of 13 patients with the greatest mental
health impairments showed whole-brain corrected posterior lateral
cerebellar volumetric increases (implicated in aversive responses)
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compared to controls. Within-group analyses showed that individual-
differences in right amygdalar volume correlated with elevated trait
anxiety and impaired mental health. In a pilot follow-up study per-
formed on 22 of the initial 26 FND subjects, individual differences in
baseline anterior hippocampal GM volume positively correlated with 6-
month mental health outcomes; there were no volumetric associations
with physical health outcomes (Perez et al., 2018c).

In additional support for structural alterations in limbic areas, 48
patients with functional movement disorders (17 also with functional
limb weakness) exhibited increased left amygdalar GM volumes com-
pared to controls in whole-brain corrected analyses (Maurer et al.,
2018). Furthermore, increased left striatal, fusiform gyrus, cerebellar
and bilateral thalamic GM volumes, alongside reduced left sensor-
imotor cortical volumes were observed in patients with functional
movement disorders. Female gender, symptom lateralization, psycho-
tropic medication use, and individuals with functional limb weakness
vs. those with only hyperkinetic movements did not show robust sub-
group effects. In within-group analyses, childhood trauma burden po-
sitively correlated with left caudate and cerebellar tonsil volumes; pa-
tients with higher anxiety exhibited smaller left fusiform gyrus volumes
and those with more depression displayed larger cerebellar tonsil vo-
lumes. In this study, volumetric profiles did not correlate with illness
duration or symptom severity. By contrast, another recently published
VBM study reported decreased left caudate and right postcentral GM
volumes in 27 individuals with functional tremor compared to controls
(Espay et al., 2018b). These distinct striatal findings across functional
movement disorder cohorts highlight the need for additional replica-
tion.

Developmental trajectories are important in contextualizing volu-
metric profiles in patients with FND. Kozlowska and colleagues applied
VBM in 25 children and adolescents (80% female) with mixed FND to
show increased left supplementary motor area (SMA) and right superior
temporal and dorsomedial prefrontal volumes compared to controls in
whole-brain corrected analyses (Kozlowska et al., 2017). In addition,
SMA volumes positively correlated with faster reaction times in an
emotion recognition task, interpreted to reflect enhanced motor readi-
ness and vigilance to others' emotional states.

In the only VBM study performed in individuals with functional
sensory deficits, 25 patients with nondermatomal somatosensory
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deficits (NDSD) and chronic widespread myofascial pain compared to
controls showed increased bilateral middle/inferior temporal, posterior
hippocampal/fusiform and right thalamic, precuneus and posterior
cingulate GM volumes (Riederer et al., 2017). ROI analyses also iden-
tified increased right postcentral gyrus and left insular volumes in pa-
tients with NDSD compared to controls. Notably, patients with chronic
pain without NDSD compared to healthy controls also showed post-
central gyrus volumetric increases in ROI analyses.

In summary, volumetric studies across FND and SSD reported in-
sular and thalamic structural alterations (Maurer et al., 2018; Perez
et al., 2017b; Riederer et al., 2017; Valet et al., 2009), although a lack
of group-level differences has also been described (Aybek et al., 2014a;
Perez et al., 2017b) and studies have been inconsistent in delineating
striatal abnormalities in functional movement disorders (Espay et al.,
2018b; Maurer et al., 2018). Increases in motor/premotor GM volume
have been reported in some adult and pediatric FND populations
(Aybek et al., 2014a; Kozlowska et al., 2017), while others identified
reduced sensorimotor volume (Espay et al., 2018b; Maurer et al., 2018).
Patients with FND also exhibited increased amygdalar volumes com-
pared to controls (Maurer et al., 2018). Across three questionnaires
collected at one time point, left anterior insular volumes negatively
correlated with patient-reported FND symptom severity using ROI
analyses in one cohort (Perez et al., 2017a; Perez et al., 2017b). These
brain-symptom severity findings have not been independently re-
plicated.

4.3. Surface-based analyses

Several studies have applied surface-based approaches to delineate
precentral gyrus and paralimbic alterations among other findings in
patients with PNES and other motor FND subtypes (Labate et al., 2011;
Perez et al., 2018b; Ristic et al., 2015; Williams et al., 2018). Labate and
colleagues used dual surface-based CTH and VBM techniques in 20
patients (55% women) with PNES compared to 40 controls (Labate
et al.,, 2011). In whole-brain corrected VBM analyses, patients com-
pared to controls showed reduced bilateral cerebellum, right precentral,
middle frontal gyrus, ACC, and SMA volumes. In within-group analyses,
depression scores negatively correlated with right dorsal premotor vo-
lumes. In CTH analyses, patients with PNES showed thinning in the
right precentral, superior frontal, paracentral gyri and precuneus. De-
pression scores correlated with right superior frontal and paracentral
cortical thinning; somatoform dissociation severity inversely correlated
with left inferior frontal and central sulcus CTH.

Surface-based measures examined in 37 patients (84% women) with
PNES showed increased CTH in the bilateral medial orbitofrontal and
left insular and lateral orbitofrontal cortices compared to controls
(Ristic et al., 2015). Individuals with PNES also exhibited bilateral
precentral and right entorhinal and lateral occipital cortical thinning;
between-group sulcal depth abnormalities are described in Table 1.
Another CTH and gyrification study in 20 patients with PNES showed
reduced bilateral inferior frontal and right superior temporal and
medial orbitofrontal CTH compared to controls; this PNES cohort also
showed increased CTH in bilateral cuneus and left paracentral and
lingual regions (McSweeney et al., 2018). There were no between-
group gyrification differences.

In a recently published study, 23 patients with PNES showed de-
creased bilateral inferior frontal, medial orbitofrontal, left caudal
middle frontal, right precentral gyri and left insular surface area com-
pared to controls; increased left posterior cingulate surface area was
also observed in patients with PNES (Vasta et al., 2018). Using machine
learning, their MRI classification algorithm showed 75% accuracy in
discriminating PNES from healthy subjects, with the inferior frontal,
medial orbitofrontal and posterior cingulate cortices exhibiting the
most differentiating profiles.

In addition to surface-based studies in isolated PNES, a CTH study in
26 patients with mixed FND compared to controls (same cohort as
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(Perez et al., 2017b) showed no whole-brain corrected differences
(Perez et al., 2018b). However, the sub-group with high somatoform
dissociation showed reduced left caudal ACC CTH compared to con-
trols. In within-group analyses, somatoform dissociation severity in-
versely correlated to the left caudal ACC CTH across the FND cohort. A
positive within-group correlation was also observed between deperso-
nalization/derealization severity and right lateral occipital CTH. Both
within-group relationships remained significant controlling for trait
anxiety/depression, borderline personality disorder and PTSD, trauma
burden, FND subtypes, and antidepressant use in separate post-hoc
analyses. Another study in the same cohort showed that individual
differences in dismissing attachment style correlated with reduced left
parahippocampal CTH in women with FND (Williams et al., 2018). In
addition, individual differences in confrontative coping and adaptive
coping through accepting responsibility were associated with decreased
right hippocampal volumes and increased ventral precentral gyrus CTH
in women with FND, respectively.

Fourteen patients with chronic somatoform pain disorder showed
thinning of left sensorimotor cortices (pre and postcentral gyri) and the
left inferior temporal sulcus compared to controls (Magon et al., 2018).
These results were interpreted as identifying brain areas implicated in
sensory and affective processing of pain.

Overall, while the directionality of effects requires clarification,
early evidence suggests that individual differences in caudal ACC and
inferior frontal gyrus CTH in FND may be linked to somatoform dis-
sociation (Labate et al., 2011; McSweeney et al., 2018; Perez et al.,
2018b; Vasta et al., 2018). Notably, the ACC and inferior frontal gyrus
are implicated in attentional/cognitive control and self-monitoring, and
the caudal ACC is an integrative zone for cognitive control, negative
affect and nociception (Shackman et al., 2011). Furthermore, CTH
studies have been inconsistent in delineating possible motor/premotor/
SMA alterations, with studies reporting reduced (Labate et al., 2011;
Ristic et al., 2015), increased (McSweeney et al., 2018) or no group-
level CTH differences (Aybek et al., 2014a; Perez et al., 2018b); sen-
sorimotor cortical thinning was also observed in somatoform pain dis-
order (Magon et al., 2018).

4.4. White matter analyses

Several studies have used diffusion tensor imaging (DTI) to in-
vestigate white matter integrity in FND and somatization disorder (Ding
et al., 2013; Hernando et al., 2015; Lee et al., 2015; Zhang et al., 2015).
Lee and colleagues used tract-based spatial statistics (TBSS) to char-
acterize increased fractional anisotropy (FA) in the left internal and
external capsules, corona radiata, uncinate fasciculus, and white matter
tracts adjacent to the superior temporal gyrus in 16 PNES patients (15
women) compared to controls (Lee et al.,, 2015). In a tractography
study, a rightward asymmetry of the uncinate fasciculus was observed
in 8 patients with PNES compared to controls (Hernando et al., 2015).
Age of PNES onset inversely correlated with the magnitude of uncinate
fasciculus asymmetry. In both DTI studies, data was acquired on mul-
tiple scanners, introducing a potential confound.

A graph-theory study identified that 17 patients with PNES ex-
hibited a more lattice-like (small world) white matter organization and
decreased coupling strength of structural and functional connectivity
profiles compared to controls (Ding et al., 2013). In this study, struc-
tural connectivity was also altered across sensorimotor, attentional,
subcortical, and default mode networks in patients with PNES com-
pared to controls.

Another study examined gray and white matter changes in a cohort
of 13 “fixed” functional dystonia, 31 “mobile” functional dystonia and
43 controls (Tomic et al., 2018). Their results showed no differences in
CTH or GM volumes in both dystonia groups vs. controls. However,
individuals with mobile functional dystonia exhibited decreased left
nucleus accumbens, putamen, thalamic and bilateral caudate GM vo-
lumes compared to controls. In voxel-based white matter analyses,
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patients with functional dystonia showed decreased FA (and increased
mean and radial diffusivity) in the corpus callosum, corticospinal tract,
anterior thalamic radiations, cingulum bundle, uncinate fasciculus and
brainstem among other sites. This study highlights the utility of mul-
timodal neuroimaging techniques in elucidating the pathophysiology of
FND.

A TBSS study in 25 patients with somatization disorder compared to
28 controls showed no between-group differences correcting for mul-
tiple comparisons (Zhang et al., 2015). Somatization severity positively
correlated with FA values of the cingulum bundle and inferior fronto-
occipital fasciculus. Zhao and colleagues showed that 26 patients with
somatization disorder exhibited reduced white matter volume in the
right inferior frontal gyrus and left inferior longitudinal fasciculus
compared to controls (Zhao et al., 2018). These findings, however, did
not relate to clinical variables.

While white matter investigations in FND and somatization disorder
are at a particularly early stage, initial findings point towards possible
limbic fiber bundle alterations (Hernando et al., 2015; Lee et al., 2015;
Tomic et al., 2018; Zhang et al., 2015), with potentially more wide-
spread disturbances.

5. Discussion

The MRI literature to date, while in early stages, supports that some
FND and SSD populations exhibit structural brain alterations. Several
implicated areas potentially overlap across both disorders.

5.1. Sensorimotor-striatothalamic-limbic-paralimbic circuits in FND and
SSD

Structural changes involving primary and associative motor cortices
have been reported in patients with FND compared to controls.
Increases in premotor CTH and SMA volume have been identified in
hemi-paretic FND-limb weakness (Aybek et al., 2014a) and mixed-FND
pediatric (Kozlowska et al., 2017) populations, respectively. However,
both decreases and increases in motor-related GM have been observed
in patients with PNES (Labate et al., 2011; McSweeney et al., 2018;
Ristic et al., 2015). These observations suggest heterogeneity in the
magnitude and direction of potential motor alterations, even within
specific FND subtypes. Alternatively, these findings may indicate dif-
ferential involvement of motor regions during distinct ‘stages’ of disease
(see future directions section) or cohort differences in psychotropic
medication use. Lack of motor-premotor-SMA volumetric and CTH al-
terations have also been described in patients with FND (Aybek et al.,
2014a; Perez et al., 2018b; Perez et al., 2017b; Tomic et al., 2018),
suggesting that volumetric alterations may not be universally present in
all patients with FND. Overall, these seemingly contradictory findings
may relate to a multiplicity of distinct sample characteristics, and may
be disease-related or compensatory. Nonetheless, these emerging
structural alterations complement neuroimaging evidence showing
motor circuit abnormalities using resting-state (Kozlowska et al., 2018;
Li et al., 2015a; Wegrzyk et al., 2018) and motor tasks (Burgmer et al.,
2006; Cojan et al., 2009; Marshall et al., 1997; Spence et al., 2000;
Stone et al., 2007; Voon et al., 2011) in FND.

By contrast, studies in some SSD and NDSD cohorts compared to
controls implicate sensory regions, including postcentral and occipital-
temporal cortices (Magon et al., 2018; Riederer et al., 2017). In addi-
tion, while not universally identified, striatal-thalamic volumetric in-
creases have been reported in SSD and in functional movement disorder
patients (Hakala et al., 2004; Maurer et al., 2018). Smaller basal ganglia
and thalamic volumes have been found in other FND studies (Atmaca
et al., 2006; Espay et al., 2018b; Nicholson et al., 2014; Tomic et al.,
2018). These changes complement growing evidence supporting a role
for the thalamus beyond basic sensory-motor gating (Briggs and Usrey,
2008); reciprocal corticothalamic feedback serves to “sharpen the re-
ceptive fields,” but also potentially amplify sensory transmission arising
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from the periphery (Briggs and Usrey, 2008). Changes within these
pathways may relate to altered somatosensory perceptions in these
populations. Taken together, evidence points towards differential in-
volvement of structural sensorimotor-striatal-thalamic circuits in FND
and SSD, with commonly identified motor-related alterations in motor
FND and somatosensory involvement in SSD.

Cingulo-insular structural alterations have also been described in
FND and SSD populations (Labate et al., 2011; Perez et al., 2017a; Perez
et al., 2018b; Perez et al., 2017b; Riederer et al., 2017; Ristic et al.,
2015; Valet et al., 2009; Vasta et al., 2018). Notably, cingulo-insular
(salience) network structural changes have been reported in PNES
(Labate et al., 2011; Ristic et al., 2015; Vasta et al., 2018), mixed FND
(Perez et al., 2017a; Perez et al., 2018b; Perez et al., 2017b), NDSD
(Riederer et al., 2017), and somatoform pain disorder (Valet et al.,
2009), with cingulo-insular volumetric reductions possibly driven by
sub-populations reporting more severe functional neurologic symp-
toms. Furthermore, neuroimaging studies and meta-analyses in FND
(Aybek et al., 2015; Boeckle et al., 2016a; Espay et al., 2018a; Stone
et al., 2007) and SSD (Boeckle et al., 2016b; Perez et al., 2015a) support
cingulo-insular functional alterations. The salience network, which in-
cludes cingulo-insular, amygdala and periaqueductal gray areas as core
components, is implicated in the convergent processing of visceroso-
matic (interoceptive) and nociceptive inputs with affective, threat-re-
lated, and motivational value (Seeley et al., 2007). Anterior insula and
dorsal ACC areas are also implicated in cognitive (executive) control,
and the anterior insula plays a role in self and emotional awareness
(Craig, 2002; Paulus and Stein, 2006; Sinanaj et al., 2015). Integrating
the FND, SSD and cognitive-affective neuroscience literature, we pro-
pose that structural and functional cingulo-insular alterations may
contribute to impaired multimodal integration of affective and bodily-
related information, which could also help explain the multiplicity of
sensorimotor, affective and cognitive symptoms in some patients with
FND and SSD (Begue, 2018; Perez et al., 2015b; Vuilleumier, 2014).

Studies have also found prefrontal and paralimbic (orbitofrontal,
parahippocampal gyrus) structural alterations in FND and SSD
(Kozlowska et al., 2017; Labate et al., 2011; McSweeney et al., 2018;
Ristic et al., 2015; Valet et al., 2009; Williams et al., 2018). Patients
with PNES show reduced inferior frontal gyrus (Labate et al., 2011;
McSweeney et al., 2018) and altered orbitofrontal CTH (McSweeney
et al., 2018; Ristic et al., 2015) compared to controls. Inferior frontal
gyrus CTH alterations, linked to somatoform dissociation (Labate et al.,
2011), may relate more broadly to impaired top-down cognitive-emo-
tional regulation. A volumetric study in pediatric FND suggests that
developmental trajectories are also important for interpretative con-
siderations (Kozlowska et al., 2017). In addition, parahippocampal
volumetric reductions have been characterized in somatoform pain
disorder (Valet et al., 2009), and inversely correlated with insecure
attachment in patients with mixed FND (CTH) (Williams et al., 2018).
More research is needed to contextualize these parahippocampal find-
ings in relation to social-emotional, memory, and metacognitive abil-
ities (Begue et al., 2018b; Ward et al., 2014).

Finally, structural MRI findings in FND and somatization disorder
populations point to changes in the amygdala and pituitary gland
(Atmaca et al., 2016; Atmaca et al., 2011; Maurer et al., 2018; Perez
et al., 2017b; Yildirim et al., 2012). In parallel, studies in patients with
FND or SSD have identified heightened amygdalar activity at rest and/
or during performance of affectively-valenced, nociceptive or meta-
cognitive tasks (Aybek et al., 2015; Aybek et al., 2014b; Bégue et al.,
2018b; Gundel et al., 2008; Hassa et al., 2017; Kanaan et al., 2007;
Voon et al., 2010a). In addition, heightened amygdalar-motor control
network connectivity in the resting-state (Morris et al., 2017; Wegrzyk
et al., 2018) or during emotion processing (Aybek et al., 2015; Aybek
et al.,, 2014b; Voon et al.,, 2010a) suggests an important pathway
through which limbic structures may influence behavior. Notably, pa-
tients with SSD show potentially divergent amygdalar activations for
external (environmental) emotional processing and bodily-related
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stimuli (de Greck et al., 2012; Gundel et al., 2008; Perez et al., 2015a).

The evidence reviewed here employing a transdiagnostic approach
supports partially overlapping endophenotypes that may be disease
related, compensatory and/or the consequence of shared predisposing
vulnerabilities. To contextualize the structural neurobiology of FND
and SSD, the subsequent sections briefly review aberrant neuroplasti-
city following adverse life events, the role of gender in the development
of psychopathology, and the structural neurobiology of common neu-
ropsychiatric comorbidities.

5.2. Stress-related neuroplasticity and gender differences

Adverse life events, including childhood abuse, are predisposing risk
factors for the development of FND (Keynejad et al., 2018; Ludwig
et al., 2018) and SSD (Loeb et al., 2018; Paras et al., 2009), and trau-
matic experiences have enduring neurobiological effects (Dannlowski
et al., 2011; Lim et al., 2014; Teicher and Samson, 2013). Several areas
implicated in the pathophysiology of FND and SSD such as the ACC,
insula, orbitofrontal cortex and amygdala are susceptible to aberrant
stress-mediated neuroplasticity (Dannlowski et al., 2011; Lim et al.,
2014). Furthermore, childhood maltreatment in non-clinical popula-
tions is associated with automatic, biased negative emotional proces-
sing (Dannlowski et al., 2013) and sensitized amygdalar responsiveness
(Dannlowski et al., 2011), providing a potential bridge between emo-
tional processing and aberrant amygdala activations in patients with
FND (Bégue et al., 2018b; Pick et al., 2018). Moreover, oxytocin re-
ceptor genotypes are connected with heightened amygdalar activity
during negative emotional processing (Dannlowski et al., 2016), which
fits well with preliminary findings of increased oxytocin receptor gene
methylation in patients with FND (Apazoglou et al., 2017) and hy-
potheses of oxytocin abnormalities in SSD (Landa et al., 2012). Ad-
ditionally, it remains an unanswered question whether some trauma-
related neuroplastic changes increase a general predilection for the
development of psychopathology (i.e. hippocampal reductions), while
other changes may potentially facilitate the specific development of
FND and/or SSD.

Given links between adverse life events and aberrant neuroplasticity
in brain areas also implicated in the pathophysiology of FND and SSD, it
is noteworthy that parallel autonomic and neuroendocrine abnormal-
ities have been described in FND (Apazoglou et al., 2017; Bakvis et al.,
2010; Kozlowska et al., 2015; Reinsberger et al., 2012) and SSD
(Janssens et al., 2012; Rief and Barsky, 2005). Altered skin conductance
and startle eyeblink responses have also been reported in FND cohorts
(Kozlowska et al., 2018; Pick et al., 2017; Seignourel et al., 2007). Si-
milarly, patients with SSD compared to controls exhibit decreased
parasympathetic and increased sympathetic tone at baseline and during
emotional and nociceptive processing (Houtveen and van Doornen,
2007; Pollatos et al., 2011a; Pollatos et al., 2011b).

Gender is another relevant factor when contextualizing indirect,
nuanced links between adversity and the development of FND and SSD.
For example, women exhibit higher rates of depression and anxiety
than men exposed to similar traumatic experiences (MacMillan et al.,
2001). A recent review focused on the contribution of sex-based bio-
logical differences on adult psychopathology across three domains that
warrant study in FND and SSD (Tiwari and Gonzalez, 2018): (1) the role
of gonadal hormones on modulating interactions between HPA axis
functioning and adverse events across the lifespan; (2) gender differ-
ences in corticolimbic activations; (3) sex-specific interactions between
epigenetic modifications in candidate genes modulating the effects of
stress exposure and the development of psychopathology.

5.3. Neurocircuitry of psychiatric and other functional somatic disorders
Although this article focuses on the structural neurobiology of FND

and SSD, it is important to note the overlapping neurocircuitry with the
extended spectrum of other psychiatric and functional somatic
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disorders. In a VBM meta-analysis, patients with major depression
compared to controls showed reduced rostral ACC and dorsolateral/
dorsomedial prefrontal volumes; amygdalar and parahippocampal GM
volume reductions were also commonly appreciated in those with
mixed depression-anxiety (Bora et al., 2012). Similar volumetric ab-
normalities are observed in PTSD, involving bilateral ACC, orbitofrontal
and hippocampal reductions (Kuhn and Gallinat, 2013). Borderline
personality disorder, a comorbidity in some with FND, is linked to re-
duced bilateral amygdalar volumes (Ruocco et al., 2012).

Given the frequent co-occurrence of FND with other functional so-
matic disorders (i.e. fibromyalgia, irritable bowel syndrome) and
chronic pain disorders, as well as their negative impact on clinical
outcomes (Glass et al., 2018), it is notable that individuals with chronic
back pain, chronic tension headache, and fibromyalgia exhibit neuro-
circuit alterations within the central pain matrix which strikingly
overlap with many of the regions identified in the FND and SSD lit-
erature (Denk et al., 2014; Kuchinad et al., 2007; Schmidt-Wilcke et al.,
2006; Schmidt-Wilcke et al., 2005; Yuan et al., 2017). Furthermore,
prefrontal-striatal-thalamic-limbic structural alterations have also been
described in fibromyalgia, irritable bowel syndrome and/or chronic
fatigue syndrome (Cagnie et al., 2014; Finkelmeyer et al., 2018; Labus
et al., 2014; Seminowicz et al., 2010; Shi et al., 2016). This argues for
the need for considerable more research at the intersection of FND and
the full spectrum of functional somatic disorders (Grinsvall et al.,
2018).

6. Limitations

Methodological limitations in the FND and SSD structural MRI lit-
erature to date can be grouped into confounding factors, sample size
issues, varied diagnostic criteria, and neuroimaging methodological
concerns. See Tables 1 and 2 for specific limitations suggested for in-
dividual studies.

One major concern is heterogeneous patient characterization.
Individual symptoms (e.g. weakness, seizures, pain, etc.) are not con-
sistently reported across studies. Additionally, the systematic char-
acterization of relevant clinical parameters (symptom severity, dura-
tion, number of relapses, medication use histories, psychiatric/
neurological comorbidities etc.) is lacking. Since correlation of clinical
measures to structural neuroimaging profiles is not routinely per-
formed, or found to not be significant, this raises questions regarding
whether reported structural group-differences represent disease me-
chanisms, compensatory alterations or markers of predisposing vul-
nerabilities. It should also be highlighted that several studies have re-
ported no structural differences in FND cohorts vs. controls (Aybek
et al., 2014a; Perez et al., 2018b; Perez et al., 2017b; Tomic et al.,
2018). Onme interpretation may be that these studies were under-
powered to capture quantifiable differences; alternatively, structural
profiles may not be uniform across patients and perhaps influenced by
symptom severity, disease chronicity, neuropsychiatric comorbidities
and so on. In our opinion, a fruitful approach that embraces the in-
herent heterogeneity present in FND and SSD populations is to com-
plement between-group analyses with stratified sub-group and within-
group analyses based on clinically relevant characteristics (i.e.
symptom severity, psychiatric comorbidities etc.). It also remains un-
clear whether the neurobiology of isolated functional deficits (e.g. limb
weakness) differs significantly from mixed presentations.

The lack of comprehensive characterization of predisposing vul-
nerabilities, routine correction for depression and anxiety, and con-
sideration of treatment effects (medications, psychotherapy, phy-
siotherapy, etc.) are additional confounds. In particular, there is
frequently limited characterization of comorbid psychiatric conditions
and other functional somatic syndromes. Notably, it is our opinion that
comorbid mood/anxiety symptoms are not simply “nuisance” variables.
Instead, it seems likely that some nodes in the neurobiology of FND and
SSD may be at the intersection of sensorimotor, viscerosomatic and
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affective processing. In addition, the apparent exclusion of psychiatric
comorbidities in some studies (Hakala et al., 2004; Yildirim et al., 2012;
Zhang et al., 2015) raises the question of generalizability for clinical
populations where depression and anxiety are common. Nonetheless, it
is important to perform additional analyses adjusting for co-morbid
depression, anxiety and psychotropic medication use to evaluate these
nuanced relationships. To aid the identification of specific brain-
symptom relationships in FND and SSD, we suggest the future use of
psychiatric and neuropsychiatric controls (e.g. PTSD, mood-anxiety
disorders, dissociative disorders, migraine, mild traumatic brain injury
etc.). Longitudinal studies would also help disentangle the effects of
trait vs. state factors.

Another limitation is that some SSD cohorts appear poorly char-
acterized clinically. This issue is particularly relevant for the studies in
somatization disorder where the presence of functional neurological
symptoms is ill-defined, and it is unclear if neurological examination
signs were used as part of the basis for this categorization. As noted
previously, it also remains an unanswered question how the prior di-
agnostic categories of somatization disorder, somatoform pain disorder
and undifferentiated somatoform disorder will explicitly relate to the
DSM-5 SSD category, even though the authors of the DSM-5 expected
these diagnostic categories to be connected (Dimsdale et al., 2013).
Other concerns with the DSM-5 SSD category have also been raised,
including its potential use for patients with established medical or
neurological etiologies for the patient's somatic symptoms (Mayou,
2014). Future research efforts should integrate the larger spectrum of
functional somatic disorders, such as irritable bowel syndrome and fi-
bromyalgia with positive diagnostic criteria.

Neuroimaging methodological concerns include underpowered
sample sizes, variable correction for multiple comparisons (whole-brain
corrected vs. ROI vs. uncorrected findings) and limited use of multi-
modal measures (e.g. CTH and GM volume). Across FND and SSD re-
search there has also been a limited number of independent cohorts,
underscoring the need for larger and a greater number of independent
samples that can address statistical power and patient heterogeneity
concerns. For example, some groups used the same cohort to examine
MRI profiles related to physical health and predisposing vulnerabilities
(Perez et al., 2017b; Williams et al., 2018); others may have applied
distinct neuroimaging techniques (white matter volume and tract-based
analyses) in the same cohort (Zhang et al., 2015; Zhao et al., 2018).
Caution should be taken to not over interpret the structural neuroi-
maging literature outlined here, particularly given that the neural
mechanisms of FND and SSD remain distinct from lesional neurological
conditions. In addition, given the identified study limitations, the brain
structure — patient cohort relationships detailed in this systematic re-
view should be interpreted with caution and require replication. Fur-
thermore, studies employing multimodal methods that combine neu-
roimaging endophenotypes  with  behavioral, autonomic,
neuroendocrine, and genetic/epigenetic data are needed.

7. Future directions

Regarding the path forward, we advocate for research in disease
staging to tackle heterogeneity issues. Staging models for chronic dis-
orders such as hypertension and congestive heart failure are frequently
used in medicine to delineate disease progression and inform treatment,
yet this approach has been minimally used in neuropsychiatry
(McGorry et al., 2014). Mechanistically, the staging concept captures
functional and structural alterations as the disease progresses and im-
plies the existence of at-risk individuals. Such individuals, in the con-
text of gene-environment interactions, may have variable risk for the
development of FND and/or SSD, as well as distinct prognoses. A sta-
ging algorithm could prove useful by placing a given patient in a con-
tinuum starting from an at-risk phase (stage 0) through to a chronic,
relapsing/persistent phase (stage 3). In addition, staging algorithms
would begin to operationalize cohort characterization for research
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practices.

Staging algorithms should incorporate developmental trajectories,
with potentially distinct criteria for pediatric and adult populations.
Staging classification scores might include:

a) demographic parameters including age and gender.

b) clinical parameters such as number and severity of individual
symptoms, sites of involvement, episode duration, number of re-
lapses etc.

c) presence and severity of psychiatric comorbidities, concurrent
functional somatic syndromes, and prior treatment considerations.

d) impact on functionality (e.g. patient-rated, clinician-rated (Hinson
et al., 2005)).

As a work-in-progress example: stage 0 — no clinical manifestation;
stage 1 — within 12-months of first clinically salient episode; stage 2a —
recurrent disability with multiple episodes (or persistent symptom
duration > 1year) and moderate impact on functioning; stage 2b —
stage 2a with presence of major psychiatric comorbidities or another
functional somatic disorder; stage 3 — chronically ill or with multiple
relapses severely impacting functionality. Notably, the staging ap-
proach fits well with stepped-care and multidisciplinary treatment ap-
proaches for FND and SSD. Furthermore, as the field advances, MRI
biomarkers may also be introduced into the criteria to provide greater
biological specificity to disease staging algorithms.

In conclusion, emerging data suggests that some FND and SSD co-
horts show evidence of both a “software” and “hardware” problem. The
intersection of FND and DSM-5 SSD diagnostic categories have not yet
been explicitly studied. Furthermore, current data does not allow con-
clusions regarding if the structural neuroimaging findings outlined here
are disorder specific, or more closely related to predisposing risk factors
and/or compensatory changes.
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