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Abstract

Functional motor disorders (FMD) are common and disabling conditions, but objective biomarker changes following
multidisciplinary management remain limited. Our objective was to investigate changes and responsiveness of multimodal
biomarkers in individuals with FMD undergoing multidisciplinary management. 34 patients with clinically definite FMD
(mean age 42.76+11.01 years; 85.7% female; mean disease duration 0.64=+1.52 years) underwent a standardized multi-
modal assessment at baseline and 3-month follow-up after a multidisciplinary program. The intervention included a 5-day
intensive rehabilitation program (2 h/day), followed by a 12-week phase of telemedicine (one session every 2 weeks) and
home-based self-management (two sessions/week). Multimodal biomarkers across motor, exteroceptive, interoceptive, and
brain function domains were assessed using clinical, neurophysiological, and task-based functional MRI measures. Motor
symptoms improved with concurrent gains in depressive symptoms, physical quality of life, and fatigue (all, p<0.047).
Specific improvements were observed in motor performance, including reduced stride time variability during cognitive
dual-tasking (p=0.018) and enhanced postural stability mainly in the eyes-closed condition (all, p<0.028), while neuro-
physiological and nociceptive measures remained unchanged. Patients showed altered baseline brain activity compared
with controls; post-intervention changes were observed in motor, cerebellar, and fronto-insular regions (p<0.001, uncor-
rected), without correlations with clinical outcomes. Multidisciplinary management in FMD was associated with improved
clinical outcomes and specific motor and neural changes, suggesting domain-specific responsiveness and a potential role
for multimodal biomarkers, requiring confirmation in larger controlled studies. Trial Registration number NCT06328790.
Registered on 26 March 2024.
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M. Gandolfi et al.

Introduction

Functional Motor Disorders (FMD) are common and dis-
abling conditions within the broader spectrum of Func-
tional Neurological Disorders (FND) characterised by
motor symptoms such as limb weakness, tremor, dystonia,
gait disorders, often associated with non-motor symptoms,
including pain and fatigue that further impact quality of life
(Véchetova et al. 2018). The prevalence of FMD is high
among patients attending neurology units, both as isolated
and combined phenotypes (Stone et al. 2010; Tinazzi et
al. 2020). This clinical complexity reinforces the need for
refined therapeutic approaches.

FMD arises from a dysfunction of the neural system inte-
grating interoceptive, exteroceptive, and motor signals, in
which symptoms reflect altered perceptual inferences about
the state of the body rather than structural damage (Hallett et
al. 2022; Gandolfi et al. 2026). This model suggests shared
mechanisms involving altered attention, sense of agency,
and belief processing, underlying different symptoms pre-
sentations (Hallett et al. 2022; Gandolfi et al. 2026).

Early diagnosis based on positive clinical signs (i.e.,
Hoover sign) and identification of incongruence and
inconsistency of symptoms remains a cornerstone of mul-
tidisciplinary management (Espay et al. 2018) Special-
ised rehabilitation within the biopsychosocial framework
represents a key component (Gelauff et al. 2014; Nielsen
et al. 2015; Gandolfi et al. 2025). Physiotherapy includes
education, retraining of movement patterns, reduction of
maladaptive attention to symptoms and restoration of motor
control through motor relearning and behavioral change
(Nielsen et al. 2015). Treatment response is variable, and
mechanisms underlaying recovery are not fully understood.
In this context, biomarkers may improve diagnostic preci-
sion and prognostic stratification (Thomsen et al. 2020).

Despite increasing interest, only a limited number of bio-
markers have been validated in FMD and evidence is mainly
cross-sectional and focused on single domains (Thomsen
et al. 2020). Neurophysiological findings support diagno-
sis, mainly in functional tremor and myoclonus (Edwards
et al. 2024). Neuroimaging studies have identified potential
biomarkers not restricted to specific phenotypes consisting
of hyperconnectivity across sensorimotor, attentional, and
emotional networks (Stone et al. 2007; Voon et al. 2010;
Schrag et al. 2013a, b; Maurer et al. 2016; Hassa et al. 2017,
Nahab et al. 2017; Wegrzyk et al. 2018; Bégue et al. 2018;
Thomsen et al. 2020). However, responsiveness to treat-
ment remains poorly explored, and longitudinal multimodal
studies are lacking (Thomsen et al. 2020).

This study explores changes in multimodal biomark-
ers following multidisciplinary management in individu-
als with FMD, reflecting motor, exteroceptive, and brain
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activity dysfunction. (Gandolfi et al. 2024) We hypothesized
that a subset of these biomarkers, aligned with the underly-
ing pathophysiology, may represent candidates sensitive to
treatment-related changes in specific domains, warranting
further validation.

Methods

We conducted a prospective longitudinal study includ-
ing 34 patients with a clinically definite diagnosis of FMD
recruited at Neurological Unit B, AOUI Verona, Italy
(Gupta and Lang 2009). Participants underwent a standard-
ized multimodal assessment at baseline (T0) and at 3-month
follow-up (T1) after a specialised multidisciplinary rehabili-
tation program (Gandolfi et al. 2024). Ethics approval was
obtained (4201CESC-PNRR-MAD-2022-12376826), and
all participants signed written informed consent.

Participants were eligible if they had been previously
enrolled in the multimodal assessment study, met the pre-
defined selection criteria outlined in the published study
protocol, and completed the multidisciplinary program
(Gandolfi et al. 2026). Healthy controls included in the
imaging analyses were recruited consecutively according to
the same eligibility criteria specified in the study protocol
and underwent identical baseline assessment procedures,
except for the longitudinal rehabilitation program (Gandolfi
et al. 2024). Exclusion criteria were a Mini-Mental State
Examination score<24/30; physical conditions precluding
the provision of informed consent; documented major neu-
rological or major psychiatric disorders that could interfere
with study participation or data interpretation (including
neuropathy, seizures, major depressive disorder, ADHD, or
autism spectrum disorder), (Gandolfi et al. 2024); and con-
traindications to 3T MRI.

Clinical assessment.

Demographic (age, sex) and clinical data (disease dura-
tion, phenotype) were collected according to protocol (Gan-
dolfi et al. 2024). Motor symptom severity was assessed
using the clinician-rated Simplified Functional Movement
Disorders Rating Scale (S-FMDRS; range 0-54, higher
scores indicate greater severity). (Nielsen et al. 2017)
Fatigue, pain, anxiety, depression, and alexithymia were
assessed using validated self-report instruments (Gandolfi
et al. 2025): the Multidimensional Fatigue Inventory (MFI),
the Brief Pain Inventory (BPI), the Beck Anxiety Inven-
tory (BAI), the Beck Depression Inventory-II (BDI-II), and
the Toronto Alexithymia Scale (TAS-20) (Beck A. T. 1993;
Smets et al. 1995; Beck A. T., Beck, A. T., Steer, R. A.,
& Brown 1996; Bressi et al. 1996; Poquet and Lin 2016).
Quality of life was assessed using the 12-item Short Form
Health Survey (SF-12), including the physical and mental
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component summary scores (Gray et al. 2006). The Clinical
Global Impression—Improvement (CGI-I) scale was used to
assess perceived clinical change on a 7-point scale (1 =very
much improved; 7=very much worse) (Guy, 1976).

Biomarkers assessment

Multimodal biomarkers across motor, exteroceptive, and
cerebral domains were collected at TO and T1 using a pre-
viously published standardised protocol (Vinciguerra et al.
2026; Gandolfi et al. 2026). This framework supports the
development of diagnostic machine-learning algorithm
based on multimodal biomarkers. (Gandolfi et al. 2026)
In this longitudinal analysis, we selected a priori biomark-
ers to assess their responsiveness to the multidisciplinary
intervention, including motor, neurophysiological, and MRI
measurements (Gandolfi et al. 2026).

In the motor domain, we assessed blink reflex R2 response
areas, spatiotemporal gait parameters, and postural control
using instrumental gait analysis and stabilometry (Gandolfi
et al. 2021, 2023a, 2026; Sandri et al. 2024; Vinciguerra et
al. 2026). Blink reflex R2 areas were obtained from ipsi-
lateral and contralateral responses following supraorbital
nerve stimulation (square-wave pulses, 0.2 ms duration,
supramaximal intensity) (Vinciguerra et al. 2026). Gait and
postural parameters were evaluated under single- and dual-
task conditions (Gandolfi et al. 2021, 2023a, 2026; Sandri et
al. 2024). The single-task condition consisted of standing on
the platform while fixating a cross at eye level and walking
at a self-selected speed along a 10-m corridor (Gandolfi et
al. 2021, 2023a, b; Sandri et al. 2024). The motor dual-task
consisted of repetitive pronation—supination movements of
the dominant hand, whereas the cognitive dual-task con-
sisted of serial subtraction of seven from 100 (Gandolfi et
al. 2021, 2023a, b; Sandri et al. 2024). A visual dual-task
consisted of fixation on a target at eye level during gait.
(Gandolfi et al. 2023a; Sandri et al. 2024) Spatiotemporal
parameters included stride length (m), stride time (ms), gait
speed (m/s), and stride time variability (Gandolfi et al. 2021,
2023a, 2026; Sandri et al. 2024). Postural control param-
eters included sway area (mm?), sway perimeter (mm), and
center-of-pressure displacement in the anterior—posterior
and medio—lateral directions under eyes-open and eyes-
closed conditions (Gandolfi et al. 2021, 2023a, 2026; Sandri
et al. 2024). Romberg ratios were calculated for the sway
area. The Dual-Task Effect (DTE) was expressed as percent-
age changes relative to single-task performance (Plummer
et al. 2015; Gandolfi et al. 2026).

In the exteroceptive domain, N2—-P2 amplitude from
laser-evoked potentials (Squintani et al. 2021; Gandolfi et
al. 2026) were recorded from the foot during a conditioned
pain modulation paradigm.

In the cerebral domain, two functional MRI (fMRI) tasks
were used to assess brain activity in FMD patients using a
3T MRI scanner, a “motor-task” and a “dual-task™ as pre-
viously proposed (Sarasso et al. 2021). The “motor-task”
consisted of alternated self-paced dorsal and plantar flexion
movements of the feet with eyes closed, whereas the “dual-
task” involved the same antiphase foot movement executed
while mentally counting backward by threes starting from
100. For both fMRI tasks, a block design (ABAB) was
used, in which the activation A (lasting about 19 seconds)
corresponded to foot movements, while during the resting
period B (lasting about 19 seconds) subjects maintained
eyes closed. Each period was repeated 6 times (total dura-
tion 3’47”). Tasks were performed in response to auditory
stimuli (“go” and “stop”) with prior training outside the
scanner and visual monitored by an observer during scan-
ning to ensure correct execution.

Structural imaging (T1-, T2-, and fluid-attenuated inver-
sion recovery - FLAIR) was performed to exclude relevant
CNS lesions. MRI acquisition parameters and preprocessing
procedures are detailed in the Supplementary Material. MRI
scans were available at baseline for 63 subjects with FMD
and 17 age- and sex-matched healthy controls. Healthy con-
trols were consecutively recruited within the framework
of the ongoing multimodal biomarker project according to
the published study protocol (Gandolfi et al. 2024) They
underwent the same baseline clinical, neurophysiological,
and MRI assessment protocol as patients, including neu-
rological history, Mini-Mental State Examination screen-
ing, and structural MRI to exclude relevant neurological
disorders. Healthy controls participated exclusively in the
baseline cross-sectional comparisons and did not undergo
the multidisciplinary intervention or longitudinal follow-up
assessments.

Multidisciplinary program

FMD multidisciplinary management is a three-stage pro-
cess: a S5-day intensive rehabilitation program disrupts
maladaptive sensorimotor and attentional priors, telemedi-
cine reinforces adaptive positive behaviour through itera-
tive feedback, and self-management consolidates these
changes into internally regulated control of movement and
behaviour.

All patients completed a 5-day intensive rehabilitation
program (2 h/day, 5 days) followed by a 12-week pro-
gram including telemedicine sessions (every 2 weeks) and
home-based sessions (1 h/session, 2 sessions/week). The
conceptual framework is shown in Fig. 1, and intervention
components are detailed in the Supplementary Material
Tables 1 and 2.

@ Springer
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Rehabilitation for Functional Motor Disorders:
Targeting Predictive Processing Mechanisms

Maladaptive Predictive Models

.°\ /°' (Cognitive, Attentional, Agency, Motor)
(T\ Generate a mismatch between
intention, perception, and action

&)\ G
Intensive Rehabilitation o

re
o DISRUPT MALADAPTIVE PRIORS
« Cognitive mechanisms
(education, belief modificaticn)
= Attentional modulation »
(attention redirection, dual-task)

]

* Motor retraining processes
(graded, task-specific practice)

Rapid reduction of motor and non-motor symptoms
and restoration of normal movement patterns

- Disrupt maladaptive priors

Telemedicine Support
REINFORCE ADAPTIVE PREDICTIONS

+ Reinforcement processes
(remote supervision, feedback)

« Task progression optimisation
(exercise adaptation over time)

* Therapeutic engagement
(ongoing interaction)

Maintenance and stabilisation of clinical gains;
enhancement of adherence and engagement

- Reinforce adaptive predictions

o Self-Management
INTERNALISE MOTOR CONTROL
+ Home practice

(self-directed exercises)
* Goal-directed behaviour
(meaningful activity and goals)
* Integration into daily life
Promotion of long-term autonomy and integration
of therapeutic strategies into daily life

(contextual practice)

= Internalise motor control

Restored Alignment Between

Intention, Perception and Action

Fig. 1 Staged management framework for functional motor disor-
ders. Intensive rehabilitation disrupts maladaptive predictive models
through education, attentional redirection, and motor retraining, pro-
moting faster improvements. Telemedicine reinforces adaptive predic-
tions and maintains clinical improvements. Self-management supports

Statistical analysis

Descriptive statistics included mean (SD) or median (IQR)
for continuous variables and counts and percentages for
categorical variables. Within-group changes from TO to T1
were assessed using paired t tests or Wilcoxon signed-rank
tests, depending on data distribution. Normality was evalu-
ated using the Shapiro—Wilk test. Mean differences (T1-T0)
with 95% confidence intervals were estimated, including
bootstrap resampling. Changes of approximately 5 points
for the BDI-II and 3—5 points for the SF-12 physical compo-
nent score were considered clinically meaningful (MCID)
(Button et al. 2015; Diaz-Arribas et al. 2017).

fMRI preprocessing and analysis

Before statistical analysis, images were realigned to the first
volume to correct for motion (all participants showed maxi-
mal head movements lower than 3 mm in each direction),
slice-timing corrected, coregistered to the subject’s 3DT1,
spatially normalized into the standard MNI (Montreal Neu-
rological Institute) space, and smoothed applying an 8-mm
3-D Gaussian filter. BOLD signal changes associated with
the foot movement tasks (including movement parameters
as confounds) were evaluated voxel by voxel using the
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long-term autonomy and internalization of motor control. These three
stages promote the restoration of alignment between intention, percep-
tion, and action. Figure created with the assistance of artificial intel-
ligence (ChatGPT/OpenAl)

General Linear Model (GLM) and Gaussian field theory.
Specific effects were tested by applying appropriate linear
contrasts. Significant hemodynamic changes for each con-
trast were evaluated using SPM.

Differences between groups (healthy controls vs. FMD)
in each task were assessed using a two-sample t-test.
Changes over time within each task and each group, were
evaluated using a paired t-test. Between-group findings are
FWE-corrected and shown at p<0.05; longitudinal within-
group findings are shown at p<0.001 uncorrected; and
only clusters greater than 10 voxels were considered. Mean
BOLD signal was extracted from clusters showing signifi-
cant differences after training in FMD subjects, and cor-
relations with significant changes in clinical, gait analysis,
postural control, and neurophysiological parameters were
assessed using Spearman’s correlation coefficient in SPSS.

Results

Participants had a mean age of 42.76+11.01 years, and
were mainly female (n=30, 85.7%). The mean disease dura-
tion was 0.64=+1.52 years. Demographic characteristics of
subjects included in the fMRI analyses are reported in the
Supplementary Material (Supplementary Tables 3—5). Lon-
gitudinal fMRI analyses were conducted in a subsample: 26



Multimodal assessment of clinical and neural changes following multidisciplinary management in functional...

patients had fMRI motor-task data available at both time
points, and 20 had fMRI dual-task data. Clinical characteris-
tics and FMD phenotypes are reported in Table 1. The num-
ber of participants contributing to each analysis is reported
in the Results and summarized in Supplementary Table 10.

At 3-month follow-up, motor symptoms severity sig-
nificantly improved by —9.32 points on the S-FMDRS

Table 1 Clinical characteristics and symptom distribution

Variable n (%)
FMD symptoms

Weakness 22 (64.7)
Gait disorders 21 (61.8)
Tremor 15 (44.1)
Other 14 (41.2)
Dystonia 8(23.5)
Myoclonus 5(14.7)
Symptom distribution

Isolated (1 symptom) 7 (20.6)
Combined (>2 symptoms) 27(79.4)
Gait phenotype (n=21)

Slow gait 8(36.4)
Other gait disorders 6(27.3)
Ice walking 2(9.1)
Paraparetic gait 2.1
Astasia—abasia 2(9.1)
Knee buckling 2(9.1)
Non-neurological comorbidities

>1 comorbidity 18 (52.9)
No comorbidities 16 (47.1)
Type of comorbidities

Endocrine-metabolic 6 (17.6)
Musculoskeletal 3(8.8)
Psychiatric 2(5.9)
Other (less frequent) 2(5.9)
Gynaecological 1(2.9)
Gastrointestinal 1(2.9)
Neurological 0(0.0)
Associated FND symptoms

Visual disturbances 18 (52.9)
Sensory symptoms 15 (44.1)
Cognitive symptoms 14 (41.2)
Pain (fibromyalgia) 8(23.5)
FS 7 (20.6)
IBS 4(11.8)
Associated FND distribution

Isolated (1 symptom) 9 (26.5)
Combined (=2 symptoms) 19 (55.9)
None 6(17.6)

Psychiatric comorbidities refer to historical psychiatric condi-
tions (one history of panic attacks, 1 history of fluctuating depres-
sive symptoms) that did not meet the predefined exclusion criteria
for major psychiatric disorders and were not present in the last year
before enrolment

FMD functional motor disorder, F'S functional seizures, /BS irritable
bowel syndrome

(Fig. 2) alongside reductions in anxiety, depressive symp-
toms (exceeding the MCID), fatigue, and improvements
in physical Quality of life (exceeding the MCID). No sig-
nificant changes were observed in the remaining outcomes.
Statistics are reported in Table 2. Overall, 58.8% of patients
(n=20) were classified as improved, 20.6% (n=7) showed
no change, and 20.6% (n=7) worsened at the CGI-I scale.

In the motor domain, a significant reduction in stride time
variability was reported during the cognitive dual-task con-
dition (p=0.018), indicating improved gait stability under
cognitive load. Postural control improved particularly in
the eye-closed condition during single-task, with reduction
in sway area, perimeter, and velocity of the CoP displace-
ment in both anteroposterior and mediolateral directions, as
well as in eyes-open perimeter. A significant improvement
in DTE in the sway area was observed during the cognitive
dual-task condition. Neurophysiological and nociceptive
measures did not show significant changes. For details see
Supplementary Tables 6-8.

Imaging results

At baseline, patients with FMD showed reduced activ-
ity of bilateral cerebellum IV-V and vermis IV-V relative
to healthy controls during the fMRI motor task, while they
showed reduced activity of left cerebellum lobule IV-V and
vermis IV-V, and increased activity of right angular gyrus
during the fMRI dual-task (Fig. 3a and b and Supplemen-
tary Table 5). After training, patients with FMD showed
increased activity in the right paracentral lobule during the
fMRI motor task; moreover, they showed increased activ-
ity in the right cerebellum IX and reduced activity in the
right inferior frontal gyrus pars opercularis/insula during
the fMRI dual-task (Fig. 3c and d and Supplementary Table
9). No correlations were found between fMRI changes and
clinical improvements in FMD.

Discussion

Our findings suggest that only a subset of the investigated
biomarkers showed sensitivity to change following multi-
disciplinary management, particularly those related to motor
control and attentional modulation, including gait variabil-
ity under cognitive dual-task conditions, postural stability
parameters in the eyes - closed condition, and task-related
brain activity. Neurophysiological and nociceptive mea-
sures remained unchanged. This pattern suggests a domain-
specific responsiveness rather than global responsiveness of
biomarker in FMD.

The observed improvements in motor performance and
postural control suggest that multidisciplinary rehabilitation

@ Springer



M. Gandolfi et al.

Fig.2 Changes in motor symptom Paired data Bootstrap mean difference (95% Cl)
severity at 3-month follow-up. 35 4
Paired individual data showing 4
S-FMDRS total scores at baseline 301
(T0) and 3-month follow-up (T1). =
Each line represents an individual o 251 E. B e 00 igaseamesoy
patient. Violin plots show the S o
distribution of scores, with the % 20 4 o ~81
mean overlaid. Bootstrap sampling & é
distribution of the mean difference ¥ 15 A E ~10 -
in S-FMDRS total score (T1-T0), s 5]
with the mean difference and corre- &5 10 4 5 i
. . o —12
sponding 95% confidence interval O . A
indicated. Negative values reflect 54
an improvement in motor symptom —141
severity 0 -

Table 2 Changes in clinical outcomes from baseline (T0) to 3-month
follow-up (T1)

Variables TO T1 p value
(mean+SD) (mean+SD)
S-FMDRS total score 16.79+9.88 7.47+8.10  <0.001*
TAS-20 total score 48.24+14.43 46.59+£16.90  0.050
BAI total score 18.56+10.38 16.59+£10.07  0.047*
BDI-II total score 15.85+11.24 10.35+10.75  0.001*
BDI-II somatic subscore ~ 10.50£6.92 6.32+5.85 <0.001*
BDI-II cognitive subscore ~ 5.35+5.47 4.00+£5.91 0.059
Worst pain 5.44+4.00 4.97+3.75 0.228
Least pain 1.56+2.49 1.53+£2.36 0.980
Average pain 4.09+3.13 3.71£3.08 0.402
Current pain 3.12+3.23 2.56+2.84 0.105
BPI mean interference 3.57+3.04 3.04+2.85 0.113
score
SF-12 physical compo- 33.19£10.55 38.20+11.19  0.003*
nent score
SF-12 mental component 42.60+9.88  43.28+£10.26  0.533
score
MFI-20 general fatigue 15.09+£3.60  14.44+2.20 0.169
MFI-20 physical fatigue ~ 14.18+3.68 9.38+2.50  <0.001*
MFI-20 reduced activity ~ 12.29+4.78  10.15+2.68 0.007*
MFI-20 reduced 9.50+3.17 7.53+1.81 0.001*
motivation
MFI-20 mental fatigue 11.32+4.10  11.53+2.08 0.702
MF]I-20 total score 62.38+14.69 53.03+£8.99  <0.001*
BAQ total score 77.94+18.81 76.97+£21.27  0.955

S-FMDRS simplified functional movement disorders rating scale,
TAS-20 Toronto alexithymia scale, BAI beck anxiety inventory, BDI
beck depression inventory-11, BP/ brief pain inventory, SF-12 12-item
short form health survey, MFI-20 multidimensional fatigue inven-
tory, BAQ body awareness questionnaire

£p<0.05

may target mechanisms underlying motor control and atten-
tional process (Gelauff et al. 2014). Particularly relevant is
the finding that postural stability parameters improved in
the eyes-closed condition, where internal focus of atten-
tion is typically emphasized and, in FMD, usually induces
worsening of performance (Woollacott and Shumway-Cook
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2002). This improvement suggests that FMD specialised
rehabilitation might enhance postural stability even in this
challenging condition, in which visual information is miss-
ing, and patients may rely more efficiently on sensorimo-
tor integration processes (Woollacott and Shumway-Cook
2002).

Neuroimaging findings provide preliminary insight into
the neural mechanisms that may accompany these domain-
specific changes. We investigated task-related brain activity
in FMD patients during two fMRI tasks: a motor task and
a cognitive dual-task. Patients showed altered brain activ-
ity relative to baseline healthy controls activity during both
tasks, with reduced recruitment of cerebellar lobules IV
and V, mainly during the fMRI motor task, and increased
activity of the angular gyrus during the fMRI dual-task.
Cerebellar areas V-V are sensorimotor regions (Guell and
Schmahmann 2020) and their reduced activity may reflect
a disrupted sensorimotor-cerebellar network in the context
of altered motor control and sense of agency in FMD (Sasi-
kumar and Strafella 2021). The increased activity in the
angular gyrus, involved in attention reorientation and prob-
lem solving (Seghier 2013), during fMRI dual-task in FMD
patients might reflect a reallocation of attentional resources
away from excessive self-focused motor monitoring during
the dual-task. ¥ These findings further support the use of
dual-task training in FMD rehabilitation.

Finally, fMRI tasks revealed neural changes follow-
ing rehabilitation. After the intervention, patients showed
increased activity in the paracentral gyrus during motor
task, which plays a crucial role in voluntary control of the
lower limb and foot, possibly suggesting partial restora-
tion of motor control. During the fMRI dual-task, increased
activity in a cerebellar area involved in attentive processes
(Guell and Schmahmann 2020) and decreased activity in
the inferior frontal gyrus and insula were observed, regions
involved in the aberrant emotional processes that typically
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Fig. 3 a Brain activity during
fMRI motor-task (a) and dual- a)
task (b) in FMD patients relative

to healthy controls. Longitudinal
changes in brain activity during
fMRI motor task (c¢) and dual-task
(d) after rehabilitation in patients
with FMD. Findings in panels

(a) and (b) are shown at p<0.05
FWE corrected; findings in panels
(¢) and (d) are shown at p<0.001
uncorrected. Only clusters greater
than 10 voxels are reported.
Results are shown on axial sec-
tions of the Montreal Neurological
Institute standard brain. Color bars
denote T values. Abbreviations:
FMD =Functional Movement Dis-
orders; fMRI=functional magnetic
resonance imaging; HC =healthy
controls; TO=baseline (pre-rehabil-
itation); T1=post-rehabilitation

FMD < HC

T1>T0
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interfere with movement in FMD (Roelofs et al. 2019; Perez
etal. 2021).

Evidence on rehabilitation in FMD is limited to a few
adequately powered randomized controlled trials available
(Dallocchio et al. 2016; Nielsen et al. 2024; Gandolfi et al.
2025). These studies differed from each other and from our
study in terms of the nature (Cognitive Behavioral Therapy
associated with adapted physical activity program) and
intensity of intervention (nine specialised physiotherapy
sessions delivered over 3 weeks) (Dallocchio et al. 2015;
Nielsen et al. 2024). Moreover, they relied on subjective
(self-reported) outcomes (Dallocchio et al. 2015; Nielsen et
al. 2024). No previous studies have investigated combined
behavioral and MRI changes following multidisciplinary
management in FMD, limiting direct comparisons with
existing literature. These results align with our previous
single-blind randomised controlled trial demonstrating the
cost-effectiveness of a multidisciplinary approach including
specialised physiotherapy for FMD supported by telemedi-
cine in both objective (S-FMDRS) and subjective (QoL)
measures (Gandolfi et al. 2025), extending current knowl-
edge on specialized rehabilitation-related mechanisms in
FMD (Gandolfi et al. 2025). Clinical improvement was
not paralleled by changes across all biomarker domains,
suggesting differential responsiveness of these measures
to short-term rehabilitation. The stability of neurophysi-
ological measures should not necessarily be interpreted as
a negative finding but may reflect lower responsiveness to
short-term rehabilitation. Although current evidence sup-
ports shared pathophysiological mechanisms across FMD
phenotypes (Hallet et al. 2022), the clinical heterogeneity of
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c) FMD - fMRI motor task

b) fMRI dual-task
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our cohort may have contributed to the variability observed
in treatment response. This interpretation requires confirma-
tion in larger controlled studies.

Beyond their mechanistic relevance, these findings may
also inform the design of future randomized controlled trials
in FMD. Motor performance measures may represent prom-
ising objective outcomes for monitoring treatment response,
whereas neurophysiological and MRI measures may be
more informative for investigating treatment mechanisms.
Larger controlled studies are needed to validate these pre-
liminary observations.

Some limitations should be acknowledged. The lack of a
control group prevents conclusions about intervention effec-
tiveness. Although a priori sample size estimation supported
the study, the relatively small subset of patients undergo-
ing pre—post fMRI task assessment limits statistical power.
Additionally, phenotype-specific analyses were not per-
formed because most participants presented combined rather
than isolated motor phenotypes, limiting subgroup compari-
sons. Future larger multicentre studies should specifically
investigate whether biomarker responsiveness differs across
clinical phenotypes. Finally, the longitudinal fMRI analyses
were exploratory in nature and did not survive correction for
multiple comparisons. Therefore, these findings cannot be
considered biomarkers of treatment response. Instead, they
should be interpreted with caution as preliminary mecha-
nistic insights and require validation in larger, adequately
powered cohorts. Future studies should also examine their
association with clinical outcomes to facilitate a more robust
interpretation of their potential relevance.

@ Springer



M. Gandolfi et al.

A key strength of the study is the relatively large cross-
sectional sample, enabling identification of robust findings
that remained significant after family-wise error correction.
Another strength is the integration of standardized clinical
and functional MRI measures, enabling a multimodal evalu-
ation of neural and clinical changes. Nonetheless, findings
remain preliminary and warrant confirmation in larger con-
trolled cohorts.

Conclusion

Specialized rehabilitation resulted in domain-specific clini-
cal improvements and changes in imaging measures related
to motor control and attentional processes, supporting fur-
ther investigation in FMD. The observed imaging findings
should be considered preliminary mechanistic observations
requiring confirmation in larger controlled studies.
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