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Neurophysiological markers of motor
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Compensatory mechanisms in Parkinson’s disease are defined as the changes that the brain uses to adapt to neurode-
generation and progressive dopamine reduction. Motor compensation in early Parkinson’s disease could, in part, be
responsible for a unilateral onset of clinical motor signs despite the presence of bilateral nigrostriatal degeneration.
Although several mechanisms have been proposed for compensatory adaptations in Parkinson’s disease, the under-
lying pathophysiology is unclear.

Here, we investigate motor compensation in Parkinson’s disease by investigating the relationship between clinical
signs, dopamine transporter imaging data and neurophysiological measures of the primary motor cortex (M1), using
transcranial magnetic stimulation in presymptomatic and symptomatic hemispheres of patients. In this cross-sectional,
multicentre study, we screened 82 individuals with Parkinson’s disease. Patients were evaluated clinically in their
medication OFF state using standardized scales. Sixteen Parkinson’s disease patients with bilateral dopamine trans-
porter deficit in the putamina but unilateral symptoms were included. Twenty-eight sex- and age-matched healthy
controls were also investigated. In all participants, we tested cortical excitability using single- and paired-pulse tech-
niques, interhemispheric inhibition and cortical plasticity with paired associative stimulation. Data were analysed
with ANOVAs, multiple linear regression and logistic regression models. Individual coefficients of motor compensa-
tion were defined in patients based on clinical and imaging data, i.e. the motor compensation coefficient. The motor
compensation coefficient includes an asymmetry score to balance motor and dopamine transporter data between
the two hemispheres, in addition to a hemisphericratio accounting for the relative mismatch between the magnitude
of motor signs and dopaminergic deficit.

In patients, corticospinal excitability and plasticity were higher in the presymptomatic compared with the symptom-
atic M1. Also, interhemispheric inhibition from the presymptomatic to the symptomatic M1 was reduced. Lower pu-
tamen binding was associated with higher plasticity and reduced interhemispheric inhibition in the presymptomatic
hemisphere. The motor compensation coefficient distinguished the presymptomatic from the symptomatic hemi-
sphere. Finally, in the presymptomatic hemisphere, a higher motor compensation coefficient was associated with
lower corticospinal excitability and interhemispheric inhibition and with higher plasticity.
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In conclusion, the present study suggests that motor compensation involves M1-striatal networks and intercortical
connections becoming more effective with progressive loss of dopaminergic terminals in the putamen. The balance
between these motor networks seems to be driven by cortical plasticity.
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Introduction

Idiopathic Parkinson’s disease (PD) is a pathological condition
characterized by the degeneration of dopaminergic neurons
within the substantia nigra pars compacta.’ From a clinical
point of view, one of the main features of PD natural history is
the asymmetric onset of motor signs.? One possible explanation
for the asymmetric clinical presentation of PD relies on the
physiological reorganization of corticostriatal projections as a
consequence of pathological changes.>* In this regard, some
abnormalities of the primary motor cortex (M1) and its output
projections have been described in PD,” but their pathophysio-
logical role is not fully known. Above all, the question is
whether changes in cortical activity influence the unilateral on-
set of PD symptoms and the disease progression® and whether
changes in cortical activity reflect striatal degeneration®? or
are compensatory mechanisms, i.e. resilience mechanisms of
the brain coping with neurodegeneration.’

The hypothesis that motor compensatory mechanisms in PD
reflect adaptations of motor networks despite the increasing neuro-
degenerative burden possibly explains the asymmetric presentation
of motor signs, regardless of the similar extent of loss of nigrostriatal
terminals.®® Mechanisms of motor compensation in PD are still
largely unknown. Using the transcranial magnetic stimulation
(TMS) technique, it has been hypothesized that the increased corti-
cospinal excitability and the reduced intracortical inhibition,***
together with the increased M1 long-term potentiation-like plasti-
city in PD might be compensatory changes to the abnormal input
that M1 receives from the subcortical structures.**>° Although
some previous studies have compared the less affected with the
more affected hemisphere, aiming to investigate mechanisms of
compensation in PD, none of these studies examined motor asym-
metry or a possible relationship between neurophysiological

changes in cortical motor areas and nigrostriatal density using dopa-
mine transporter (DAT) imaging, *710:1820.21

The aim of the present study is to identify possible neuro-
physiological markers of cortical motor compensation by investi-
gating PD patients with unilateral clinical motor signs but
evidence of loss of bilateral nigrostriatal terminals. We hypothe-
size that the lack of motor signs in the presymptomatic hemi-
sphere despite bilateral nigrostriatal denervation is attributable
to active compensatory mechanisms. To support our hypothesis,
we also calculate individual coefficients of motor compensa-
tion in patients using clinical and imaging data, i.e. the motor
compensation coefficient (MCC), which represents the brain
hemispheric coping response in the face of dopaminergic
neurodegeneration.

Materials and methods

We screened 82 patients aged 40-80 years with clinically defined PD
according to established criteria®® who underwent DAT imaging
during the period from 15 May 2022 to 15 September 2022 at the
Parkinson and Movement Disorders Unit, Department of Clinical
Neurosciences, Fondazione IRCCS Istituto Neurologico Carlo Besta,
Milano, Italy and the Department of Human Neurosciences,
Sapienza University of Rome, Italy. We excluded patients with de-
mentia according to The Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-V) criteria,?® previous head
trauma and history of anti-dopaminergic drug intake. From the ori-
ginal sample of PD patients, we selected only those who had unilat-
eral motor signs but bilateral reduction of striatal DAT binding
values (details about imaging and clinical criteria provided below
are depicted in Fig. 1). A total of 16 PD were enrolled (Table 1).
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Figure 1 Screening and selection of Parkinson’s disease patients. The initial cohort of 82 subjects had already been screened for other clinical exclusion
criteria. DAT = dopamine transporter; MDS-UPDRS = Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale;

PD = Parkinson'’s disease.

Table 1 Demographic and clinical data of patients with
Parkinson’s disease and healthy controls

Parameter PD HC P-value
Age, years 58.1+8.8 63.9+11.02 0.159
Sex, female/male 8/8 14/14 0.824
Disease duration, months 38.2+20.6 - -
MDS-UPDRS I 49+27 - -
MDS-UPDRS II 3.9+23 - -
MDS-UPDRS IV 0.0 - -
MDS-UPDRS 256+54 - -
LEDD 260.6 +138.7 - -

Results are shown as mean values + 1 SD; P-values are by unpaired, two-tailed
t-tests. HC = healthy controls; LEDD = .-DOPA equivalent daily dose; MDS-UPDRS =
Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease
Rating Scale; PD = Parkinson’s disease.

We included 28 age- and sex-matched healthy control subjects who
had no signs of parkinsonism, no first- and second-degree relatives
with PD and dementia according to DSM-V criteria, previous head
trauma or history of intake of anti-dopaminergic drugs. All subjects
were right-handed as evaluated by the handedness questionnaire®*;
8 of 16 patients with PD (50%) had a right symptomatic side. Patients
were tested after >24 h of washout of all dopaminergic medications,
in the practically defined medication OFF condition.”® The experi-
mental procedures, which adhered to the Declaration of Helsinki
regulations and to international safety guidelines,’®* were ap-
proved by the local Ethics Committee (CE no. 59/2020). All the parti-
cipants gave their written informed consent to the study and video
recording.

Dopamine transporter imaging

DAT values were measured using single photon computed
tomography (SPECT) with ?*[-N-w-fluoropropyl-2p-carbomethoxy-
3B-(4-iodophenyl) tropane (FP-CIT), performed according to a previ-
ously published protocol.?® DAT SPECT images were evaluated using
DATQUANT software, which reconstructed all SPECT data with the
same algorithm and filter parameters as those used for the normal
database and performed a volume-of-interest determination of
radiotracer binding in different regions of the striatum bilaterally.
An area in the occipital cortex served as the background region.
The quantified regions include the striatum, caudate, putamen and
posterior putamen. For each region, the striatal binding ratio (differ-
ence in mean counts between the region and background divided by
the mean background counts), percentage deviation from the age-
matched mean of the normal database, z-score and the age-matched
mean value from the normal database are presented. Age-matching
to the normal database was done on a pooled mean, matched for pa-
tients <55 years of age and >55 years of age. The normal database in-
cludes 118 healthy volunteers (no diagnosis of parkinsonism nor
first-degree family history of PD or dementia), including 73 males
and 45 females, aged from 31 to 84 years, who contributed to the
Parkinson’s Disease Progression Markers Initiative.?’

Reduced DAT binding in the putamen is an early biomarker of
nigrostriatal neurodegeneration, followed by later involvement of
the caudate nucleus. DAT density was considered significantly re-
duced when putamen z-score < —1.0,>° and patients were included
if putaminal DAT density was reduced bilaterally. According to this
imaging criterion, 14 PD patients were excluded because of a puta-
men z-score > —1.0 on the less affected hemisphere (Fig. 1). To con-
firm the significant reduction of DAT density in all patients, as a
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sensitivity analysis we studied the posterior putamen as an earlier
marker of PD.°

The asymmetry index (Al) of dopaminergic binding in the puta-
men was calculated separately as the z-score (Al,), which was com-
puted using the following formula®":

A,

z

Al =100 x

(€Y)

Namely, the A, corresponds to the absolute value of the ratio con-
sidering the difference of putaminal z-score between the symptom-
atic and asymptomatic body sides (A;) as the numerator and the
mean z-score between the two sides (u,) as the denominator.

Clinical work-up in the 16 selected PD patients included the
Movement Disorder Society revision of the Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS)**** and the Hoehn and Yahr**
stage. The clinical assessment was performed by a neurologist
blinded to the experimental procedures. The MDS-UPDRS-III (rigidity
items excluded) was video-recorded (after obtaining the patient’s con-
sent to video) and assessed by a second blinded neurologist, both ex-
perienced in movement disorders. Based on previous studies on
subtle parkinsonism in healthy subjects,”* we adjusted the min-
imum UPDRS cut-off to MDS-UPDRS, multiplying by the weighting
factor (which is a validated formula that is widely used to recalculate
UPDRS scores into MDS-UPDRS equivalents).*® Accordingly, an
MDS-UPDRS-Ill54. (considering all the lateralized items) score of
<3.0 was considered as not indicative of parkinsonism. This approach
is in line with previous studies using kinematic data, showing that
MDS-UPDRS motor scores on bradykinesia items of <3.0 are not able
to differentiate PD from healthy controls.*”*® According to
this clinical criterion, 47 subjects were excluded because MDS-
UPDRS-III > 3 on the less affected body side (Fig. 1).

The asymmetry in motor scores was quantified on first-rater
data with an Al, as follows®'3°:

AIM =100 x

@

Aym '
Hm

namely, the absolute value of the ratio of the difference of
MDS-UPDRS motor scores between the symptomatic and asymp-
tomatic body sides (Ay) and the mean of MDS-UPDRS-III scores
(mp) of the two sides.

TMS was performed on the 16 enrolled PD patients and on the
28 healthy controls. Single- and paired-pulse TMS was delivered using
two Magstim magnetic stimulators (Magstim Company) connected to
afigure-of-eight-shaped coil, with the intersection of the coil held tan-
gentially to the scalp and the coil handle positioned at an angle of ~45°
from the midline, pointing backwards. We initially defined the bilat-
eral hotspot of the abductor pollicis brevis muscle, i.e. the optimal
scalp position to elicit motor evoked potentials (MEPs) of maximal
amplitude in the muscle. We then determined the resting and active
motor thresholds (RMT and AMT) to the nearest 1% of the maximal
stimulator output.?®?” We measured the MEP input-output (I/O) curve
to investigate M1 excitability, with 30 single-pulse stimuli in groups of
10 at three stimulation intensities, at 100%, 120% and 140% of RMT.
The order of intensities was chosen randomly to avoid possible hys-
teresis effects.*
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We assessed short-interval intracortical inhibition (SICI) and in-
tracortical facilitation (ICF) using paired-pulse TMS with a subthres-
hold conditioning stimulus (80% RMT) and a suprathreshold test
stimulus (1 mV MEP) with an interstimulus interval (ISI) between
conditioning stimulus (CS) and test stimulus (TS) of 2 ms for SICI
and 10 ms for ICF.?”*1*3 Ten trials were acquired for each ISL

We used the paired-pulse TMS to measure interhemispheric in-
hibition (IHI) between the hand areas of the two M1 bilaterally.?"444¢
The CS was administered over the abductor pollicis brevis hotspot at
two differentISIs [10 ms, short-IHI (s-IHI); 40 ms, long-IHI (I-IHI)] before
the TS. The TS was administered over the contralateral abductor pol-
licis brevis hotspot at a random frequency and at an intensity able to
induce MEPs of ~1 mV amplitude. Fifteen trials for each ISI were col-
lected. The IHI was expressed as the percentage ratio between the un-
conditioned and conditioned MEP. The IHI was recorded at two ISIs to
test different interhemispheric projections mediated by different po-
pulations of y-aminobutyric acid (GABA)ergic inhibitory neurons.*’

To study cortical plasticity, paired associative stimulation (PAS)
was delivered bilaterally over M1 in patients and over the dominant
hemisphere in healthy controls.*'#414348 pAS was composed of 200
electrical stimuli, delivered to the median nerve at the wrist by
means of a Digitimer DS7 (Digitimer), paired with TMS stimuli (ad-
justed to 1 mV MEP intensity), delivered over the contralateral ab-
ductor pollicis brevis hotspot (rate 0.25 Hz, electrical stimulation
intensity two to three times the perceptual sensory threshold).
The electrical conditioning stimulus preceded each TMS stimulus
at an ISI of 21.5 ms.*® During PAS, participants were instructed to
look at their hand and to report every 20th peripheral electrical
stimulus in their sensory perception to ensure constant attention
levels and comparable conditions between sessions.*"** Changes
in M1 excitability were registered at three time points: T1 (5 min
after PAS), T2 (15 min after PAS) and T3 (30 min after PAS). The
same protocol was repeated for the other side. Twenty MEPs were
recorded at 1 mV intensity at each measurement time point (in-
cluding TO).

EMG activity was recorded from the abductor pollicis brevis
muscle of the more affected side in patients and of the dominant
side in healthy controls, using surface electrodes taped in a
belly-tendon montage, according to an established method.*!
Peak-to-peak MEP amplitude was measured within a time window
of 20-40 ms after the TMS artefact. Traces with background EMG ac-
tivity exceeding 100 pV in the 200 ms time window preceding the
TMS artefact were rejected online.

The steepness of the I/O MEP curve, i.e. the slope of the regres-
sion line across the scatterplot of the MEP amplitude (y-axis) versus
the stimulation intensity (x-axis) was calculated. SICI, ICF and IHI
were expressed as the percentage ratio between the amplitude of
conditioned and unconditioned MEP. The steepness of the intracor-
tical excitability curve, i.e. the slope of the regression line across the
scatterplot of the MEP amplitude percentage ratios (y-axis) versus
the ISI (x-axis), was calculated. The PAS effect was measured as
the normalized percentage ratio of post-PAS single-pulse MEP amp-
litude to pre-PAS values.*!

For the TMS assessment, one hemisphere was tested after the
other, with between-subject randomization of the symptomatic
and the presymptomatic hemispheres and with single- and paired-
pulse randomization.

We developed an ad hoc novel MCC (Fig. 2), including clinical and
imaging data, as an attempt to quantify motor compensation and
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Figure 2 Graphical representation of motor compensatory coefficient. The MCC is composed of an asymmetry score (left side of the formula) to balance
motor and DAT measures between the two hemispheres, and a hemispheric ratio (right side of the formula) accounting for the relative mismatch be-
tween the magnitude of motor signs and dopaminergic deficit. Coloured bars generally applied for individual DAT tracer binding are used for graphical
purposes only to represent z-scores. Left: Example case of mild motor compensation on the presymptomatic side, with high putamen binding asym-
metry, attributable to higher putamen binding in the presymptomatic hemisphere. Right: Example case of high motor compensation, with lower pu-
tamen asymmetry, higher clinical asymmetry, lower presymptomatic putamen binding, but still no motor symptoms on the presymptomatic body
side. Aly;y = motor asymmetry index; Al; = putamen z-score asymmetry index; DAT = dopamine transporter; Mgg4e = motor score of reference side;
MCC = motor compensatory coefficient; Zsjge = putamen z-score of reference side; Ay = difference of motor scores.

its correlation with neurophysiological data. Our concept of the
MCC integrated the following observations.

The first part of the MCC formula is an asymmetry score, based
on the evidence that the more the striatum is denervated, the more
the compensatory mechanisms are necessary to maintain a
physiological motor performance,*® whereas the failure to compen-
sate for the reduction in nigrostriatal terminals results in the onset
of motor symptoms. Nevertheless, greater clinical asymmetry cor-
responds to greater motor compensation on the presymptomatic
side when the putamen binding is bilaterally reduced. These obser-
vations lead to the following formula: (i) numerator = the Aly
elevated to the ratio between Ay and its absolute value (accounting
for clinical asymmetry); and (ii) denominator = Al,. The second part
of the MCC formula is a specific hemispheric ratio, accounting for the
relative mismatch between the magnitude of motor signs and dopa-
minergic deficit. Lower MDS-UPDRS-III scores (Mgq.) indicate higher
compensation when the contralateral DAT binding is constant (corre-
sponding to putaminal z-score, Zg.); conversely, greater DAT reduc-
tion indicates higher compensation when the motor score (Mg, ) is
constant. This relationship is expressed in the hemispheric ratio:
(i) numerator = absolute values of Zg; and (i) denominator = loga-
rithm of Mye (adjusting for the different range of the two variables).

()

| Zside |
M =M
CC= AL T+log(1 + M)

3

Logistic regression was used to confirm that MCC was able to distin-
guish the presymptomatic hemisphere from the symptomatic

hemisphere as a logistic variable. Sensitivity, specificity, accuracy
and the area under the curve (AUC) of the receiver operating character-
istic analysis were calculated using the logistic model. A bootstrapping
method with 2000 repetitions was used to estimate the 95% confidence
interval (CI). Multivariate linear regression analysis was performed to
demonstrate which neurophysiological variables were associated
with higher MCC (dependent variable).

Statistical analyses

Descriptive statistics of continuous variables are reported as the mean
and standard deviation (SD), whereas categorical variables are pre-
sented as counts and percentages. Possible sex or age differences be-
tween PD patients and healthy controls were assessed using the »
test and the Mann-Whitney U-test, respectively. Group comparisons
on clinical variables and motor thresholds between symptomatic
and presymptomatic hemispheres were performed with two-tailed
paired t-tests, and comparisons between patients’ hemispheres and
healthy controls were performed using two-tailed unpaired t-tests.
Different neurophysiological variables were evaluated in separate
analysis. TMS parameters between PD and healthy controls were eval-
uated using a repeated-measures two-way ANOVA, with the
between-group factor ‘hemisphere’ (presymptomatic, symptomatic,
and healthy controls). In all repeated-measures two-way ANOVAs
we also used: (i) the within-group factor ‘stimulus intensity’ (100%,
120% and 140% RMT) for analysis of I/O curves; (ii) the within-group fac-
tor ‘IST’ (10 and 40 ms) for IHI evaluation; and (iii) the within-factor ‘time
point’ (T1, T2 and T3) when evaluating the effects of PAS. We also
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Table 2 Clinical and dopamine transporter imaging data in presymptomatic and symptomatic hemispheres of Parkinson’s disease

patients
Parameter Symptomatic Presymptomatic P-value
Side, right/left 8/8 8/8 -
MDS-UPDRSIIgq4e, rater I 9.7+24 0.6+0.6 <0.001
MDS-UPDRSIII-wrgiqe, rater I 8.5+29 0.6+0.6 <0.001
MDS-UPDRSIII-WTg;qe, rater II 9.4+3.2 09+1.0 <0.001
Inter-rater 0.458 0.324 -
MDS-UPDRSIIItor, rater I 16.8+3.3 - -
MDS-UPDRSIII-wrroT, rater I 15.1+3.6 - -
MDS-UPDRSIII-wrroT, rater II 17.2+3.7 - -
Inter-rater 0.165 - -
Striatum z-score —2.378 +0.794 -1.671+0.711 <0.001
Putamen z-score —2.902 +0.630 —2.230+0.565 0.003
Posterior putamen z-score —3.386 + 1.655 —2.756 + 1.644 0.289
Caudate z-score -1.243 +1.046 —0.580 +0.896 0.001
Putamen/caudate ratio 0.664 + 0.187 0.716 + 0.066 0.276

Results are shown as mean values + 1 SD. P-values are by paired, two-tailed t-tests; significant results are shown in bold. MDS-UPDRS = Movement Disorder Society-sponsored
revision of the Unified Parkinson’s Disease Rating Scale; TOT = total mesures referred to general MDS-UPDRSIII scores; wr = without rigidity. MDS-UPDRS = Movement Disorder
Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale; TOT = total mesures referred to general MDS-UPDRSIII scores; wr = without rigidity.

applied separate one-way ANOVAs for and I/O MEP slope and for SICI,
ICF and intracortical excitability slope (PP slope). Conditional on a sig-
nificant F-value, to explore the strength of main effects and/or inter-
action between factors in all ANOVAs we used post hoc Fisher’s test
and follow-up ANOVAs. Greenhouse—-Geisser corrections were applied
whenever we found a violation of sphericity in Mauchly’s tests.
Different multivariate linear regression analyses were performed to
determine whether MDS-UPDRS-Ill ;4 and DAT parameters (depend-
ent variables) were associated with neurophysiological measures.
Predictive variables were selected through a stepwise method.
Regression models were run separately on the overall sample and for
the two hemispheres (presymptomatic and symptomatic). Unless
otherwise stated, the results are indicated as mean values +1 SD.
The level of significance was thus set at P <0.05. All the analyses
were performed with the software STATISTICA® (StatSoft) and imple-
mented in R v.4.2.2 (R Foundation for Statistical Computing).

Results

Demographic and clinical data are summarized in Tables 1 and 2.
As for inclusion criteria, all patients included in the study had bilat-
eral denervation at DAT imaging *?*I-FP-CIT binding, with putamen
z-scores of <-1.0 [(min, max); presymptomatic, (-3.229, -1.327);
symptomatic, [(—3.727, —1.310)], and DAT binding in the posterior
putamen demonstrated marked nigrostriatal denervation [(min,
max); presymptomatic, (—5.07, —2.03); symptomatic, (-5.35, —1.91)]
(Table 2).

No significant difference in ratings was evident between the two
raters in the evaluation of MDS-UPDRS-III and for the partial scores
of the presymptomatic and the symptomatic sides. As expected,
there was a significant difference in MDS-UPDRS-IIl4e Scores be-
tween the presymptomatic and the symptomatic body side in PD
patients attributable to higher scores on the more affected side
(P <0.001) (Table 2). Missing data were <10% for each subject included.

The analyses did not reveal any differences in RMT and AMT be-
tween hemispheres in patients with PD nor between patients and

healthy controls (Supplementary Table 1). Concerning the 1/O
curve, the two-way ANOVA yielded a significant effect of the
main factor ‘stimulus intensity’ [F(2,106) = 75.0, P <0.001], with an
increasing MEP amplitude at higher stimulation intensity.
Corticospinal excitability analysis also showed a significant effect
of the main factor ‘Group’ [F(2,53)=9.9, P <0.001] and interaction
‘Group x Stimulus intensity’ [F(4,106) =6.7, P <0.001] (Fig. 3A). Post
hoc analyses demonstrated greater corticospinal excitability in
both presymptomatic and symptomatic hemispheres and M1 of pa-
tients compared with healthy controls, at 120% (presymptomatic
hemisphere versus healthy control, P=0.008; symptomatic hemi-
sphere versus healthy control, P=0.025) and 140% of RMT (pre-
symptomatic hemisphere versus healthy control, P<0.001;
symptomatic hemisphere versus healthy control, P < 0.001). A sig-
nificant difference was found at 140% of RMT, with higher MEP
amplitude values being observed in the presymptomatic compared
with the symptomatic hemisphere in patients (P=0.007).
Accordingly, the ANOVA also demonstrated a significant effect of
the main factor ‘group’ on the slope of the I/O curve [F(2,84)=7.2,
P =0.002]. Post hoc analyses demonstrated that the I/O curve was
steeper in the presymptomatic hemisphere compared with the
symptomatic hemisphere (P =0.025) and with the healthy controls
(P < 0.001).

The analyses demonstrated a significant effect of the factor
‘group’ in intracortical inhibition [F(2,47)=4.4, P=0.018]. SICI
was lower in the symptomatic hemisphere compared with both
the presymptomatic hemisphere (P =0.006) and healthy controls
(P=0.041), with no significant difference observed between the
presymptomatic hemisphere and healthy controls (Fig. 3B). ICF
was reduced [F(2,47) =8.0, P=0.001] in both the presymptomatic
(P=0.003) and the symptomatic (P<0.001) hemispheres com-
pared with healthy controls (Fig. 3B). No difference was found be-
tween the symptomatic and presymptomatic hemispheres.

As a result of reduced inhibition and reduced facilitation, the
slope of intracortical excitability [F(2,47) = 11.46, P < 0.001] was sig-
nificantly reduced in both the presymptomatic (P =0.005) and the
symptomatic (P <0.001) hemispheres of PD patients compared
with healthy controls (Fig. 3B).
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Figure 3 Neurophysiological measures. In each panel are depicted neurophysiological data of symptomatic (light blue) and presymptomatic (inter-
mediate blue) hemispheres of patients with PD and of healthy controls (HCs) (dark blue). Boxes represent the median value and the interquartile
interval; lower and upper extremes are settled at 1.5 interquartile intervals under the first and over the third quartile, respectively. Dots are single
data-points exceeding the upper and lower limits. The significance of post hoc analyses is represented by bars indicating the comparison, and asterisks
indicate the level of significance (*P < 0.05, **P < 0.01 and ***P < 0.001). (A) Input-output curve of MEPs at baseline. The y-axis shows the MEP amplitudes
(in millivolts); the x-axis shows the three stimulation intensities (100%, 120% and 140% of resting motor threshold). (B) ICF and SICI at baseline. The
y-axis shows the percentage ratio between conditioned and unconditioned MEP amplitudes; the x-axis shows the ISIs. (C) Interhemispheric inhibition
at baseline. The y-axis shows the percentage ratio between conditioned and unconditioned MEP amplitudes; the x-axis shows the two ISIs (D) Effect
of PAS on corticospinal excitability. The y-axis shows the percentage ratio between conditioned and unconditioned MEP amplitudes. The x-axis shows
T1=5 min post PAS; T2 = 15 min post PAS; T3 = 30 min post PAS. ICF =intracortical facilitation; IHI = interhemispheric inhibition; ISIs = interstimulus
intervals; MEP = motor evoked potential; PAS = paired associative stimulation; PD = Parkinson’s disease; SICI = short-interval intracortical inhibition.

Interhemispheric inhibition response to PAS compared with healthy controls [F(1,32) =17.75,
P <0.001], with this reduced response being observed at every time

We found a significant effect of the factor ‘Group’ [F(2,49)=3.9, . .
point (T1, P <0.001; T2, P < 0.001; T3, P =0.037; Fig. 3D).

P =0.036]. Specifically, the symptomatic hemisphere demonstrated
reduced 1-IHI compared with healthy controls (P =0.014) and with
the presymptomatic hemisphere (P = 0.011), whereas no difference Multivariate linear regression analyses
was observed between the presymptomatic hemisphere and
healthy controls (Fig. 2C). Short-IHI did not differ between the three
groups.

Four multiple linear regression analysis models were obtained
to predict MDS-UPDRS-IIlsqe, putamen z-score, caudate z-score
and putamen/caudate ratio with neurophysiological variables
(Supplementary Table 2).

Cortical associative plasticity The multiple regression model for MDS-UPDRS-Illg4. consid-

Two-way ANOVA revealed that the effect of PAS was different be- ered the I/O curve and I-IHI as independent variables. It evidenced
tween groups [F(2,47) = 6.4, P <0.001]. The presymptomatic hemi- an overall direct effect of 1-IHI [adjusted R? (adj-R?) =0.321, I-IHL:
sphere had a larger response to PAS than the symptomatic one b=0.46, P=0.011] and a direct effect on the symptomatic side of

[F(1,30)=7.3, P=0.012], and this effect was statistically significant the I/0 curve (adj-R? =0.340, RMT140: b = 0.65, P = 0.038); it was not
at T2 (P=0.012). However, the PAS effect did not differ between associated with the presymptomatic side (adj-R*>=0.167, P =0.183).
the presymptomatic hemisphere in PD patients and healthy con- The multiple regression model for putamen z-score considered
trols. In contrast, the symptomatic hemisphere exhibited a reduced I-HI, ICF and PAS as independent variables. It demonstrated an
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effect of I-IHI and PAS on the presymptomatic hemisphere (adj-R* =
0.510, I-IHI: b =—0.75, P=0.003; PAS 14: b = —0.45, P = 0.044) and a sig-
nificative effect of ICF on the symptomatic hemisphere (adj-R*=
0.528, ICF: b=0.86, P=0.001).

The multiple regression model for the caudate z-score considered
PAS as the independent variable and demonstrated a direct effect on
the symptomatic side (adj-R?=0.280, PAS 1,: b=0.57, P =0.020).

Multiple regression for the putamen/caudate ratio considered the I/
O curve and PAS as independent variables. It showed an overall effect
of corticospinal excitability and cortical plasticity (adj-R*=0.404,
RMT140: b=0.60, P=0.001; PASt;: b=-0.524, P=0.002), an effect on
the presymptomatic side of corticospinal excitability (adj-R?=0.221,
RMT140: b=0.62, P=0.028), and on symptomatic side a significative ef-
fect of corticospinal excitability and PAS (adj-R®>=0.544, RMT:40:
b=0.39, P=0.046; PASt;: b=-0.59, P=0.005).

In summary, higher scores of MDS-UPDRS-III were associated with
higher corticospinal excitability in the symptomatic hemisphere. The
reduction in putamen binding was associated with higher PAS and
lower IHI in the presymptomatic hemisphere and lower ICF in the
symptomatic hemisphere. The reduction in caudate binding was asso-
ciated with a reduction of PAS in the symptomatic hemisphere. Finally,
relatively higher putamen binding (i.e. higher putamen/caudate ratio)
was associated with higher corticospinal excitability in both hemi-
spheres of patients. An inverse association was also evidenced be-
tween cortical associative plasticity and putamen/caudate binding
ratio, especially in the symptomatic hemisphere.

Motor compensation coefficient

As expected, the MCC was highly sensitive (93.75%, 95% CI: 0.813-1)
and specific (93.75%, CI: 0.813-1) in the classification of the hemi-
sphere as symptomatic or presymptomatic as evidenced by the
area under the receiver operating characteristic curve=0.984
(95% CI: 0.941-1) and an accuracy of 93.75% (95% CI: 0.813-1)
(Fig. 4). High classification rates were confirmed by an adjunctive
analysis not accounting for tremor items of MDS-UPDRS in the cal-
culation of MCC (area under the receiver operating characteristic
curve =1.000, 95% CI: 1-1).

A multiple regression model was obtained to analyse neuro-
physiological associations for MCC (Fig. 4 and Supplementary
Table 3). It considered the I/O curve, PAS and I-IHI as independent
variables. It evidenced an overall significant effect of PAS (adj-R* =0.349,
PAST,: b=0.73, P<0.001) and significant association of I/O curve,
1-IHI and PAS on the presymptomatic side (adj-R? =0.678, RMT14:
b=-0.72,P =0.003; 1-IHI: b =0.36, P =0.04; PASt,: b =1.06, P < 0.001).

Discussion

This study provides new information on motor compensation in PD pa-
tients. Itis the first neurophysiological investigation of a selected cohort
of PD patients with clinically unilateral motor signs and bilateral nigros-
triatal denervation as demonstrated by DAT imaging. The presympto-
matic M1 demonstrated distinctive neurophysiological features in
comparison to healthy controls: namely, we evidenced increased corti-
cospinal excitability. In the symptomatic M1, there was decreased 1-HI
and decreased PAS. Conversely, the slope of intracortical excitability
was significantly reduced in both the presymptomatic and symptomat-
ic hemispheres of PD patients compared with healthy controls. When
we tested the possible relationship between TMS data and quantitative
DAT measurements in patients, we observed a direct association be-
tween corticospinal excitability and relative putamen binding in
both hemispheres of patients. An inverse association was detected
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Figure 4 Motor compensation coefficient. The top panel represents the
area under the receiver operating characteristic curve of the motor com-
pensation coefficient. The bottom panel represents a three-dimensional
scatterplot of linear regression between neurophysiological parameters
(I/O =input-output curve; IHI = interhemispheric inhibition; PAS = cor-
tical associative plasticity) and the values of the motor compensation
coefficient (MCC) (blue bar) in the presymptomatic hemisphere. AUC =
area under the curve; CI = confidence interval.

between measures of 1-IHI and plasticity in the presymptomatic
hemisphere and dopaminergic binding in the putamen. Also, we de-
monstrated an association between cortical plasticity and caudate
binding in the symptomatic hemisphere. Finally, the analysis re-
vealed a direct association between increased plasticity in the pre-
symptomatic hemisphere and MCC values, an ad hoc measurement
designed to quantify motor compensation. Overall, the results pos-
sibly provide neuropsychological evidence of motor compensatory
mechanisms in early PD.

Changes in M1 activity reflect dopaminergic
denervation of the basal ganglia

One major finding of this study is the evidence of correlation be-
tween increased corticospinal excitability and a relatively higher
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Figure 5 Graphical representation of major findings of the study. Goal-directed and habitual motor network modifications respond to the reduction in
striatal dopamine binding. The cortical neurophysiological response was associated with different striatal binding conditions in the presymptomatic
and symptomatic hemispheres, as demonstrated by linear models. In the presymptomatic hemisphere, higher putamen binding was associated with
higher M1 corticospinal excitability (habitual putamen-M1 network, enlightened corticoputaminal projections in grey). The reduction in putamen
binding in the presymptomatic hemisphere is associated with higher M1 cortical plasticity (goal-directed motor network). In these circumstances,
the caudate nucleus exhibits a heightened level of activity compared with the putamen (light blue caudate and corticocaudate networks), and this
dominance is correlated with increased levels of associative plasticity (light blue areas and M1-motor associative area networks) and reduced inter-
hemispheric inhibition (dotted blue line between bilateral M1s). The symptomatic hemisphere demonstrates a reduction of cortical plasticity asso-
ciated with lower caudate binding and a higher putamen/caudate ratio, in keeping with reduced activity of the goal-directed motor network. IHI =
interhemispheric inhibition; I/O = input-output curve; M1 = primary motor cortex; PAS = cortical associative plasticity.

putamen binding (i.e. higher putamen/caudate ratio) in both hemi-
spheres of patients. Another key finding is the observed association
between higher levels of cortical plasticity, along with reduced in-
terhemispheric activity in the presymptomatic M1 and reduced
binding in the putamen. Interestingly, in the symptomatic hemi-
sphere reduced putamen binding was associated with lower ICF,
and reduced caudate binding was associated with lower levels of
cortical plasticity. Consistently, we found an inverse association
between cortical associative plasticity and putamen/caudate bind-
ing ratio, especially in the symptomatic hemisphere. These find-
ings suggest that presymptomatic and symptomatic M1s undergo

secondary alterations in response to dopaminergic denervation of
the basal ganglia.”>™® These observations align with evidence
from animal studies, which have demonstrated that dopamine de-
pletion in the basal ganglia leads to plasticity changes in M1.>*°>
The evidence of a correlation between changes in M1 activity and
dopaminergic denervation of the basal ganglia provides insight into
the pathophysiological role of striatal networks, centred on the puta-
men and caudate nucleus, possibly suggesting compensatory mechan-
isms, as also confirmed by MCC analysis (Fig. 5). We explored different
corticostriatal networks, considering both M1-striatal mechanisms
based on intracortical activity and M1l-corticostriatal mechanisms
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determined by interhemispheric motor projections and cortical asso-
ciative plasticity networks.

M1 is the principal source of output controlling skilled and dexter-
ous movements and exhibits somatotopic connectivity to the pos-
terior putamen.? These connections are involved in the habitual
motor network, i.e. in the execution of habitual and learned actions
or inhibition of actions.>® Most importantly, corticostriatal projec-
tions from M1 regulate striatal dopamine release in animal models
and humans,*”"*® which relies on a distinct topographic organiza-
tion. Increased activity in M1 boosts dopamine release in the puta-
men,®’ whereas heightened activity in the prefrontal cortex
increases dopamine release in the caudate nucleus.®® Hence, in-
creased M1 excitability might represent a mechanism of motor
compensation to promote dopamine release in M1-putamen, con-
tributing to the clinical sparing of the presymptomatic side and in
the delay of symptom onset. However, although M1 hyperactivity
might initially compensate for impairment progression, it can
turn into a stressor with a causative role in PD pathophysiology,?
and its dysregulated activation and reduced specificity exacerbate
the corticostriatal motor network imbalance.™? This hypothesis,
even if consistent with the association with clinical motor impair-
ment, seems unlikely because, if considered valid, we would have
expected the I/O curve in the symptomatic hemisphere to be higher
than in the presymptomatic one, with a greater difference from
healthy controls, whereas our data imply otherwise.

Presymptomatic M1 exhibited normal SICI, whereas symptomatic
M1 demonstrated a global reduction of SICI, with a decrease of GABA,
interneuron transmission. Conversely, ICF was reduced both in
the presymptomatic and symptomatic hemispheres and associated
with putamen denervation in the symptomatic hemisphere.
Previous observations in PD demonstrated great variability in intra-
cortical excitability, considering both inhibitory and facilitatory
measurements.*'>%*% We should outline that clinical impairment
of the presymptomatic side in our sample of PD patientsisless evident
compared with other studies that tested a mildly symptomatic
side.?>*”*® This might explain the differences observed and the dis-
tinctresults in our data when comparing measurements from the pre-
symptomatic and symptomatic hemispheres. This might be a case of
intracorticalinhibition not demonstrating any abnormality in the pre-
symptomatic hemispheres of our patients, as opposed to previous re-
sults.'* It seems plausible that both inhibitory and facilitatory circuits
are modified in different disease stages.’®

These modifications could outline a mechanism of motor com-
pensation contributing to increased M1 output but eventually re-
sulting in a less modulable M1 activity.

The modulation of M1 is influenced further by interhemispheric
projections. In the presymptomatic hemisphere, reduction in 1-IHI
is associated with reduced putamen binding. IHI is a measure of as-
sociative bilateral interactions.®” s-IHI and 1-IHI rely on distinct ana-
tomical projections and different receptor mechanisms.
Specifically, the s-IHI is more exclusively dependent on callosal
connections,?>®® whereas the I-IHI is mediated mainly by postsy-
naptic GABAg receptors, also implying alternative interhemi-
spheric projections.***” The absence of significant modifications
of s-IHI also in the symptomatic hemisphere outlines the presence
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of functioning callosal short-term inhibition pathways in the early
phases of PD. It is difficult to assess whether modifications in inter-
hemispheric inhibition depend on changes in ipsilateral or contra-
lateral hemisphere activity, although both mechanisms seem to be
involved in this neurophysiological process.®® A decrease in 1-IHI,
indicative of lower inhibition, is correlated with a diminished puta-
men DAT binding and predicts a higher MCC when symptoms are
absent while correlating with motor impairment on the symptom-
atic side. These observations outline the role of interhemispheric
brain projections in modulating the presymptomatic M1 response
to dopamine denervation.

When considering the association between changes in M1 activity
and dopaminergic denervation of the basal ganglia, another rele-
vant finding is that cortical plasticity as assessed by PAS increases
with putamen denervation in the presymptomatic hemisphere,
and the decline in PAS response is associated with the caudate nu-
cleus denervation in the symptomatic hemisphere. The caudate
nucleus receives projections from different cortical associative
areas of the network for goal-directed behaviour. M1 associative
plasticity might thus reflect the activity of the associative network
for goal-directed behaviour, which possibly compensates for the
impaired habitual motor network. Previous studies suggest that
M1 associative plasticity networks have a compensatory role,
which declines over time.”° Different observations, however, corre-
lated the PAS reduction with the severity of major motor symptoms
in PD.*"%72 In addition, the cortical plasticity response to dopa-
minergic dosages demonstrated an inverted U-shape, with low
dopaminergic tone resulting in impairment of plasticity and mod-
erate dose facilitation.”>”® Likewise, our results suggest that the
presymptomatic hemisphere plasticity adaptation might contrib-
ute to maintaining motor function despite the putamen denerv-
ation, as also underlined by the association with MCC.

This study was performed in patients with unilateral motor signs,
and the results need to be replicated in patients investigated at dif-
ferent stages (e.g. prodromal or advanced disease with bilateral
signs). Although our sample of patients is relatively small, it is in
line with the majority of previous neurophysiological studies on
PD.'® Another potential confounding factor could be the occurrence
of meta-plasticity induced by the first PAS protocol on the other
hemisphere (tested for the second). We decided to study both hemi-
spheres in the same session to lessen the impact of intraindividual
variability in comparing the two hemispheres.”® Moreover, consid-
ering the high somatotopy of the PAS effect,”” we do not expect any
plasticity modification of M1 induced by application of the PAS
protocol on the contralateral hemisphere; nevertheless, to avoid in-
terhemispheric interaction on plasticity measures, we applied a
between-subject randomization of the symptomatic and the pre-
symptomatic hemispheres.

Conclusion

We investigated the neurophysiological mechanisms responsible
for highly asymmetric motor manifestations with bilateral reduc-
tion in DAT binding and found differences in PD hemispheres.
Cortical changes to PD neurodegeneration can be explained by
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the involvement of two main neurophysiological networks. One
directly involves the M1-putamen network, which is strongly impli-
cated in the earliest stages of the disease and is responsible for the
increased corticospinal excitability. The second involves the M1-
caudate networks and cortico-M1 connections responsible for
cortical plasticity. The impairment of these networks is correlated
with clinical worsening. The balance between these networks leads
to motor adaptation, with cortical plasticity playing a key role.
Finally, this study provides a new perspective on the interplay be-
tween cortical areas and basal ganglia. New insight into the compen-
satory and dysfunctional motor networks in PD could promote
innovative neuromodulatory approaches for therapeutic purposes.
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