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N E U R O S C I E N C E

Functional anatomy of the subthalamic nucleus and the 
pathophysiology of cardinal features of Parkinson’s 
disease unraveled by focused ultrasound ablation
Rafael Rodriguez- Rojas1,2,3,4†, Jorge U. Máñez- Miró1,5†, José A. Pineda- Pardo1,3,4,  
Marta del Álamo1, Raúl Martínez- Fernández1,3,4, José A. Obeso1,3,4,6*

The subthalamic nucleus (STN) modulates basal ganglia output and plays a fundamental role in the pathophysiol-
ogy of Parkinson’s disease (PD). Blockade/ablation of the STN improves motor signs in PD. We assessed the topog-
raphy of focused ultrasound subthalamotomy (n  =  39) by voxel- based lesion- symptom mapping to identify 
statistically validated brain voxels with the optimal effect against each cardinal feature and their respective corti-
cal connectivity patterns by diffusion- weighted tractography. Bradykinesia and rigidity amelioration were associ-
ated with ablation of the rostral motor STN subregion connected to the supplementary motor and premotor 
cortices, whereas antitremor effect was explained by lesioning the posterolateral STN projection to the primary 
motor cortex. These findings were corroborated prospectively in another PD cohort (n = 12). This work concurs 
with recent deep brain stimulation findings that suggest different corticosubthalamic circuits underlying each PD 
cardinal feature. Our results provide sound evidence in humans of segregated anatomy of subthalamic- cortical 
connections and their distinct role in PD pathophysiology and normal motor control.

INTRODUCTION
The subthalamic nucleus (STN) via its glutamatergic efferent projec-
tions exerts a major excitatory influence on neuronal output activity 
of the basal ganglia. It plays a pivotal role in basal ganglia patho-
physiology and is the favored neurosurgical target for functional in-
terventions in patients with Parkinson’s disease (PD) worldwide 
(1, 2). According to its functional organization, the STN is divided 
into motor, associative, and limbic regions, which are anatomically 
parcellated rostrocaudally and mediolaterally (3). Admittedly, this 
subdivision is not entirely well established and accepted (4) as the 
boundaries are not strictly limited and functions also overlap some-
what. On the other hand, the classic functional tripartite organiza-
tion of the STN and basal ganglia has been documented in nonhuman 
primates and patients (5–7). Moreover, and specifically with regard 
to the current study, there are no major doubts about the dorsolateral 
STN region being essentially motor and highly involved in the patho-
physiology of movement disorders. Physiological and trace labeling 
experiments in monkeys have shown that the motor STN subregion 
is located caudally and dorsolaterally, and it is further subdivided 
mediolaterally and rostrocaudally into the supplementary motor 
area (SMA) and primary motor cortex (M1) cortical representations 
(5, 6). More recently, this dual somatotopic representation of M1 and 
SMA cortical projections within the motor STN has been shown in a 
diffusion- weighted imaging/functional magnetic resonance imaging 
(MRI) study in controls and patients with PD (7).

Historically, the dopaminergic striatal deficit and associated clini-
cal manifestations of PD have been considered to be one fundamental 

piece of evidence for the primary role of the basal ganglia in motor 
control (8–10). Accordingly, motor signs of PD can be assessed as in-
dicators of derangement of normal aspects of motor behavior. Ex-
panding on that, a mechanistic study of cardinal features of PD could 
further the understanding of the functional anatomy of corticobasal 
ganglia circuits and the STN in particular, along with its role in con-
trol of movement.

In the mid- twentieth century, astute observations stemming 
from neurosurgical procedures pointed out that lesion location for 
improving rigidity versus tremor had different topography within 
the thalamus and globus pallidus (11–13). More recently, in the era 
of deep brain stimulation (DBS), there have been several studies 
that describe the most effective therapeutic sites (i.e., sweet spots) 
for PD with STN- DBS (13). Although these studies were generally 
based on a small number of patients, the notion emerged that dif-
ferent electrode locations differentially improved motor features of 
PD (14–17). Very recently, a major neuroimaging study in a large 
cohort (n = 129) of patients with PD who underwent bilateral STN- 
DBS carried out a data- driven analysis to identify the stimulated 
tracts related to the optimal clinical outcomes for each cardinal 
motor manifestation (18). Thus, STN- DBS of the posterior STN 
and surrounding tracts connected to the M1 and the cerebellum 
correlated with better tremor outcome, whereas the best effect 
against bradykinesia and rigidity was related to electrodes stimulat-
ing the anterior STN projections to premotor and supplementary 
cortices. Notably, another projection to the brainstem was revealed 
to be relevant for improvement in axial signs (18). This previously 
unidentified pathway fits with previous experience in PD whereby 
the response to medication (i.e., levodopa and dopaminergic drugs) 
is more evident against bradykinesia and rigidity than tremor, but 
the opposite has generally been the case in response to functional 
neurosurgery (ablation and DBS) (19). The underlying pathophysi-
ological basis for such differences in response to dopaminergic 
drugs and surgery had never been fully understood, but the current 
evidence (18, 20) suggests the existence of segregated corticobasal 
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ganglia connections that possibly explain the differences and vari-
ability in response to treatments.

Here, we describe a hypothesis- driven analysis aiming to define 
the functional anatomy of the STN and its cortical connectivity by 
using a classic approach of experimental neurology, i.e., the impact 
of focal ablation. We applied currently available neuroimaging to 
ascertain how different lesion locations within the STN have a dis-
tinct impact on motor features of PD unilaterally. Thus, unlike DBS, 
generally a bilateral procedure, which stimulates a relatively large 
volume of tissue locally and may spread to surrounding neural 
structures and projections (21), a focal unilateral ablation has a very 
immediate clinical effect by blocking a specific subregion of the 
targeted nucleus (22, 23). In this study, we assessed in detail the 
topography of focused ultrasound subthalamotomy (FUS- STN) and 
identified statistically validated brain voxels where the presence of a 
lesion affected the severity of each motor feature using voxel- based 
lesion- symptom mapping (24). Moreover, by combining morphom-
etry and diffusion- weighted tractography, we defined the cortico-
subthalamic connectivity patterns related to the optimal benefit 
against tremor, rigidity, and bradykinesia, respectively. These results 
unravel a tight association between segregated topography within 
the STN and cortical motor areas on the one hand and specific PD 
motor signs on the other. Accordingly, we here establish a near to 
causal relationship between the anatomical organization of the 
STN- cortical connections and the origin of tremor, bradykinesia, 
and rigidity. In turn, the pathophysiological findings are used to dis-
cuss the putative role of the STN and basal ganglia circuits in the 
control of normal movement.

RESULTS
Clinical and methodological approach: A summary
A topographic analysis of subthalamic lesions was made in a cohort 
of 51 patients with PD treated in our center with FUS- STN. The 
initial group of patients (N = 39, referred here as the Test Cohort) 
was participants in a pilot open- label study or in a randomized 
sham- controlled trial, which provided class I evidence on the safety 
and efficacy of unilateral FUS- STN for the treatment of PD (fig. S1) 
(25, 26). Adverse events were transient and mild in most instances. 
Hemichorea- hemiballism secondary to subthalamotomy was not a 
main side effect and is not further considered here.

In the 24- hour posttreatment MRI, lesions had a mean (SD) volume 
overlap of 53 (± 23) mm3 within the STN, mainly encroaching on the 
posterolateral motor STN region (fig. S2). The lesions were consistently 
and reproducibly identifiable (mean inter- rater kappa = 0.87 ± 0.05). 
Lesion size, location, and the corresponding motor improvement of 
each cardinal motor feature were somewhat variable, which makes 
possible the current correlational analysis. Five patients who did not 
exhibit resting tremor at baseline were excluded from the tremor- 
related analysis (n = 34). Specific data on the topography of the lesions 
and the clinical outcome for every subject are given in tables S1 and S2.

Upon completion of the initial study and analysis, another pilot 
study was carried out in 12 patients with PD with less than 5 years 
of evolution since diagnosis with the aim of assessing the viability 
and safety of subthalamotomy in a non- advanced population (27). 
This group is referred to here as the Validation Cohort because 
results from the initial Test Cohort were used to improve STN tar-
geting. This allowed to test prospectively the value and predict-
ability of the main findings described below.

Probabilistic lesion maps of efficacy for each cardinal feature
First, we determined the location of the focal ablation within the 
STN associated with maximal clinical improvement for a given mo-
tor sign. Thus, probabilistic lesion maps voxel weighted by the cor-
responding clinical improvement were independently generated for 
bradykinesia, rigidity, and tremor. Sign- related mean effect maps 
(i.e., mean image) according to the outcomes on each cardinal fea-
ture are shown in Fig. 1 (left columns) along with the respective P- 
images (Fig. 1, right columns) displaying only those voxels that 
contributed with statistical significance (P < 0.05; Brunner- Munzel 
test) to the clinical improvement for every cardinal motor feature 
(see Materials and Methods for details). Together, a better antibra-
dykinesia effect was associated with lesioning the anterior area of 
the motor STN as shown in Fig. 1 (upper row). Conversely, the effect 
of the ablation on tremor showed an anterior- posterior gradient 
(Fig. 1, bottom row), indicating greater improvement as the ablation 
affected mainly within the foremost posterolateral region of the mo-
tor STN. Of note, the voxels related with the greater antirigidity ef-
fect (Fig. 1, middle row) were located between those voxels optimal 
for bradykinesia and tremor amelioration, respectively.

STN functional anatomy unraveled by the relationship 
between lesion location and motor improvement
The topography of the focal ablation responsible for optimal benefit 
on cardinal motor feature (i.e., sweet spot) was obtained from the 
probabilistic sign- related lesion maps (Fig. 2). After transformation 
onto the standard Montreal Neurological Institute (MNI) space 
(MNI152- NLIN2009 version), these sweet spots were registered to a 
connectivity- based STN atlas segmented in four functional regions 
according to related connectivity to primary motor, supplementary 
motor, associative, and limbic cortices (Fig. 2, left column) (7). The center 
of mass of the sweet spots (MNI coordinates) for alleviating bradykinesia 
(x/y/z = −11.4/−14.0/−6.9) and rigidity (x/y/z = −13.4/−14.4/−6.7) 
was located anterior, medial, and inferior within the SMA repre-
sentation, while the tremor- effective optimal target was located 
more posterior- laterally and superior within the M1 portion 
(x/y/z  =  −14.2/−17.3/−6.6) (Fig. 2, right columns). Consistently, 
these clinically effective sweet spots showed a distributed topography 
(Fig. 2, A to C). The optimal lesion topography associated with net 
improvement in bradykinesia largely coincided (76.7% of the sweet 
spot volume) with the SMA- connected subregion, thus more anterior 
and medial within the motor STN, with less impact on M1 and asso-
ciative subregions (15.8 and 7.5%, respectively). Conversely, the best 
antitremor lesion mainly covered the M1 (posterior and lateral) 
corresponding subregion (67.7% of the sweet spot volume), albeit 
with some degree of extension of the lesion onto the SMA- connected 
subregion (32.3%). The sweet spot for benefit against rigidity was lo-
cated between these two previously described subregions, not only 
affecting more prominently the SMA- STN (72.4%) but also encroach-
ing on M1- STN (26.4%). The extension of these sweet spots did not 
substantially reach the most anterior- medial region of the STN cor-
responding to the associative and limbic circuits (table S1). Accord-
ingly, the distribution of sweet spots allows us to envision a relationship 
between the impact of the lesion within specific STN motor subre-
gions and the improvement of each cardinal feature.

Predictor model of motor outcome after focal STN ablation
A predictor model for clinical improvement of FUS- STN was de-
veloped by using a multiple regression analysis to further account 
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for the relationship between lesion topography and the functional 
anatomy of the STN. These included the lesion volume within the 
STN subregions (i.e., VSMA- STN, VM1- STN, VASSOC- STN, and VLIMBIC- STN), 
defined by a connectivity- based atlas (7), as the main contribut-
ing factors (i.e., independent variables) to motor outcome (Fig. 3), 
and it was further adjusted for total lesion volume. According 
to the model, greater improvement in bradykinesia is achieved 
by lesions with a larger impact within the SMA- STN motor 

subregion (β = 0.658; P < 0.001). Conversely, the more the lesion 
affects within the M1- STN motor subregion, the larger is the as-
sociated tremor effect (β  =  0.577; P  =  0.001). The reduction in 
contralateral rigidity is also significantly correlated with the vol-
ume of the SMA- STN subregion ablation (β = 0.439; P = 0.005). 
Of note, no statistically significant association of the impact on 
associative and limbic subregions with motor outcome could be 
detected (table S2).

Fig. 1. Probabilistic FUS- STN lesion location maps associated with improvement in cardinal motor features. (Left) Axial and sagittal slices of the mean effect image 
for each motor feature, color coded by the degree of improvement. (Right) corresponding P- images. color coding depicts the results of Brunner- Munzel test on a voxel- 
by- voxel basis. Only voxels that survived a P < 0.05 permutation threshold are included. the StN, outlined in white, is superimposed on slices of a 100- μm, 7- t brain scan 
in the MNi152 space (76). the image orientation is indicated for each slice: A, anterior; S, superior; and R/l, right/left.
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Corticosubthalamic connectivity patterns underlying 
cardinal motor features
We calculated the connectivity model seeded on the clinically effective 
sweet spots and corresponding projections to cortical areas defined by 
a human motor area template (Fig. 4) (28). This connectivity analysis 
confirmed that the STN zone associated with best improvement in 
bradykinesia is mainly connected to the SMA, pre- SMA, and dorsal 
premotor cortex (PMd) (Fig. 4A). Regarding rigidity, voxels displaying 
the optimal ablation effect showed relevant projections to both SMA 
and PMd and, to a lesser extent, to pre- SMA and M1 (Fig. 4B). Con-
versely, the best effect against parkinsonian tremor was related to the 
impact within an STN area with a major projection to the M1, al-
though a less notable impact on the connections to the ventral premo-
tor cortex (PMv) and SMA is also present (Fig. 4C). The connectogram 
(Fig. 4D) confirms that sweet spots for each cardinal feature showed 
different and segregated cortical connectivity patterns. These results 
from the connectivity analysis were consistent with the quantitative 
approach provided by the multiple regression model (Fig. 3).

Validation of results in a prospective cohort
The above- described results led us to validate the findings prospec-
tively in an out- of- sample cohort in whom lesions were planned ac-
cording to our current lesion- based model. Thus, a small group of 
12 patients with PD (i.e., Validation Cohort) was treated with FUS 
unilateral subthalamotomy in the context of a pilot trial to investi-
gate the safety and efficacy of unilateral FUS subthalamotomy in 
patients with PD with less than 5 years since diagnosis (27). Of note, 
the target planning was prospectively adjusted to affect more neatly 
onto the rostral motor STN (first lesion) to improve bradykinesia 
while continuing to target the posterolateral subregion aiming to 
improve tremor (second lesion). This modified approach resulted in 
a higher antiparkinsonian effect [i.e., 68.7% reduction in contralat-
eral Movement Disorder Society–Unified Parkinson’s Disease 
Rating Scale part III (MDS- UPDRS- III) scores]. In particular, 
bradykinesia was substantially more ameliorated in comparison 
with the Test Cohort (n = 39) described above (40% versus 64.2% 
improvement for Test and Validation Cohorts, respectively). We 

Fig. 2. Topography of FUS- STN lesions for best clinical effect on cardinal motor features. left column illustrates three- dimensional (3d) rendering of significant mean 
effect image (i.e., sweet spot) for (A) bradykinesia (dark blue surface), (B) rigidity (green surface), and (C) tremor (red surface), superimposed to a 3d representation of the 
quadripartite StN atlas (7). Functional subregions of the StN are highlighted (primary sensorimotor in red, supplementary motor in green, associative in blue, and limbic 
in yellow). the following columns show the sagittal, coronal, and axial views of significant mean effect image, color coded by the degree of improvement for each clinical 
feature relative to StN anatomy (white outlines) and overlaid with an ultrahigh- resolution (100- μm) template of the human brain (76). colored voxels survived a P thresh-
old of 0.05 (Brunner- Munzel rank test), after permutation- based FdR correction for multiple comparisons. the MNi coordinates in the sagittal, coronal, and axial planes of 
the center of mass (blue dot) of each sweet spot are also represented. A, anterior; S, superior; R, right.
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carried out two levels of validation analysis: local (lesion- based) and 
network (connectome- based) approaches.

First, overlaps of patient- specific lesions with “significant mean 
effect image” were used to estimate outcomes in the original data 
(Test Cohort, N = 39) in a leave- one- out manner (Fig. 5A). Esti-
mated outcomes significantly correlated with empirical improve-
ments for bradykinesia (R = 0.676; P < 10−5), rigidity (R = 0.585; 

P < 10−3), and tremor (R = 0.679; P < 10−4). Next, we repeated the 
overlap calculation for the independent Validation Cohort. Pre-
dicted motor outcome was estimated based on the regression 
parameters from the Test Cohort. As a qualitatively assessment, 
“mean effect images” for this Validation Cohort are visualized in 
Fig. 5B, showing the spatial consistency with the original model. 
Namely, in this Validation Cohort, voxels with greater probability 

Fig. 3. Relationship between clinical outcome and lesion overlap with STN subregions. Scatterplot and 95% confidence interval (shaded area) between motor im-
provement and volume of the SMA- StN (left) and M1- StN (right) covered by the respective lesion. Standardized regression coefficients R reflect the effect of the impact 
on motor subregions contributing to prediction of efficacy for each motor feature (blue for bradykinesia, green for rigidity, and red for tremor). (Middle) lesion recon-
struction of illustrative example subjects, overlaid with an ultrahigh- resolution (100- μm) template of the human brain (76). Selected examples include three different 
patients who exhibited sign- selective response per clinical feature: bradykinesia (blue), rigidity (green), tremor (red- yellow). See table S2 for clinical details for every sub-
ject. Adjusted clinical outcomes were regressed against the other predictor variable and controlled per total lesion volume.
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to improve bradykinesia and rigidity are clustered anterior- medially 
with respect to those with larger probability to improve tremor, 
which are grouped in the most posterolateral portion. In line with 
this spatial distribution, cross- dataset prediction revealed a sig-
nificant relationship between expected and empirical improve-
ments (Fig. 5C). Thus, the prospective adjustment in target definition 
according to the model built on the Test Cohort correlated with 

the clinical benefit found for this Validation Cohort (27), reinforc-
ing its accuracy in defining the STN functional anatomy and rele-
vance to the cardinal features of PD.

Second, as a hypothesis- driven network- based validation step, we 
evaluated the impact of lesion on fiber tracts associated with improve-
ments on motor features in the Validation Cohort. Lesion connectiv-
ity profiles were obtained by isolating the fibers traversing each lesion 

Fig. 4. Corticosubthalamic connectivity patterns of FUS- STN lesions.  Sign- response tractography for bradykinesia (A), rigidity (B), and tremor (C). From left to right: 
efficacy clusters, color- coded fiber distribution from each sweet spot, and track density maps (number of tracts per vertex), overlaid on the MNi surface template (28). the 
streamline distribution seeding from lesion volumes across patients is reconstructed in white. (D) ACD values based on FUS- StN connectivity with cortical regions of inter-
est: M1, primary motor cortex; PMd, dorsal premotor cortex; PMv, ventral premotor cortex; SMA, supplementary motor area; pre- SMA, pre- supplementary motor area; and 
S1, primary somatosensory cortex. color codes are consistently related to improvement in motor features: bradykinesia (blue), rigidity (green), and tremor (red).
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from the Human Connectome Project (HCP)- 1065 dataset (29) and 
converted to tract density images in a 1- mm resolution (Fig. 6, A to 
C). Spatial correlations with the optimal fiber model per sign were it-
eratively calculated for each patient, and the resulting similarity indi-
ces were Spearman rank correlated with clinical outcomes (Fig. 6D). 
Tract models accounted for statistically significant amounts of vari-
ance in treatment outcome for bradykinesia (Rho = 0.817; P = 0.0012) 
and rigidity (Rho = 0.722; P = 0.0081). For tremor, we can observe a 
nonsignificant upward trend (Rho = 0.606; P = 0.087) for efficacy as 
a function of connectivity to M1. To some extent, this latter result for 
tremor and tractography was expected not only because of the small 
sample size (n = 9; 3 patients did not have tremor) but also because 
there was a marked antitremor effect (around 100%) in most cases; 
together, these aspects made statistical correlation elusive.

DISCUSSION
We here describe segregation of STN subregions and their cortical 
connectivity that are correspondingly associated with improvement 
in bradykinesia, rigidity, and resting tremor in PD following FUS 

ablation of the STN. A detailed correlation between motor behavior 
(i.e., improvement of clinical features) and STN anatomy has not 
been done previously using the impact of focal lesioning as a funda-
mental approach. This study has applied a methodology centered on 
voxel- based lesion- symptom mapping to explore the organization 
of the STN. Furthermore, we have elaborated on how such anatomo- 
clinical correlation allows interpretation of the human functional 
anatomy of the STN and cortical connectivity, the pathophysiology 
of PD, and the putative normal role of corticobasal ganglia circuits 
in motor control. Examining the impact of focal lesions is a tradi-
tional neuroscientific approach based on the premise that concrete 
neurological manifestations definitely related to specific brain le-
sions are directly related to the underlying (disrupted) normal func-
tion (10, 30, 31). Thus, the findings presented here are sound and 
reproducible. Previous assessments of STN topography and clinical 
efficacy have been directed by and large to defining the most effec-
tive placement for DBS electrode location (14–17). However, a re-
cent study by Rajamani et  al. (18) reported a similar topographic 
organization for STN- cortical connectivity based on the effect of 
DBS electrodes. This will be discussed in more detail below.

Fig. 5. Predicting FUS subthalamotomy outcome based on lesion topography. (A) Actual versus predicted improvement in test cohorts using a leave- one- out pro-
cedure. (B) lesion distribution of the independent validation dataset (n = 12), weighted by their corresponding relative improvement for each motor sign. (C) estimation 
of motor improvements in the validation cohort based on the original model from the test cohort, using the Spearman correlation analysis. MAe, median absolute error.
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STN- cortical connectivity and motor improvement
The impact on the cardinal features of PD encountered in this study 
is highly specific and relevant in terms of motor outcome and lesion 
topography. In our two initial studies (i.e., pilot and double- blind 
controlled studies), we found that FUS- STN improved tremor the 
most (77 and 83%) and bradykinesia the least (37 and 33%), with 
intermediate benefit for rigidity (71 and 60%) (25, 26). A lesser ef-
fect on bradykinesia had also been encountered with STN- DBS (18), 
but the anatomo- functional basis for such differential effects was 
not explained at the time (32).

The variability in the clinical response seen in our patients al-
lowed correlation with topography, which reveals a net anterior- 
posterior and mediolateral gradient within the STN predicting the 
degree of improvement of each cardinal feature. This, in turn, coin-
cides quite precisely with the intranuclear STN representation of the 
SMA and M1, which are anterior- medially and posterior- laterally 
placed in the STN and their corresponding cortical connectivity, re-
spectively (3,  5–7). In addition, we have established a statistically 
robust relationship between anteriorly placed lesions impinging on 
the SMA- STN subregion and improvement in bradykinesia, where-
as caudally and laterally placed lesions affecting the M1- STN convey 
the greatest antitremor effect (Fig. 2A). This was corroborated by the 

multiple regression analysis. Furthermore, the cortical connectivity 
approach confirmed that the relationship between affecting the 
SMA- STN and bradykinesia improvement and impingement on 
M1- STN connectivity induced the greatest benefit against parkinso-
nian resting tremor. The optimal topography of ablation associated 
with amelioration of rigidity overlapped mostly with connectivity of 
the anterior motor STN and cortical premotor areas (Figs. 2B and 
4). Of note, our connectivity analysis revealed some other interest-
ing associations (Fig. 4). Thus, the STN antitremor site showed the 
strongest connectivity not only with M1 but also with PMv, whereas 
improvement in bradykinesia localized to the rostral STN motor re-
gion connected to not only SMA but also pre- SMA and PMd. The 
findings for rigidity are somewhat less notably defined but highly 
interesting. Thus, STN- cortical connectivity for rigidity mostly co-
incided with the one for bradykinesia but is more limited to SMA 
and PMd (Fig. 4).

This clinical topography coincides by and large with a recent 
study by Rajamani et al. (18) in a large cohort (N = 237) of patients 
with PD operated for bilateral DBS in five centers. In this highly 
elaborate study, a significant association between the stimulation of 
tracts connecting the posterior STN with the M1 and cerebellum 
(secondary analysis) and tremor improvement was found, whereas 

Fig. 6. Predictive fiber tracts in Validation Cohort. (top) All fibers connected to the sum of lesions in the validation cohort are shown in white. Predictive fibers associ-
ated with improvement in bradykinesia (A), rigidity (B), and tremor (C) are color coded. (D) (left) cortical projections of color- coded streamlines associated with motor 
improvements. Motor cortical regions from a human motor area template (28) are delineated in a semitransparent brain surface in the MNi space. (Right) Streamlines were 
transformed to tract density images, and degrees of effective fibers affected by single lesions were rank correlated in a voxel- wise manner with motor improvement across 
the validation cohort. P values are based on Spearman correlations with bootstrapping resampling (1000 replications). See fig. S5 for associated tract density images. Rho, 
Spearman R; 95% ci, 95% confidence interval.
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connectivity between the anterior motor and premotor STN with 
the SMA and pre- SMA was associated with improvement in brady-
kinesia and rigidity (18). The results were further validated in an-
other cohort (N  =  93 patients) from three independent centers. 
Accordingly, the results of Rajamani et  al. (18) also established a 
fairly firm topography between motor improvement of tremor and 
best efficacy at the level of the posterior STN- M1 connection 
and more rostral STN- cortical premotor areas connectivity for 
akinesia- rigidity.

Our findings using focal ablation as the main methodology fit 
quite well with those encountered with DBS, together providing a 
strong indication of a segregated pattern of corticosubthalamic 
connectivity and motor manifestations. Accordingly, a rostrocaudal 
STN- cortical organization probably underlies relatively distinct 
mechanisms involved in bradykinesia, rigidity, and tremor in PD, 
which, in turn, could be used to make some broad deductions re-
garding basal ganglia mechanisms in normal motor control and be-
havior (Fig. 7). This is in keeping with the recent detailed study by 
Hollunder et al. (33), which describes a rostrocaudal cortico- STN 
connectivity organization associated with benefit by STN- DBS 
in several motor disorders (i.e., dystonia and PD) and behavioral 

disorders (Tourette’s syndrome and obsessive- compulsive disorder). 
Accordingly, primary motor manifestations and their improvement 
are mediated by more caudal corticobasal ganglia connectivity and 
the opposite, behavioral disorders are more rostrally mediated in 
the brain (33,  34). Admittedly, there is a relevant degree of func-
tional and anatomical overlap within the organization of the STN as 
much as for other basal ganglia nuclei (35, 36). Nevertheless, we be-
lieve the data we report here are robust and have been supported by 
different analytic approaches, which, in addition to a wealth of ex-
perimental and clinical findings, strongly support the existence of 
segregated STN- cortical connections and cardinal features of PD. Of 
note, the main hypothesis was retested prospectively by adapting 
our lesioning approach for FUS subthalamotomy in an out- of- 
sample cohort (Validation Cohort) of patients with PD (27). Thus, 
the planning of lesion targeting was modified to enlarge the impact 
on the rostral motor STN subregion with the aim of affecting the 
STN area projecting to premotor cortices and therefore better im-
provement in bradykinesia. This strategy proved to be correct, and 
this latter hypothesis- driven analysis showed that it was the volume 
of ablation in the rostral motor STN (i.e., connected to SMA and 
premotor cortices) that predicted the outcome on bradykinesia and 

Fig. 7. Segregated circuits for bradykinesia and resting tremor in PD. (A) loss of nigrostriatal dA changes the regulation of direct/indirect pathways and leads to an 
abnormal firing pattern in the rostral motor StN (SMA- StN), which is connected with the motor cortex through the SMA- StN hyperdirect pathway. this altered neuronal 
activity is also present in the rostral area of the motor GPi, which, in turn, projects to the vl thalamus and leads to excessive inhibition of the thalamo- cortical excitatory 
projection to the motor cortex, particularly SMA. (B) dopaminergic extrastriatal loss modifies the balance of the StN- GPe microcircuitry (i.e., excitation/inhibition), giving 
rise to abnormal oscillatory activity at 4 to 6 hz. this resting tremor activity is found within the most caudal area of the motor StN (M1- StN). tremor activity probably 
reaches the cortex through the thalamo- cortical projection to the M1. the cerebello- thalamo- cortical network contributes to the maintenance and amplification of rest-
ing tremor triggered by peripheral feedback, and possibly the M1- StN hyperdirect pathway reinforces the oscillatory activity within the StN. A putative direct subthalamo- 
thalamic connection (77), which might facilitate tremor propagation from the StN- GPe pacemaker to the motor cortex through the thalamus, has not been described in 
humans. dA, dopaminergic; GPe, globus pallidus pars externa; GPi, globus pallidus pars interna; M1, primary motor cortex; Put, putamen; SNc, substantia nigra pars 
compacta; StN, subthalamic nucleus; th, thalamus; SMA, supplementary motor area; vl, ventrolateral thalamus; GABA, γ- aminobutyric acid.
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rigidity (64.2 and 69.6% amelioration, respectively). In keeping with 
the high predictive value of the model, the posterolateral impact on 
the STN subregion/M1 connection accounted for a high tremor ef-
fect (90.3% improvement). Together, these findings fit well with an 
STN- cortical segregated pattern with a rostrocaudal gradient for 
bradykinesia, rigidity, and tremor in PD.

Pathophysiology of cardinal features of PD
Extensive previous evidence has shown that bradykinesia in PD is 
mainly related to dysfunction of the premotor cortical areas (37–
41). Our results indicate meaningful connectivity of clinically effec-
tive STN lesions for bradykinesia with the supplementary motor 
complex and PMd (i.e., area 6). The former has been preferentially 
associated with planning of self- induced movements and actions, 
whereas the latter appears to play a role in anticipating and execut-
ing externally cued movements (42). Animal experiments using an-
terograde axonal tracing have demonstrated that the premotor 
cortex (PMC) projects to the medial aspect of the STN but largely 
overlaps the SMA region (35, 36). On the contrary, PMC and SMA 
projections to the M1 and striatum are topographically segregated 
(43). These results are consistent with the involvement of pre- SMA, 
SMA, and PMd in different aspects of bradykinesia (44) and the vast 
and diverse aspects of human motor repertoire (33, 45).

Improvement in rigidity in our study showed a fairly high match 
with the connectivity pattern of bradykinesia, excepting the pre- 
SMA. It is tempting to suggest that rigidity and its associated en-
hancement of the stretch reflex in PD (46) could be primarily 
associated with the PMd connection (5, 35, 36) and the hyperdirect 
cortico- STN projection (47). This fits with the proximal joint fixa-
tion and posturing function attributed to PMd. Our results coincide 
by and large with previous (15) and more recent definitive results of 
rostral STN- cortical connectivity best associated with improvement 
of bradykinesia and rigidity (18). Admittedly, there are some few 
differences between results derived from ablation and DBS, which, 
after all, are not too unexpected, considering not only the distinct 
mechanism of action of either method but also the different spatial 
orientation and spreading of DBS electric fields and FUS- delivered 
thermal dose.

Tremor is arguably the most specific sign of PD; however, a 
sound explanation of its origin in PD has evaded historical and 
modern attempts. Of note, there is no correlation between striatal 
dopamine depletion and tremor in PD (48), which is also generally 
less responsive to dopaminergic medication. How dopaminergic 
loss leads to 4-  to 6- Hz neuronal synchronous firing is not yet clear. 
Our results neatly show that tremor is associated not only with the 
posterior- lateral motor STN and its connection with the M1 but also 
with the PMC- ventral area and, to a lesser extent, with the SMA. The 
exquisite focal and distal presentation of resting tremor in most pa-
tients suggests a somatotopic cortical mechanism, which could well 
be mediated by the M1/STN and PMv- STN hyperdirect projections 
(49). PMv neurons are highly responsive to peripheral somatosen-
sory afferents and become preferentially activated with distal hand 
actions (50). Peripheral feedback sustains and may even enhance 
tremor via the cerebello- thalamo- cortical network (20). Cerebellar 
cortical output goes mainly not only to M1 but also to PMC and 
SMA projections (51, 52), which may also be part of the oscillatory 
network. Our study did not ascertain STN- cerebellar connectivity 
specifically; however, cerebellar engagement in PD tremor is indis-
putable (20, 53) and is also in keeping with the findings of Rajamani 

et al. (18). It is noteworthy, however, that the cerebellum does not 
receive dopaminergic innervation or direct monosynaptic connec-
tions from the basal ganglia as far as is known today (54). On the 
other hand, the well- established disynaptic connectivity between 
the STN and dentate nucleus (via the pons) (55) could certainly play 
a relevant role in engaging the cerebellar network to sustain (or 
enhance) tremor (the “dimmer- switch” model) (19,  55,  56). The 
possibility that our therapeutic ablations could impinge on the 
dentato- rubro- thalamic (DRT) projection should be considered 
given previous results with DBS (57), but examining the impact of 
lesions on the white matter structures surrounding the STN is be-
yond the scope of this research. Moreover, lesioning the DRT seems 
unlikely because we found tremor benefit related to posterolateral 
lesions. They are relatively distant from the course of the DRT, and 
there was no correlation between the total volume of the lesion and 
tremor improvement. We suggest a prominent role of extrastriatal 
dopaminergic innervation, particularly putative changes in the re-
ciprocal STN–globus pallidus pars externa (GPe)–globus pallidus 
pars interna (GPi) microcircuitry (58, 59), giving rise to the abnor-
mal oscillatory activity of tremor in PD (Fig. 7B) (60). However, 
how such abnormal oscillatory 4-  to 6- Hz activity accesses the M1- 
corticospinal projection to reach the spinal cord and muscle seg-
ments in a somatotopic organized manner is not clear.

Last, our finding supports historical and modern notions that 
bradykinesia and rigidity are principal manifestations of basal gan-
glia dysfunction and most likely represent the clinical counterpart 
of a fundamental role of the basal ganglia in motor control (i.e., 
movement selection and energization) (8, 61, 62) mediated by corti-
costriatal and striatopallidal direct and indirect projections princi-
pally toward cortical premotor areas. On the other hand, the 
physiological counterpart of the 4-  to 6- Hz oscillatory activity of 
rest tremor remains unexplained. The fact that tremor at rest is ex-
clusively present in humans is more prominent in distal joints of the 
limbs and the typical repetitive 4-  to 6- Hz movements exhibit well- 
organized reciprocal inhibition suggest together that tremor uses 
motor cortical mechanisms developed for refined and well- learned 
hand and finger movements, such as picking up and selecting ob-
jects, self- purging, etc., which tend to be repetitive and rhythmic. 
Accordingly, we suggest a dual corticobasal ganglia organization 
that sustains different aspects of movement control, i.e., selection 
and acquisition of motor programs versus performance of highly 
automatized actions (Fig. 7).

Methodological issues and limitations
First, this study consisted of a retrospective topographic analysis of 
a relatively small cohort (39 patients) who underwent subthalamot-
omy in two prospective clinical studies of FUS- STN for PD (25, 26). 
Our approach was rather standardized in an effort to improve all 
cardinal motor features in patients with asymmetric PD stemming 
from previous experience with radiofrequency- mediated subthala-
motomy (63, 64). No systematic mapping of the STN was attempted 
purposely to explore the variable clinical response associated with 
different sites within the nucleus, which explains the high degree of 
lesion overlap. As a consequence, an intrinsic limitation of this ap-
proach is the autocorrelation of the data, increasing the likelihood of 
false positives. Moreover, voxel- based lesion- symptom mapping 
implements a massive univariate regression model to relate clinical 
outcome to the spatial distribution of lesions, thus leading to the is-
sue of multiple comparisons. In this study, we used a nonparametric 
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rank order test (65) that has been shown to be less sensitive to false 
positives than parametric permutations (66). Following a previous 
proposal (67), only voxels that survived correction for multiple 
comparisons were validated as belonging to the significant mean ef-
fect image for each motor feature. Any voxels that did not reside 
within the atlas- defined STN and those that received clinical scores 
from less than 10 lesions were discarded. This anatomically in-
formed approach conforms to the study hypothesis, ensures the va-
lidity of voxel- wise statistical tests, and accounts for the risk of the 
“regression to the mean” error. Admittedly, functionally relevant 
areas might have been missed because they are beyond the analyzed 
regions or did not exceed the predefined thresholds.

Second, manual segmentation of the lesions and limited MRI 
resolution could introduce some variability. A proportion of the es-
timated acute FUS lesion as evaluated by MRI (24 hours after the 
procedure) probably did not evolve into tissue necrosis, thus leading 
to overestimation of lesion volume. The latter is more likely as the 
distance from the sonicated target increases, where it is more prob-
able that the tissue experienced heating- evoked edema rather than 
necrosis. Nonetheless, the core of the lesion encountered mainly 
within the STN (VSTN) should be mostly necrotic (68). Another po-
tential pitfall is that nonlinear warping of lesions into the standard 
MNI space may become a source of bias. However, localization in 
the standard MNI space of both lesions and DBS (i.e., electrodes and 
volume of tissue activated) has been successfully and extensively 
used to explain clinical outcomes in previous studies (14, 64). The 
nonlinear registration method used in this study has been shown to 
account for intersubject anatomical variability more effectively 
compared with other nonlinear deformation algorithms (69). This 
diffeomorphic approach preserves local anatomical details while 
generating smooth transformations, thereby reducing spatial distor-
tions and ensuring optimal alignment of relevant structures. The 
creation of study- specific templates tailored to the population under 
investigation enhances the sensitivity and specificity of lesion local-
ization analyses. In addition, registration processes were rigorously 
monitored by visual inspection, and patient- specific adjustments 
were made when necessary.

Connectivity analyses were assessed on a population- averaged 
connectome based on diffusion data from 1065 participants of the 
HCP (29). It is expected that the use of normative data introduces 
limitations regarding the anatomical accuracy and the ability to cap-
ture patient- specific variability in brain pathways. However, the use 
of individualized structural connectivity has practical limitations, 
such as small sample size, suboptimal resolution, and poorer signal- 
to- noise ratio. Besides, the presence of movement artifacts is espe-
cially relevant in a sample cohort of patients with PD. The advantage 
of normative connectomes lies in the use of advanced acquisition 
and processing tools, resulting in higher image quality than could be 
achieved during clinical routine. Previous studies in DBS have con-
firmed that the use of normative models resulted in highly similar 
connectivity profiles in comparison with patient- specific diffusion 
data, leading to similar conclusions about the sweet spots associated 
with optimal clinical improvement (18,  33,  70). Nevertheless, al-
though our data significantly accounted for variation in clinical out-
come in both the Test and Validation Cohorts, its usefulness in 
FUS- STN targeting should be prospectively validated in patient- 
specific data.

The clinical- topographic model of the STN was prospectively 
tested in 12 patients with PD. Patients in this cohort presented less 

than 5 years from diagnosis (early PD), which implies a substantial 
difference from the Test Cohort. Such heterogeneity could decrease 
our power for predicting the clinical outcome based on the lesion 
model. However, that our predictions were significant despite this 
heterogeneity could be seen as a strength, and one would expect 
improved reproducibility in other cohorts.

In addition, two other methodological and conceptual aspects 
are worth considering. The functional (i.e., clinical) impact of a focal 
brain lesion is not limited or solely mediated by tissue elimination in 
a given region but carries a network effect. However, the impact of 
focal ablation is principally mediated by interrupting afferent/effer-
ent activity from the lesioned nucleus, thus having a local blocking 
effect. This is unlike the effect of DBS, which involves several local 
and distant physiological mechanisms, including modulation of 
surrounding tracts (21). Moreover, our findings were confirmed re-
garding the patient- based relationship between the distributed to-
pography of the FUS- STN lesions and the organization of the STN 
according to a connectivity- based atlas (Fig. 3) (7) by the comple-
mentary population- based corticosubthalamic connectivity analy-
sis (Fig. 4). In the latter approach, the connection strength between 
two regions (i.e., each STN subregion and the corresponding corti-
cal area) was considered proportional to the total area comprised by 
the fiber connector volume over the surfaces of the two related 
structures. Therefore, the number of streamlines isolated by each 
sweet spot acquired a biological significance related to the clinically 
effective interruption of information flow between the connected 
areas (for example, the SMA- STN projection and improvement in 
bradykinesia). Furthermore, these results were replicated in the 
Validation Cohort.

Our results tested by several methodological approaches allow us 
to establish a near to causal relationship between the topography of 
the ablation, the specific improvement of each motor sign, and the 
STN- cortical projection areas. Thus, most favorable outcomes for 
bradykinesia and rigidity were associated with lesioning the rostral 
STN motor subregion connected to premotor cortical areas, where-
as tremor improved the most with posterior- lateral STN lesions 
connected to the M1 and ventral PMC. These results may also serve 
to tailor STN interventions for PD to each patient’s individual clini-
cal presentation, optimizing clinical outcomes and the risk- to- 
benefit ratio of functional procedures.

MATERIALS AND METHODS
Patients
Between April 2016 and May 2019, a total of 45 patients with asym-
metric PD underwent unilateral FUS- STN in an initial pilot study 
(25) or a subsequent randomized sham- controlled double- blind 
trial, respectively (26). Four patients were lost to follow- up due to 
COVID- 19 pandemic restrictions, and two patients who developed 
limb weakness allegedly caused by partial extension of ablation to 
the internal capsule were excluded due to residual clumsiness inter-
fering with bradykinesia assessments (fig. S1) (26). Thus, 39 patients 
were included in this Test Cohort for a retrospective topographic 
analysis of FUS- STN lesions (table S1). A lesion- based model was 
prospectively tested in a Validation Cohort consisted of 12 patients, 
included in a pilot trial to investigate the safety and efficacy of uni-
lateral FUS subthalamotomy (27). All the studies were performed 
according to the Helsinki Declaration and approved by the local 
Ethics Committee, and all patients provided written informed 
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consent. These studies were registered with ClinicalTrials.gov with 
numbers NCT02912871, NCT03454425, and NCT04692116, re-
spectively.

Clinical assessments
The MDS- UPDRS- III (71) was assessed in both “off” (≥12 hours after 
withdrawal of dopaminergic medication) and “on” (60 to 120 min 
after their habitual dose of levodopa) states. For the analyses under-
taken in this study, only off- medication evaluations were considered 
as they provide the net effect resulting from subthalamotomy. Motor 
scores for bradykinesia, rigidity, and tremor were calculated as the 
sum of MDS- UPDRS- III subscores from the most affected (i.e., treat-
ed) side. Contralateral score for rigidity ranges from 0 to 8 (item 3.3), 
contralateral score for bradykinesia ranges from 0 to 20 (items 3.4 to 
3.8), and contralateral score for resting tremor ranges from 0 to 8 
(items 3.17). In all cases, unilateral assessment includes evaluation in 
the upper and lower limbs, with higher scores indicating worst motor 
performance. Assessments were conducted at baseline, 4- month 
(± 4 weeks), and 12- month (± 8 weeks) follow- up.

FUS subthalamotomy procedure
FUS- STN was performed in an ExAblate 4000 system (Insightec, 
Haifa, Israel), which consists of an MR- compatible 1024- element 
ultrasound transducer array. Ultrasound beams penetrate through 
the intact skull and focus on a targeted deep brain structure to create 
a thermal ablation. The brain tissue temperature is increased pro-
gressively, and the procedure is monitored in real time by clinical 
examination and MRI, including thermography. Our group strategy 
for FUS- STN generally included sonicating of three targets within 
the motor STN. Once the anterior commissure–posterior commis-
sure line was marked, the first target was located 12 mm lateral to 
midline, 3 mm caudal, and 3 mm ventral to the mid- commissural 
point. Registered pre-  and intratreatment MRI was used to adjust 
the target according to the patient’s anatomy. After achieving at least 
three effective (≥54°C) sonications along with clinical improve-
ment, the ultrasound focus was moved ≈1 mm caudal and ≈1 mm 
lateral and the procedure was repeated while looking for greater 
clinical improvement, particularly an antitremor effect. Last, the tar-
get was moved 1 mm dorsally and ≈0.5 mm medially and rostrally 
with respect to the initial target to enlarge the lesion dorsal- medially 
onto the fields of Forel, aiming to affect the pallidothalamic fibers 
(64). The procedure was ultimately guided by the clinical response. 
In particular, side effects such as motor weakness, dysarthria, and 
dysmetria were checked regularly after each sonication, and target 
coordinates were corrected as needed.

Image acquisition and segmentation
Baseline T1w (3D- MPRAGE, voxel size =  1.0 mm3) and 24- hour 
posttreatment T1w and T2w (FSE, voxel size = 0.5 by 0.5 by 2.0 mm3) 
images were acquired on a 3- T MRI (General Electric, Milwaukee, 
United States). T1w and T2w sequences were rigidly transformed to 
the baseline T1w images. A nonlinear spatial registration algorithm 
[DARTEL (Diffeomorphic Anatomical Registration Through Expo-
nentiated Lie Algebra), as implemented in SPM12 (http://fil.ion.ucl.
ac.uk/spm/software/spm12/) (72), was applied to baseline T1w vol-
umes to estimate a nonlinear deformation field into the MNI152- 
NLIN2009 asymmetric space. A connectivity- based atlas, which 
features a quadripartite STN model 6, was resliced and regis-
tered to individual native spaces by applying the inverse of the 

subject- specific warp field. Each transformation was visually vali-
dated and, if necessary, refined using an additional affine transfor-
mation step in the 3D Slicer software (https://slicer.org/).

Acute FUS lesion boundaries were manually segmented in the 
native space using the ITK- Snap software (http://itksnap.org). To 
characterize the lesion, two zones (i.e., necrotic core and periphery) 
were simultaneously segmented on registered T1w and T2w vol-
umes representing zones 1 and 2 for FUS ablative procedures ac-
cording to Wintermark et  al. (68). Lesion voxels in zone 1 were 
hyperintense in T1w and hypointense in T2w, whereas lesion voxels 
in zone 2 were hypointense in T1w and hyperintense in T2w. All 
images were segmented by two of the authors (R.R.- R. and J.U.M.- M.), 
and only voxels that were labeled as lesions by both raters were 
included in the final segmentation. To determine the extent of inter- 
rater variability, the kappa similarity coefficient was calculated for 
all labels following segmentation.

Topography analysis
Registered atlases were used to create individualized masks of the 
STN and the regions corresponding to M1, SMA, associative, and 
limbic connections (7). Total lesion volume (VTOT) was calculated as 
the sum of zones 1 and 2. The effective lesions in the STN (VSTN) 
were calculated by computing the voxels that are common to the 
lesion and the STN and saved for subsequent voxel- based analysis. 
Overlap of patient- specific lesions with the M1 (VM1- STN), SMA 
(VSMA- STN), associative (VASSOC- STN), and limbic (VLIMBIC- STN) sub-
regions of the STN was computed based on the correspondent 
masks defined by the quadripartite STN atlas (7). Subsequently, 
each lesion was transformed to the MNI152- NLIN2009 space using 
the corresponding transformation matrix.

Spatial relations between STN functional topography and 
FUS- STN efficacy
Mapping voxel- based lesion- symptom mapping
Our probabilistic mapping strategy follows, in general, previously 
proposed approaches (67,  73). Patient- specific lesions were first 
weighted by their corresponding relative improvement from base-
line as assessed by the MDS- UPDRS- III scale. Mean effect images 
were computed for each score in a voxel- wise manner by averaging 
the sum of all weighted volumes overlapping a given voxel. In paral-
lel, an unweighted “n- map” was generated, which included the total 
number of volumes overlapping each voxel. To ensure the validity of 
voxel- wise statistical testing, the n- map was thresholded to contain 
voxels occupied with at least 10 lesions (67) and then used to mask 
the mean effect images.

The association between lesion status and clinical improvement 
was tested for each remaining voxel. Because of the non- normal dis-
tribution of our data, voxel- wise, nonparametric Brunner- Munzel 
rank order tests were performed, as implemented in the NPM soft-
ware (https://nitrc.org/projects/mricron) (65,  66). As proposed by 
Medina et al. (74), we used a permutation- derived correction to 
address the type I error that is inherent in voxel- wise statistical anal-
ysis. Voxels with values exceeding a false discovery rate (FDR) of 
P < 0.05 were considered significant and stored in a “P- map.” Last, 
the n- masked mean effect images were thresholded by using the cor-
rected P- maps to create a significant mean effect image for each 
clinical feature. Subsequently, these maps were binarized and ren-
dered, and respective centers of mass were computed in the MNI152- 
NLIN2009 space.

http://ClinicalTrials.gov
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://slicer.org/
http://itksnap.org
https://nitrc.org/projects/mricron
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Subthalamic signotopy
Hypothesis- driven hierarchical multiple regression analyses were 
used to examine the relationship of lesion topography to clinical 
outcome. For each motor outcome, the efficacy, measured as % of 
change, was modeled as a linear combination of the volume of lesion 
impacting in each functional parcel (VCX- STN) as independent vari-
ables. The total volume was primarily entered as a nuisance variable 
in the regression model and regressed out to control for larger, less 
focal lesions. A value of P < 0.05 was considered to indicate statisti-
cal significance.
Connectivity
To scrutinize the relationship between the impact of effective lesions 
on corticosubthalamic pathways and clinical outcome, we devel-
oped a structural connectivity analysis defined by a high- resolution, 
population- averaged atlas in the MNI space (ICBM 2009a Nonlin-
ear Asymmetric template), available in the HCP- 1065 dataset (29). 
This probabilistic tractography atlas is shared with the DSI- Studio 
package and is publicly available at http://dsi- studio.labsolver.org. 
To assess the topography of feature- related connections, we seeded 
streamlines from each binarized significant mean effect image sepa-
rately. The end/terminate regions were set on six regions defined by 
a human motor area template: M1, PMd, PMv, SMA proper, pre- 
SMA, and primary somatosensory cortex (S1) (28). A total of 50,000 
seeds by region was explored, and a maximum of 500- mm trace 
length and a curvature threshold of ±90° were imposed as tracking 
parameters. The individual seed- region connectivity was computed 
through the anatomical connection density (ACD) matrices (75). 
ACD values, ranging from 0 to 1, reflect the fraction of the region’s 
surface involved in the axonal connection with respect to the total 
surface of both regions (see the Supplementary Materials).

Last, track density imaging (TDI) maps with 1- mm isotropic 
voxels were generated from each isolated track, masked with corti-
cal regions of interest, and projected onto an inflated brain surface 
in the MNI space using the Surf Ice software (https://www.nitrc.org/
projects/surfice). This enabled us to delineate the cortical topogra-
phy of sign- related mappings as vertex intensity in TDI reflects the 
density of streamlines within the voxel.

Cross- validation and testing
To test the reproducibility and consistency of the findings and the 
value of STN functional anatomy parcellation described here for 
clinical decision- making, we first performed a retrospective valida-
tion analysis, simulating motor scores in the Test Cohort based 
solely on the overlap of lesion volumes with the correspondent sig-
nificant mean effect image (i.e., bradykinesia, rigidity, and tremor). 
To account for the circular nature of this analysis, the ability of the 
sweet spot and connectivity models to predict motor improvements 
was prospectively tested on an additional FUS- STN Validation 
Cohort (N = 12). Those patients were included in a pilot trial to inves-
tigate the safety and efficacy of unilateral FUS subthalamotomy in 
“early” (<5 years of evolution) patients with PD. The clinical results 
have been reported elsewhere in detail (27). Imaging acquisition, 
segmentation, and normalization of the lesions to the MNI space 
were undertaken with the same methodology as described above.

Validation analysis was carried out at two levels. In the first, local 
analysis, the voxel- based overlap of individual lesions with each sig-
nificant mean effect image was used to explain clinical improvement 
within the Test Cohort through a linear regression model. To evalu-
ate the strength of the model, we correlated predicted and empirical 

individual motor score improvements in a leave- one- out design. 
The median absolute error was computed to quantify the discrep-
ancy with the measured improvement, and permutation- based test-
ing was conducted to correct for a type I error. To further test 
robustness, we used the regression parameters calculated in the Test 
Cohort” to cross- validate the model within the Validation Cohort.

The second, connectome- based analysis was carried out using 
data from the (N = 12) Validation Cohort. Patient- specific stream-
lines were isolated from the high- resolution HCP- 1065 connectome 
through association with individual lesions and converted to TDI 
maps (voxel resolution = 1- mm isotropic). Track fibers were modeled 
with the same pipeline as the patient’s Test Cohort. Each patient- 
derived TDI map was then tested in a voxel- by- voxel basis for spa-
tial similarity with the optimal connectivity TDI derived from the 
sweet spots (Supplementary Materials). The resulting similarity 
index was Spearman rank correlated with clinical outcomes for each 
motor feature. Rank correlation coefficients were thresholded at a P 
value of <0.05 after Bonferroni correction.
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Figs. S1 to S5
tables S1 and S2
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