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ORIGINAL ARTICLE
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Abstract
Purpose Subthalamotomy using magnetic resonance–guided focused ultrasound (MRgFUS) has become a potential treatment
option for the cardinal features of Parkinson’s disease (PD). The purpose of this study was to evaluate the effects of MRgFUS-
subthalamotomy on brain metabolism using different scale levels.
Methods We studied resting-state glucose metabolism in eight PD patients before and after unilateral MRgFUS-subthalamotomy
using hybrid [18F]FDG-PET/MR imaging. We used statistical nonparametric mapping (SnPM) to study regional metabolic changes
following this treatment and also quantified whole-brain treatment-related changes in the expression of a spatial covariance-based
Parkinson’s disease–related metabolic brain pattern (PDRP). Modulation of regional and network activity was correlated with
clinical improvement as measured by changes in Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) motor scores.
Results After subthalamotomy, there was a significant reduction in FDG uptake in the subthalamic region, globus pallidus
internus, motor and premotor cortical regions, and cingulate gyrus in the treated hemisphere, and the contralateral cerebellum
(p < 0.001). Diffuse metabolic increase was found in the posterior parietal and occipital areas. Treatment also resulted in a
significant decline in PDRP expression (p < 0.05), which correlated with clinical improvement in UPDRS motor scores (rho =
0.760; p = 0.002).
Conclusions MRgFUS-subthalamotomy induced metabolic alterations in distributed nodes of the motor, associative, and limbic
circuits. Clinical improvement was associated with reduction in the PDRP expression. This treatment-induced modulation of the
metabolic network is likely to mediate the clinical benefit achieved following MRgFUS-subthalamotomy.

Keywords Parkinson’s disease . MR-guided focused ultrasound . Subthalamotomy . Positron emission tomography . Metabolic
brain network

Introduction

Hyperactivity of the subthalamic nucleus (STN) is a
well-established feature of the parkinsonian state. Focal
lesioning of the STN was first shown to improve par-
kinsonism in monkeys treated with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) and, subsequently, to
improve all the cardinal motor features in patients with
Parkinson’s disease (PD) surgically treated with radio-
frequency [1–3]. The mechanism believed to underlie
subthalamotomy-induced improvement is reduction of
the increased excitatory drive from the STN onto the
basal ganglia output nuclei, which leads to restoration
of thalamocortical activity [4].
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Deep brain stimulation (DBS) of the STN has long been the
favored surgical technique due to its reversibility and adapt-
ability. However, subthalamotomy has remained a valuable
therapeutic alternative under some circumstances [5]. The in-
troduction of ablative incisionless transcranial methods using
magnetic resonance–guided focused ultrasound (MRgFUS)
has renewed the interest in lesional procedures. While ultra-
sound thalamotomy has been approved for the treatment of
both essential tremor [6] and PD tremor [7], evidence in other
movement disorders and targets is still somewhat limited.
Recently, the feasibility and safety of MRgFUS thermal abla-
tion of the dorsolateral STN in PD was reported by our group,
raising the possibility of wider application of focused ultra-
sound for the treatment of the cardinal features of PD [8].

Little research has been conducted to ascertain the meta-
bolic basis of the cl inical benefi ts conveyed by
subthalamotomy. Previous studies using positron emission to-
mography imaging with [18F]-fluorodeoxyglucose
([18F]FDG-PET) have shown systems-level changes in basal
ganglia-thalamocortical (BGTC) networks after surgical abla-
tion of the STN [9]. Indeed, an association between clinical
improvement and metabolic reductions in the STN and its
projections to basal ganglia output nuclei has been suggested
[9, 10]. The purely focal nature of MRgFUS lesions which
avoid a potential impact of recording and stimulation elec-
trode trajectories, together with the availability of hybrid
PET/MR imaging, allows for a highly accurate assessment
of metabolic changes associated with the therapeutic benefit
of subthalamotomy in PD patients.

On the other hand, while voxel-based univariate methods
have been extensively used in functional brain imaging, use of
this approach is hindered by the variability in metabolic activ-
ity that exists between subjects and regions. An alternative
approach to this issue is the use of a data-driven spatial co-
variance method to assess subject-by-region effects in func-
tional brain images. In recent years, spatial covariance analy-
sis of metabolic imaging has revealed disease-specific net-
work abnormalities associated with motor signs in PD, which
are characterized by pallidothalamic and cerebellar hyperme-
tabolism covarying with hypometabolism in premotor, pre-
frontal, and posterior parietal cortical regions [11–13]. This
PD-related metabolic brain pattern (PDRP) has been consis-
tently replicated in multiple independent populations.
Significant modification of PDRP towards values seen in
healthy controls has been reported with different therapies,
including DBS and lesioning procedures [14].

The purpose of this study was to evaluate the metabolic
effects of MRgFUS-based thermal ablation of the dorsolateral
STN in PD patients. We hypothesized that focused ultrasound
treatment exerts a broadly modulatory effect on the activity at
the subcortical and cortical levels beyond the STN and its
projection nuclei. To test our hypothesis, we conducted an
[18F]FDG-PET study in the first cohort of PD patients treated

with MRgFUS-subthalamotomy [8]. With the aim of further
exploring brain metabolic changes at multiple scale levels, we
applied three objective analytical methods: (i) voxel-based
analysis using statistical nonparametric mapping (SnPM),
(ii) volume of interest (VOI)–based analysis using atlas
parcellation, and (iii) network approaches using covariance
analysis.

Methods

Subjects

Ten PD patients were recruited for unilateral MRgFUS-
subthalamotomy in a prospective, open-label feasibility study
developed at the Centro Integral de Neurociencias (HM-
CINAC) of the University Hospital HM-Puerta del Sur, as
described [8]. All patients met the UK Brain Bank Clinical
Criteria for diagnosis of PD, and all gave informed consent to
procedures approved by the institutional Ethics Review
Board. Reason to undergo subthalamotomy included refusal
to undergo DBS, weak indication for bilateral DBS because of
mild parkinsonism on the less affected side or the absence of
relevant motor complications, and age-associated risks of
DBS. Detailed description of inclusion and exclusion criteria
has been published elsewhere [8]. Two subjects did not un-
dergo the pre- or post-treatment [18F]FDG-PET scan, thereby
reducing the cohort to eight patients (Table 1). This was unre-
lated to the subthalamotomy procedure. Details of the clinical
assessment have been previously reported [8]. The Movement
Disorders Society-Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) III (motor evaluation) was scored in all pa-
tients off (i.e., a minimum 12-h overnight withdrawal of
antiparkinsonian drugs)- and on-medication at baseline and
3 months after subthalamotomy.

Image acquisition and processing

Imaging was performed on a hybrid 3-T Biograph mMR sys-
tem (Siemens Healthcare, Erlangen, Germany). Simultaneous
PET/MR data was acquired at rest both before and 3 months
after MRgFUS-subthalamotomy, off-medication. Brain
[18F]FDG-PET imaging was performed in accordance with
the European Association of Nuclear Medicine procedure
guidelines [15]. Subjects rested in a quiet, dimly lit room for
15 min before radiotracer administration and during the up-
take period. PET acquisition started 40 min following the in-
travenous injection of 5 MBq/kg of [18F]-labeled
fluorodeoxyglucose. Emission data was reconstructed with
an ordered subset-expectation maximization algorithm,
smoothed with a 3D isotropic Gaussian of 2 mm at FWHM,
and corrected for attenuation using MR-based maps derived
from a dual-echo Dixon-based sequence (TR = 3.6 ms, TE =

Eur J Nucl Med Mol Imaging



1.23–2.46 ms) . Three-dimensional T1-weighted
magnetization-prepared rapid acquisition gradient echo
(MPRAGE; 176 sagittal slices; TR/TE = 2300/3.34 ms; slice
thickness = 1 mm; acquisition matrix = 256 × 256; FOV =
256 × 256 mm2) sequence was acquired for the purpose of
performing spatial normalization and partial volume effect
(PVE) correction. The imaging protocol also included axial
susceptibility–weighted (SWI) as well as axial and coronal
T2–weighted turbo-spin echo sequences.

Both MRI and PET scans from the patients with left
subthalamotomy (n = 3) were flipped so that all treatments
appeared to be on the right hemisphere. MPRAGE volumes
were normalized into the stereotactic Montreal Neurological
Institute (MNI) coordinate system using the Diffeomorphic
Anatomical Registration Through Exponentiated Lie
Algebra (DARTEL) method, available in the SPM12 package
(Wellcome Department of Cognitive Neurology, UK). All
PET studies were corrected for the PVE using the voxel-
based modified Müller-Gärtner method, available in the
PVE-Lab software package [16]. Corrected volumes were
normalized into the MNI space by applying the DARTEL
transformations obtained for MRI and smoothed using an iso-
tropic Gaussian kernel (FWHM= 8 mm).

PET data analysis

Changes in glucose metabolism
with MRgFUS-subthalamotomy

We performed voxel-based statistical nonparametric mapping
using the SnPM13 package (http://warwick.ac.uk/snpm), to
identify significant changes in regional brain metabolism
that occurred after MRgFUS. This analytical technique
applies random permutations to allow for multiple
comparisons in a voxel-by-voxel framework [17]. To account
for inter-individual variability in global metabolic rate, mean
FDG uptake values analogous to relative “regional Cerebral
Metabolic Rate of glucose consumption” (rCMRglc) were
calculated by normalization to their own global mean. To ver-
ify the feasibility of this ratio normalization, we estimated the

differences between residuals from model estimation, using
voxel-based t test statistics (Supplementary data).

SnPM analyses were performed within a previously de-
scribed hypothesis-testing mask [14, 18, 19] comprised of
components of the BGTC and cerebellum-thalamocortical
(CBTC) pathways known to be metabolically abnormal in
PD. The mask included the basal ganglia, thalamus,
brainstem, and cerebellum, as well as the premotor, prefrontal,
cingulate, posterior parietal, and occipital cortical regions bi-
laterally (anatomical definitions are detailed in the
Supplementary Material). Regions were selected using ana-
tomical atlases in MNI stereotaxic space as reference. The
automated anatomical labeling (AAL) atlas [20] was modified
to include the STN and red nucleus (RN) in the analysis, with
reference to a digitized high-resolution 3D atlas based on
Morel’s histological atlas [21], and brainstem with reference
to the Harvard-Oxford Atlas [22]. Under this assumption, we
assessed a hypothesis-driven comparison between conditions
within this space using the “paired t test” option in the SnPM.
Supra-threshold cluster size tests (pseudo t tests) were per-
formed based on 10,000 random permutations to account for
small sample size. Metabolic changes were considered to be
significant at a threshold of p < 0.001 (uncorrected for multi-
ple independent comparisons) and a minimum cluster size of
30 contiguous voxels. For exploratory purposes, we also com-
puted regional changes within the interest mask, at the less
stringent threshold of p < 0.01 (uncorrected). Metabolic
changes outside the mask were considered to be hypothesis-
generating and significant for p < 0.05, family-wise error
(FWE) corrected for multiple independent comparisons.

To evaluate the strength of the association between clinical
outcome and metabolic modulation, we extracted the globally
normalized rCMRglc within a spherical volume (diameter =
4 mm), centered on the peak voxel of the significant clusters.
These regions were defined on the MNI space using MRIcron
software (https://www.nitrc.org/projects/mricron). We
calculated nonparametric Spearman’s rank correlation
coefficients between percent of changes in the MDS-
UPDRS motor scores and rCMRglc. In addition, a separate
exploratory whole-brain voxel-wise correlation analysis was
employed using nonparametric permutation inferences.
Correlations were considered significant at p values under 0.
001, uncorrected for multiple comparisons.

Volume of interest analysis

In addition to the voxel-based analysis, we performed an ex-
ploratory volumes of interest (VOIs) analysis whereby 114
(57 per hemisphere) standardized cortical and subcortical
VOIs were considered, using the IBASPM tool for SPM
(http://www.fil.ion.ucl.ac.uk/spm/ext/). The atlas was
multiplied by the subject-specific gray matter mask obtained
in the normalization step and mean rCMRglc values were

Table 1 Demographic and clinical data of the PD patient group

Characteristic Value

Number of patients (M/F) 8 (5/3)

Age (years)—mean ± s.d. (range) 61.1 ± 10.3 (42–70)

Disease duration (years)—mean ± s.d. (range) 6.3 ± 2.5 (3–10)

Hoehn and Yahr stage off-med—range 1.5–2.5

MDS-UPDRS III off-med—mean ± s.d.

Pre-MRgFUS 33.0 ± 6.4

Post-MRgFUS 20.3 ± 9.6
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calculated for each VOI. Post-treatment volumes were com-
pared with the baseline by using a nonparametric Wilcoxon
signed-rank test, considered significant at a false discovery
rate (FDR)–corrected threshold of p < 0.05.

Network modulation by MRgFUS-subthalamotomy

MRgFUS-subthalamotomy-associated metabolic brain net-
work changes were ascertained by computing the expression
of a spatial covariance-based PD-related pattern (PDRP) on a
subject-by-subject basis using the scaled subprofile model/
principal component analysis (SSM/PCA) method as previ-
ously described [23, 24]. A detailed review of the mathemat-
ical principles underlying this approach has appeared previ-
ously [25, 26]. All PDRP computations were performed blind
to subject, treated hemisphere, treatment condition, andMDS-
UPDRS motor ratings. Network scores were Z-transformed
using analogous scores for 24 age- and gender-matched
healthy controls (3 per patient), collected at the University
Medical Center Groningen (UMCG) as part of the multicenter
project GLucose IMaging in ParkinsonismS (GLIMPS) data-
base (http://glimpsproject.com). PDRP changes induced by
subthalamotomy and their association with changes in the
MDS-UPDRS motor scores were evaluated using nonpara-
metric tests. Statistical comparisons were considered signifi-
cant for p < 0.05.

Anatomic predictors of outcomes

In order to investigate the impact of the spatial characteristics
of lesions on brain metabolism and their implications for clin-
ical outcomes, individual lesions were manually segmented
on MRI by two independent researchers using the ITK-Snap
software (http://www.itksnap.org). Only voxels rated by both
observers as belonging to a particular lesion were included in
the analysis. The STNwas projected onto each patient’s native
coordinates by applying the inverse of the DARTEL
transformations obtained for the MRI. The overall volume of
lesions and its overlap with STN were independently
computed in native space and correlated with changes in
clinical and metabolic values using the nonparametric
Spearman rank test.

Results

[18F]FDG-PET studies were performed on 8 patients with
markedly asymmetric parkinsonism before and 3 months after
MRgFUS-subthalamotomy. Subject demographics and clini-
cal characteristics are listed in Table 1. The treatment resulted
in significant improvements inMDS-UPDRSmotor ratings in
total (− 40.0%, p = 0.002) and contralateral (− 57.3%, p =
0.001) scores within 3 months post-treatment.

Effects of MRgFUS-subthalamotomy on brain
metabolism

SnPM maps reflected significantly reduced FDG uptake in
components of the BGTC motor network in the treated hemi-
sphere as compared with baseline (Fig. 1, Table 2). A signif-
icant metabolic decline was present in the lesion site, which
involved the STN and adjacent dorsomedial white matter
areas and extended medially to include part of the red nucleus.
Clusters of significant metabolic reduction as compared with
baseline were detected ipsilaterally in the globus pallidus
internus (GPi), primary motor cortex (precentral and
paracentral region, Brodmann area 4), superior frontal and
cingulate gyri (Brodmann areas 6 and 23, respectively), and
contralateral cerebellar lobules IV–VI (p < 0.001, uncorrect-
ed). Clusters in the primary motor cortex and cerebellum sur-
vived a FWE correction of p < 0.05. At a less conservative
threshold (p < 0.01), increases of metabolism were observed
bilaterally in posterior parietal and occipital lobes (Table 2,
supplementary figure 2). Subthalamotomy-related changes in
regional metabolism were not detected outside of the
hypothesis-testing mask.

Correlation analyses showed that reduction in rCMRglc in
the subthalamic region was positively correlated with both
overall motor improvement (rho = 0.97; p < 0.001) and clini-
cal outcome in the treated hemibody (rho = 0.82; p = 0.011),
measured according to percent of change in the MDS-UPDRS
motor ratings (Fig. 2a, b). Whole-brain voxel-wise correlation
analyses confirmed the significant association (p < 0.001, un-
corrected) between motor outcome and FDG uptake in the
dorsal STN region, as well as with the mid putamen (Fig. 2c).

VOI-based analysis

General agreement was observed between the voxel- and
VOI-based analyses. However, despite the general redundan-
cy of both measurements, some complementary information
was identified. Figure 3 shows differences in regional
rCMRglc, displayed as thresholded Z-map images rendered
on a template brain. These results show less FDG uptake rel-
ative to baseline in the treated hemisphere in frontal cortical
areas (e.g., in the precentral gyrus and paracentral lobule,
middle and superior frontal gyri, and anterior cingulate cor-
tex), STN and GPi (p < 0.05, FDR corrected), and marginally
reduced uptake in the ipsilateral thalamus (p = 0.05). Bilateral
regions of significantly increased rCMRglc comprised the ip-
silateral superior parietal lobule (BA7) and bilateral calcarine
cortex, lingual gyrus, cuneus, and occipital lobe (Table 3).

Effects of treatment on metabolic network activity

At baseline, the PDRP expression was elevated (z-score > 1.8)
in 6/8 patients, compared with age- and gender-matched
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healthy subjects. Patient PDRP expression was significantly
reduced following MRgFUS-subthalamotomy (p < 0.05)
(Fig. 4a). On an individual subject basis, network activity
was reduced in 7/8 patients (Supplementary data).
Treatment-mediated modifications in metabolic network
showed a significant correlation with changes in MDS-
UPDRS motor scores (rho = 0.76; p = 0.02) (Fig. 4b). Thus,
the greatest motor benefit was associated with the largest de-
cline in the PDRP network activity.

Anatomic predictors of outcomes

The mean volume of lesions was 180 mm3 (range 110–
340 mm3) with a mean subthalamic component of 80 mm3

(range 40–120 mm3). Correlation analysis revealed that only
the volume overlapping with the STN significantly influenced
the modulation of cortical and basal ganglia FDG uptake
(Table 4). Overall lesion size was only significantly associated
with modulation of cerebellar metabolism. Neither lesion vol-
ume nor the size of its subthalamic component was associated

with changes in the clinical MDS-UPDRS or metabolic PDRP
scores.

Discussion

In this study, we assessed the effects of MRgFUS-induced
thermal STN ablation on brain metabolism in PD. Using hy-
brid PET/MR imaging to identify functional mechanisms as-
sociated with motor improvement, we demonstrated that uni-
lateral MRgFUS-subthalamotomy decreased metabolic activ-
ity over a widespread set of cortical and subcortical motor
areas. Significant changes were limited to the treated hemi-
sphere and the contralateral cerebellum and accompanied by
motor improvements in the contralateral body side. We are
confident that such findings are directly related to the treat-
ment. These results are in accordance with the implicit as-
sumption that unilateral ablation causes modulatory effects
mainly in the ipsilateral hemisphere. This notion allows us
to use the contralateral hemisphere as an internal control for
the treatment side. Additionally, an independent multivariate

Fig. 1 Regions where MRgFUS-subthalamotomy induced metabolic re-
duction. The treated hemisphere is represented on the right. Activity was
decreased in the ipsilateral subthalamic nucleus (STN), red nucleus (RN),
internal segment of globus pallidus internus (GPi), precentral, paracentral,
superior frontal and posterior cingulate cortices, and contralateral cerebel-
lum. SnPM(t) maps are overlaid onto corresponding coronal sections of

the Montreal Neurological Institute (MNI) template. Coronal MNI coor-
dinates are shown next to each slice. p (uncorrected) < 0.001, k > 30
threshold. For regions with increased metabolism at p (uncorrected) <
0.01, the reader is referred to Table 2 and Supplementary figure 2
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network analysis revealed subthalamotomy-induced reduction
of the PDRP expression, which was correlated with clinical
improvement in the MDS-UPDRS motor ratings. To the best
of our knowledge, this is the first investigation to show quan-
tifiable modulation of the metabolic network in PD patients
treated with incisionless transcranial focused ultrasound.

Effect of MRgFUS-STN on regional brain metabolism

Our findings in regional FDG uptake within the basal ganglia-
thalamus-cortical circuitry generally reproduce those which
have been previously reported after pharmacological therapy,
surgical radiofrequency-induced STN lesions, and STN-DBS
[9, 10, 14]. Nonetheless, we found a broader spatial impact of
MRgFUS with respect to previous PET studies following sur-
gical ablation, as discussed below. Neither hypothesis-testing
voxel-based analysis nor exploratory atlas-based analysis
showed modulation induced by subthalamotomy outside of
the functionally interconnected regions associated with a
PD-specific metabolic pattern of activity [27, 28].

Effect on basal ganglia circuitry

As expected, we identifiedmarkedmetabolic reductions in the
midbrain after MRgFUS-subthalamotomy, consistent with the
anatomical position of the STN ablation. This cluster was

considerably larger than lesion size as determined on acute
anatomical MRI, spanning medially to the RN. Notably, while
there was a discernible extension of lesions into the zona
incerta and fields of Forel [8], no single lesion involved the
RN. Both voxel- and VOI-based analyses reflected a signifi-
cant metabolic decrease in the GPi, which is the main STN
excitatory output, and a subtle decrease in the thalamus.
Declines in glucose utilization have been reported in these
regions following classic radiofrequency-induced
subthalamotomy [9, 10]. Furthermore, changes in glucose me-
tabolism in the subthalamic region were correlated with total
and contralateral motor improvement as reflected by the
MDS-UPDRS motor scoring, confirmed by whole-brain vox-
el-wise correlation analyses. Therefore, our findings are con-
sistent with the understanding that suppression of abnormal
STN neuronal activity in the parkinsonian state shifts basal
ganglia output towards normality and consequently leads to
motor improvement.

Effect on motor cortical regions

Subthalamic ablation also gave rise to significant metabolic
decreases at distant nodes within the BGTC network.
Metabolic reductions in the precentral gyrus and paracentral
lobe (BA4), as well as the superior frontal gyrus (BA6), are
compatible with reversal of the PD-characteristic

Table 2 Brain regions showing
changes inmetabolic activity after
MRgFUS-subthalamotomy

Anatomical area Cluster extent MNI coordinatesa Z-scoreb

X Y Z

Decreased metabolism

Precentral gyrus (BA4) 209 36 − 26 57 3.53**

Paracentral lobe (BA4) 108 6 − 24 69 3.32**

Posterior cingulate gyrus (BA23/31) 152 4 − 12 43 4.32**

Superior frontal gyrus (BA6) 229 3 − 6 60 3.62**

STN/GP/RN 462 12 − 15 − 8 3.52**

Cerebellum (IV–VI) 5971 − 34 − 49 − 26 4.56**

Increased metabolism

Superior occipital gyrus (BA18) 120 17 − 86 27 3.33*

Middle occipital gyrus (BA18/19) 148 − 33 − 74 − 12 2.93*

Cuneus (BA19) 48 − 15 − 84 38 2.93*

Superior occipital gyrus (BA18) 39 − 17 − 71 24 2.77*

Inferior occipital gyrus (BA19) 69 − 42 − 83 − 6 2.65*

Lingual gyrus (BA18) 33 − 15 − 75 − 6 2.63*

Calcarine cortex (BA17) 513 18 − 63 8 2.60*

Inferior occipital gyrus (BA19) 94 39 − 80 − 14 2.55*

Calcarine cortex (BA17) 32 − 11 − 66 8 2.39*

a Peak MNI coordinates (mm) (x y z = right hemisphere; − x y z = left hemisphere)
b Z-values at the peak of maximum significance

BA, Brodmann area; STN, subthalamic nucleus; GP, globus pallidus; RN, red nucleus

*p < 0.01; **p < 0.001 (uncorrected, within hypothesis-testing mask)
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hyperactivity in motor cortical areas. Early PET studies to
assess the metabolic changes induced by surgical
subthalamotomy showed no significant changes in motor cor-
tical areas [9, 10, 14]. This apparent discrepancy may be re-
lated to methodological factors. The size of the focal lesion
induced by ultrasound is significantly larger than that

prev ious ly repor ted af te r rad iof requency-based
subthalamotomy [8, 29]. It is therefore plausible that patho-
logical contribution of the STN afferent activity to the up-
stream thalamocortical output is disrupted more by
MRgFUS than by conventional radiofrequency ablation.
Furthermore, the use of hybrid PET/MR acquisition and

Fig. 3 3-D surface projection of regions with significantly decreased
(blue to purple scale) and increased (red to yellow scale) glucose
metabolism following MRgFUS-STN, as measured with atlas-based

analysis. Central panel illustrates changes in subcortical nuclei, overlaid
on standard MRI brain templates. The display shows Z-score maps that
are significant at p < 0.05 (FDR corrected)

Fig. 2 Volume of interest (VOI)–based and voxel-wise correlation anal-
yses between regional metabolism and clinical improvement. a, b
Modulation of metabolic activity in the subthalamic nucleus correlated
significantly (p < 0.05) with clinical changes overall (ΔUPDRS-total)

and in the hemibody contralateral to the treatment (ΔUPDRS-treated). c
Whole-brain voxel-wise correlation analysis confirmed significant corre-
lation in the STN and finds a significantly positive correlation in the mid
putamen
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PVE correction in the current study may contribute to increase
the sensitivity in discriminating between metabolic brain
states [30, 31].

A relatively increased glucose metabolism in the basal gan-
glia, sensorimotor, and cerebellar cortices at rest has been
repeatedly reported using both univariate and multivariate
analyses. This is consistent with an excessive neuronal syn-
chronization in the parkinsonian state [28, 32, 33]. In this
context, our results lead us to postulate that interruption of
the increased basal ganglia-motor cortices synchronicity
might play a fundamental role in the therapeutic benefit of
subthalamotomy. This is in line with previous results showing
that both levodopa and STN-DBS normalized excessive cor-
tical oscillation in the motor cortex in PD in association with
clinical improvement [34].

Effect on associative and limbic cortices

We observed a marked metabolic deactivation of the posterior
cingulate gyrus, an area with direct reciprocal projections to
the limbic circuit. Although we did not find neuropsychiatric
side effects at 3 months in our study sample, it is likely that
perilesional edema, spreading to the limbic STN region during
the first weeks after MRgFUS, underlies these metabolic

changes. The current study further suggests a subtle and dif-
fuse metabolic increase in posterior occipital and parietal areas
induced by subthalamotomy. While prior PET studies have
revealed similar changes with STN stimulation and lesioning
[14], the specific cause and mechanism for such an effect
remains undeciphered. Comparisons with normal populations
have consistently pointed out a progressive decrease in
parieto-occipital areas at different stages of PD, associated
with visuospatial, memory, and executive dysfunctions [28,
35–37]. In this context, our PET finding of increased metab-
olism in the ipsilateral parietal association cortex may be at-
tributed to treatment-related modulation of transcortical
prefrontal-parietal pathways [14, 38].

Effect on cerebellum

The results of this PET study demonstrate the influence of
subthalamotomy on the activity of the rostral motor cerebellar
regions contralateral to the lesion. Previous PETstudies point-
ed to cerebellar hypermetabolism as a characteristic feature of
the parkinsonian off-state, supposedly due to its involvement
in the parkinsonian tremor presentation [39]. Our MRgFUS
lesions extended dorsally beyond the STN into the zona
incerta and fields of Forel, presumably affecting the

Table 3 Regions with changes in
glucose metabolism in volume-
based analysis. The right side
corresponds to the treated
hemisphere

Anatomical area Brodmann area (BA) Z-score p valuea

Decreased rCMRglc

R_middle frontal gyrus (BA9/46) 2.52 0.012

R_supplementary motor area (BA6) 2.52 0.012

R_STN – 2.52 0.012

R_pallidum – 2.52 0.012

R_precentral gyrus (BA4/6) 2.38 0.017

R_superior frontal gyrus, dorsolateral (BA9) 2.38 0.017

R_superior frontal gyrus, medial (BA8) 2.38 0.017

R_anterior cingulate gyrus (BA32) 2.38 0.017

R_median cingulate gyrus (BA23/24) 2.24 0.025

R_inferior frontal gyrus, triangular (BA45) 2.00 0.045

R_paracentral lobule (BA4) 2.00 0.045

R_thalamus – 2.00 0.050

Increased rCMRglc

R_inferior occipital gyrus (BA19) − 2.52 0.012

R_middle occipital gyrus (BA19/39) − 2.52 0.012

L/R_superior occipital gyrus (BA7/19) − 2.52 0.012

L/R_lingual gyrus (BA18) − 2.52 0.012

L/R_cuneus (BA18/19) − 2.52 0.012

L/R_calcarine fissure (BA18) − 2.52 0.012

L_inferior occipital gyrus (BA19) − 2.38 0.017

L_middle occipital gyrus (BA19/39) − 2.38 0.017

a FDR-corrected p values, Wilcoxon sign test

BA, Brodmann area; L/R, left/right hemisphere
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cerebello-thalamic tracts and pallidofugal fibers [8]. This was
done purposely with the aim of impacting the pallidothalamic
bundles, thereby minimizing the probability of inducing
lesion-related hemichorea/ballism [29]. Deactivation of the
motor cerebellum is therefore consistent with connectional
diaschisis due to fiber disruption. Moreover, STN ablation
can also affect the recently described disynaptic projections
to the cerebellum [40], strengthening the influence over cere-
bellar metabolism. A modulatory effect on cerebellar activity
at rest has been previously observed with STN-DBS and levo-
dopa therapy using functional MRI [41, 42].

Network modulation by MRgFUS-subthalamotomy

It is increasingly recognized that PD is characterized by a
disease-specific spatial metabolic pattern. Using covariance
analysis techniques, we found that PDRP scores predicted
motor performance in our patients at baseline (i.e., prior to
treatment), as measured by the MDS-UPDRS motor scores.
This association has been consistently replicated in several
independent patient populations, scanned at resting-state
using different scanning techniques [13, 28, 43, 44].
Moreover, PDRP expression decreased after MRgFUS, simi-
lar to the effect described in patients treated with surgical
subthalamotomy [9, 10]. From a clinical perspective, the rel-
evance of the subthalamotomy-mediated reduction in meta-
bolic activity is supported by the highly significant correlation
seen between clinical improvement and degree of the PDRP
modulation 3 months after treatment. This correspondence is
also in accordance with previous PET studies in patients un-
dergoing a variety of pharmacological and neurosurgical in-
terventions [10, 18, 28].

The physiological significance of the PDRP expression and
its shift towards normality in response to different therapeutic
approaches is still a subject of active research. The expression
of the metabolic covariance pattern has been found to correlate
with intraoperative recordings of spontaneous STN activity in

PD patients [45]. In this regard, it is likely that the treatment-
mediated modulation of pathological network activity is driv-
en by deactivation of STN outflow pathways. Of note, we
found no significant relationship between the degree of the
PDRP modulation and cortical regional metabolism. The cor-
relation of clinical outcome with the former suggests that
subthalamotomy is more likely to operate through a wide
modulatory effect over the functional architecture of the brain,
rather than inhibiting specific regions. Therefore, we can spec-
ulate that MRgFUS-subthalamotomy sets back growing ex-
pression of the disease-related metabolic brain pattern in PD.
Furthermore, our data supports the potential utility of the
PDRP as a quantifiable biomarker of motor improvement in-
duced by lesioning therapies.

Anatomic predictors of outcomes

Despite the large heterogeneity in the size and shape of
STN lesions, the motor improvement of over 50% in
motor scores for the contralateral body side is consistent
with correct placement of the lesion [8]. We sought to
investigate the impact of the morphometric parameters of
the lesions on brain metabolism and their implications in
clinical outcomes. In support of the hypothesis that hy-
peractivi ty in motor circuitry is suppressed by
subthalamotomy, the subthalamic component of the le-
sions showed a significant negative correlation with re-
duction of metabolism within the BGTC network, con-
sistent with a disruption in the excitatory output of STN
to neighboring structures. Interestingly, the overall lesion
size was significantly associated only with decreased cer-
ebellar metabolism, supporting the previous hypothesis
that the extension of lesions into the zona incerta and
fields of Forel interrupts the CBTC pathways.
Unexpectedly, the lesion size was not associated with
the modulation of PDRP scores or motor improvement,
suggesting a complex cascade of metabolic activity

Fig. 4 Modulation of abnormal metabolic brain networks in PD patients
by MRgFUS-subthalamotomy. a Data showed significant reduction in
PDRP network activity. Z-scores were computed relative to the mean
value of 24 age- and gender-matched healthy subjects. b Scatter plot

illustrating a linear relationship between the absolute improvements
(i.e., score reductions) of motor performance and PDRP Z-scores in PD
patients treated with MRgFUS-subthalamotomy
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changes driven by the lesion, although these correlations
should be interpreted with caution because of the small
number of patients.

Limitations

The main limitation of this study was the relatively
small number of patients. The sample size was based
on ethical considerations related to feasibility of recruit-
ment into a pilot study. Although comparable with anal-
ogous [18F]FDG-PET studies examining the effect of
novel therapies, the small sample size restricts the use
of whole-brain parametric methods. Our analysis is
powered by nonparametric permutation tests, limited to
the measurement of treatment-mediated metabolic
changes in components of the previously validated
hypothesis-testing network. SnPM is a more robust ap-
proach in the presence of outliers and increased noise
which can bias parametric imaging analysis in small
samples. Despite our conservative cut-off point (uncor-
rected threshold of p < 0.001), the coupling between hy-
brid PET/MR acquisition and PVE correction most like-
ly underlies the wider spatial distribution of significant
clusters relative to previous studies, as discussed above.
On the other hand, voxel- and VOI-level analyses com-
plement each other and help to reduce potential biases
introduced by sample size or choice of VOIs. The plau-
sibility of our results is strengthened by redundancy
between the two approaches.

It is well-recognized that prolonged dopamine treatment
can modulate functional networks in parkinsonian patients,
generally in accordance with our results. In this regard, each
patient was scanned under the standardized washout period of
a 12-h minimum medication withdrawal, both at baseline and
at follow-up. These findings support the results of previous
imaging studies indicating that pharmacological and lesioning
therapies for PD involve a common mechanism at the meta-
bolic level [28]. Nevertheless, a long-term medication effect
cannot be ruled out.

Conclusions

In this study, we report how successful MRgFUS-
subthalamotomy can modulate metabolic networks in PD.
We found significant changes in glucose metabolism in dis-
tributed nodes of the cortical-subcortical networks. Unilateral
STN ablation shifted PDRP expression towards health control
values, and the magnitude of changes correlated with the de-
gree of clinical improvement. These findings support the hy-
pothesis that suppression of the abnormal resting metabolic
activity could underlie motor improvement achieved by the
MRgFUS-subthalamotomy. This incisionless transcranial in-
tervention performed in combination with hybrid PET/MR
provided us with a unique opportunity to observe the direct
impact of subthalamotomy on the metabolic networks of PD
patients.
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