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Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disorder, characterized by 
degeneration of dopaminergic neurons in the sub-

stantia nigra.1,2 Tremor is one of the cardinal symptoms 
of PD, presenting in 75% to 100% of patients during the 

course of their disease.3,4 Tremor can lead to a range of 
degrees of disability at home and in the workplace, affect-
ing employment and potentially causing social isolation.5 
However, although the bradykinesia and rigidity of PD re-
liably respond to dopamine therapy, the response of par-
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OBJECTIVE MRI-guided focused ultrasound (MRgFUS) thalamotomy is a novel and minimally invasive alternative for 
medication-refractory tremor in Parkinson’s disease (PD). However, the impact of MRgFUS thalamotomy on spontane-
ous neuronal activity in PD remains unclear. The purpose of the current study was to evaluate the effects of MRgFUS 
thalamotomy on local fluctuations in neuronal activity as measured by the fractional amplitude of low-frequency fluctua-
tions (fALFF) in patients with PD.
METHODS Participants with PD undergoing MRgFUS thalamotomy were recruited. Tremor scores were assessed be-
fore and 3 and 12 months after treatment using the Clinical Rating Scale for Tremor. MRI data were collected before and 
1 day, 1 week, 1 month, 3 months, and 12 months after thalamotomy. The fALFF was calculated. A whole-brain voxel-
wise paired t-test was used to identify significant changes in fALFF at 12 months after treatment compared to baseline. 
Then fALFF in the regions with significant differences were extracted from fALFF maps of patients for further one-way 
repeated-measures ANOVA to investigate its dynamic alterations. The association between fALFF changes induced by 
thalamotomy and tremor improvement were evaluated using the nonparametric Spearman rank test.
RESULTS Nine participants with PD (mean age ± SD 64.7 ± 6.1 years, 8 males) were evaluated. Voxel-based analysis 
showed that fALFF in the left occipital cortex (Brodmann area 17 [BA17]) significantly decreased at 12 months after thal-
amotomy compared to baseline (voxel p < 0.001, cluster p < 0.05 family-wise error [FWE] corrected). At baseline, fALFF 
in the left occipital BA17 in patients was elevated compared with that in 9 age- and gender-matched healthy subjects (p < 
0.05). Longitudinal analysis displayed the dynamic changes of fALFF in this region (F (5,40) = 3.61, p = 0.009). There was 
a significant positive correlation between the falling trend in fALFF in the left occipital BA17 and hand tremor improve-
ment after treatment over 3 time points (Spearman’s rho = 0.44, p = 0.02).
CONCLUSIONS The present study investigated the impact of MRgFUS ventral intermediate nucleus thalamotomy on 
spontaneous neural activity in medication-refractory tremor-dominant PD. The visual area is, for the first time, reported 
as relevant to tremor improvement in PD after MRgFUS thalamotomy, suggesting a distant effect of MRgFUS thalamoto-
my and the involvement of specific visuomotor networks in tremor control in PD.
https://thejns.org/doi/abs/10.3171/2021.3.JNS204329
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kinsonian tremor to dopamine treatment is inconsistent 
and unpredictable.6,7

Magnetic resonance imaging–guided focused ultra-
sound (MRgFUS) thalamotomy, a novel and minimally 
invasive technology for reducing medication-refractory 
tremor in PD, enables focal ventral intermediate (VIM) 
nucleus ablation by generating high-intensity ultrasound 
energy without cranium opening, anesthesia, or ionizing 
radiation.8–10 This technology has led to a renaissance of 
intracranial lesional functional neurosurgeries. However, 
little is known about the impact of a focal, deliberately 
ablated VIM lesion on brain function, and the mechanism 
underlying thalamotomy-induced tremor arrest remains 
unclear. A previous study based on a diffusion tensor 
MRI technique investigated the effects of MRgFUS thala-
motomy on white matter integrity in PD and found long-
term damage in the ablated core and the tract connecting 
the thalamus to the red nucleus.11 However, the effects of 
MRgFUS thalamotomy on spontaneous neuronal activity 
in PD have never been demonstrated.

The amplitude of low-frequency fluctuations (ALFF) 
and fractional ALFF (fALFF), measures of the magnitude 
of spontaneous blood oxygen level–dependent (BOLD) 
signal oscillations, have been proposed as suggestive of 
spontaneous neuronal activity.12–14 As a normalized index 
of ALFF, fALFF can provide more sensitive and specific 
measures of spontaneous neuronal activity by suppressing 
nonspecific signal components.15 The regional differences 
in fALFF have been reported to be reliable for discrimi-
nating PD patients from healthy controls.16–18 These find-
ings indicate the potential of fALFF as a PD biomarker 
to assess treatment response and to clarify the basis of 
tremor suppression conveyed by MRgFUS thalamotomy.

In the present study, we aimed to assess the effects of 
MRgFUS thalamotomy on local BOLD oscillations as 
measured by fALFF in PD patients. First, we explored 
the changes in fALFF in PD patients at 12 months after 
MRgFUS thalamotomy compared to baseline based on 
whole-brain voxel-wise analysis, which is a data-driven ap-
proach allowing one to detect regional changes throughout 
the brain without any a priori hypothesis regarding loci. 
Then we investigated the longitudinal dynamic alterations 
of fALFF in the regions with a significant difference. We 
also investigated fALFF changes within the lesion center 
based on region-of-interest analysis. We hypothesized that 
MRgFUS thalamotomy could exert modulatory effects on 
spontaneous neuronal activity in remote areas beyond the 
target.

Methods
Participants

Ten right-handed patients with medication-refractory 
tremor-dominant PD underwent unilateral MRgFUS thal-
amotomy targeting the VIM nucleus contralateral to the 
most severely affected extremity. All patients had been 
diagnosed with PD by an experienced movement disorder 
neurologist (R.Z.). Dominance of the tremor was defined 
by a ratio of mean Unified Parkinson’s Disease Rating 
Scale (UPDRS) tremor scores to the mean UPDRS pos-
tural instability/gait disorder scores ≥ 1.5.19 Details of the 

procedure were consistent with previous reports.20–23 Clin-
ical evaluations were performed at baseline and 3 and 12 
months after thalamotomy. MRI data were collected be-
fore and 1 day, 1 week, 1 month, 3 months, and 12 months 
after thalamotomy. One patient did not complete the series 
of posttreatment clinical evaluations and MRI scans after 
treatment; thus, 9 patients were included in the analysis. 
Nine age- and gender-matched right-handed healthy sub-
jects were recruited as controls (mean age ± SD 60.1 ± 
6.7 years, range 51–70 years, 8 males). The study was ap-
proved by the ethics committees of the Chinese PLA Gen-
eral Hospital. All patients gave informed consent before 
the study.

Clinical Evaluation
Tremor assessments were performed in the off-medi-

cation state (i.e., overnight withdrawal of antiparkinso-
nian drugs).24 The tremor score for the hand contralat-
eral (treated) to the thalamotomy was calculated using a 
subset of scores derived from the Clinical Rating Scale 
for Tremor (CRST) Part A, which evaluates rest, posture, 
and action components of hand tremor, and CRST Part 
B, which assesses five tasks involving handwriting (domi-
nant hand only), drawing, and pouring. The treated hand 
tremor subscore is on a scale ranging from 0 to 32 when 
the dominant hand is treated and a scale ranging from 0 to 
28 when the nondominant hand is treated. A higher score 
indicates more severe tremor. The rest, postural, and ac-
tion tremor components of the treated hand (scale of 0–4 
for each component) were separately assessed.

MRI Acquisition
MRI data were collected on a Discovery MR750 scan-

ner (General Electric). Patients were instructed to relax, 
keep their eyes closed, and to not sleep or think specifi-
cally during MRI acquisition. Ear plugs and tight but com-
fortable foam padding were used to reduce noise and head 
motion.

The resting-state functional MRI (rs-fMRI) data were 
acquired using echo planar imaging (EPI) sequences with 
the following parameters: TR 2000 msec, TE 30 msec, flip 
angle (FA) 90°, FOV 240 × 240 mm, matrix 64 × 64, slice 
thickness 3.5 mm, slice gap 0.5 mm, and 36 interleaved 
slices. Each functional run produced 180 volumes.

The high-resolution structural data were obtained us-
ing a three-dimensional fast spoiled gradient recalled (3D 
FSPGR) sequence with the following parameters: TR 
6.656 msec, TE 2.928 msec, TI 800 msec, FA 7°, FOV 
256 × 256 mm, matrix 256 × 256, slice thickness 1 mm, 
and 192 contiguous sagittal slices.

Imaging Analysis
Imaging Preprocessing of rs-fMRI

MRI scans from patients with right thalamotomy (n = 
3) were flipped along the x-axis so that all ablated lesions 
appeared to be on the left hemisphere. Image preprocess-
ing was conducted using an rs-fMRI data analysis toolkit 
(REST version 1.2, http://www.restfmri.net).25 The pro-
cedures consist of the following steps: 1) discarding the 
first 10 time points of functional images considering the 

Unauthenticated | Downloaded 08/25/22 06:42 AM UTC



J Neurosurg Volume 136 • March 2022 683

Xiong et al.

effects of scanning instability and patient adaptation; 2) 
slice timing across slices; 3) head motion correction (no 
scans were discarded according to the criteria of head dis-
placement > 2.5 mm or angular rotation > 2.5° in any di-
rection); 4) coregistration and spatial normalization to the 
standard Montreal Neurological Institute (MNI) EPI tem-
plate; 5) spatial smoothing with a 6-mm full width at half 
maximum Gaussian kernel; 6) removing the linear trend; 
and 7) regressing the six rigid parameters of head motion, 
white matter signal, and cerebrospinal fluid signal.

fALFF Calculation
After preprocessing, a temporary bandpass range of 

0.01–0.08 Hz was set to filter the BOLD time series for 
each voxel to remove the very-low frequency and high 
frequency noise.26 Then the filtered time series were 
transformed to the frequency domain using a fast Fou-
rier transformation to obtain the power spectrum. Next, 
the ALFF for each voxel was calculated as the averaged 
square-rooted power spectrum within the frequency band 
of 0.01–0.08 Hz. Finally, a division of the ALFF within 
the specified frequency band by the entire frequency 
range was computed at each voxel to yield the fALFF, 
which could provide a more stable and accurate measure 
of spontaneous neural activity.15 The fALFF maps were 
standardized into z-score maps to minimize the global ef-
fects of variability.

Voxel-Based Analysis
We first performed a whole-brain voxel-wise paired t-

test using the SPM package (http://www.fil.ion.ucl.ac.uk/
spm/) to identify significant changes in the fALFF at 12 
months after treatment compared to baseline (within the 
gray matter mask). Brain regions were reported at a thresh-
old of voxel-wise p < 0.001 and cluster level p < 0.05 with 
family-wise error (FWE) correction. The fALFF values 
in the region with a significant difference were extracted 
from the fALFF maps of patients acquired at each time 
point and the fALFF maps of healthy controls. One-way 
repeated-measures ANOVA with Mauchly’s sphericity 
test and post hoc paired Student t-test using Bonferroni 
corrections for five comparisons (α = 0.01) were conduct-
ed to determine the dynamic alterations of the extracted 
fALFF over six time points in patients using SPSS (ver-
sion 19.0, IBM Corp.). The extracted baseline fALFF and 
12-month postoperative fALFF of patients were sepa-
rately compared to the extracted fALFF values of healthy 
controls to determine if MRgFUS thalamotomy normal-
ized the fALFF in the identified region in patients. The 
association between the longitudinal changes of fALFF 
in the regions with a significant difference induced by 
thalamotomy and longitudinal changes of the treated hand 
tremor scores over three time points (i.e., before and 3 and 
12 months after treatment) was evaluated using the non-
parametric Spearman rank test. A statistical significance 
threshold was set at p < 0.05.

Lesion Analysis
Ablated lesion centers defined by Wintermark et al.27 

were manually delineated by a neuroradiologist (J.H.) on 

the 1-day postprocedure 3D FSPGR images using ITK-
Snap (www.itksnap.org). The delineated lesions and cor-
responding 3D FSPGR images were coregistered to the 
standard MNI T1 template by using SPM12 toolbox (http://
www.fil.ion.ucl.ac.uk/spm/). The quality of registration 
was visually confirmed. Then the right-sided lesions (n = 
3) were flipped along the x-axis. All thalamotomy lesions 
were summed to generate a lesion mask. The average 
fALFF values within the lesion were extracted from in-
dividual fALFF maps obtained at each session. One-way 
repeated-measures ANOVA was conducted to assess the 
dynamic alterations of fALFF within the lesion, and the 
Bonferroni method corrected for multiple comparisons. 
The correlation between changes of fALFF within the le-
sion and changes in the treated upper limb tremor scores 
was assessed using the nonparametric Spearman rank test.

Results
Participant Demographics

Nine patients (mean age 64.7 ± 6.1 years, range 53–75 
years, 8 males) with medication-refractory tremor-dom-
inant PD undergoing MRgFUS VIM thalamotomy were 
included in the analysis. The demographic and clinical 
data are summarized in Table 1. Treated hand tremor sig-
nificantly improved at 3 and 12 months after MRgFUS 
thalamotomy (Friedman test χ2[2] = 11.03, p = 0.004; post 
hoc Wilcoxon signed-rank tests using Bonferroni correc-
tion for two comparisons, α = 0.025; Fig. 1).

Impact of MRgFUS Thalamotomy on Low-Frequency 
Fluctuations

Voxel-wise paired t-test revealed a significant decrease 
of fALFF in the left occipital Brodmann area 17 (BA17; 
voxel p < 0.001, cluster p < 0.05 FWE corrected; peak MNI 
coordinates: x = −12, y = −90, z = 0; cluster size = 29 vox-
els; peak T = 7.83; Fig. 2A) at 12 months after the proce-
dure compared to baseline. Longitudinal analysis showed 
the decreasing shift toward normality during follow-up af-
ter MRgFUS thalamotomy (F = 3.61, p = 0.009; post hoc 
paired Student t-test using Bonferroni correction for five 

TABLE 1. Demographic characteristics and clinical data for PD 
patients

Variable Value

No. of patients (M/F) 9 (8/1)
Mean age in yrs, ± SD (range) 64.7 ± 6.1 (53–75)
Median duration of disease in yrs (range) 6 (3–27)
Thalamotomy side 
 Lt 6
 Rt 3
Median treated hand tremor score off  
medication (range)
 Baseline 17 (12–25)
 3 mos 4 (0–20)
 12 mos 3 (1–8)
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comparisons, α = 0.01; Fig. 2B). At baseline, fALFF in 
the left occipital BA17 in patients was elevated compared 
with that in age- and gender-matched healthy subjects, but 
12 months after thalamotomy fALFF in the left occipital 
BA17 did not show a significant difference compared with 
healthy subjects (Fig. 3). A significant correlation was 
identified between the decreasing trend of fALFF in the 
left occipital BA17 and hand tremor improvement after 
MRgFUS thalamotomy for three time points (Spearman’s 
rho = 0.44, p = 0.02; Fig. 4A). Further analysis of different 
types of tremor also showed significant positive correla-
tions between the falling trend of fALFF in the left BA17 

and rest, postural, or action tremor improvement (rest 
tremor: Spearman’s rho = 0.47, p = 0.01; postural tremor: 
Spearman’s rho = 0.59, p = 0.001; action tremor: Spear-
man’s rho = 0.46, p = 0.01; Fig. 4B–D).

Lesion Analysis
The volume of lesion centers at 1 day after thalamotomy 

ranged from 60 to 140 mm3 (mean 94.4 ± 26 mm3). The 
fALFF within the lesion did not show a significant change 
after the procedure. The fALFF within the lesion did not 
correlate with tremor improvement after thalamotomy.

FIG. 1. Tremor scores for the treated hand evaluated according to the CRST. A: Tremor score for the treated hand before and 3 
and 12 months after thalamotomy. *Bonferroni correction (α = 0.025). B: Tremor improvement ratio at 12 months after thalamoto-
my for all 9 participants (represented on x-axis). −1d = minus 1 day; +3m = plus 3 months; +12m = plus 12 months; op = operation. 
Figure is available in color online only.

FIG. 2. Impact of MRgFUS thalamotomy on low-frequency fluctuations. A: The colored region represents a significant decrease of 
fALFF in the left occipital BA17 at 12 months after treatment compared to preoperation (voxel p < 0.001, cluster p < 0.05 FWE cor-
rected). Color bar shows T score. B: The dynamic alterations of fALFF in the left occipital BA17. *Bonferroni correction (α = 0.01). 
+1w = plus 1 week. Figure is available in color online only.
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Discussion
To the best of our knowledge, this is the first investi-

gation to assess the effects of MRgFUS thalamotomy on 
spontaneous neuronal activity in medication-refractory 
tremor-dominant PD. We found that MRgFUS thala-
motomy results in a significant decrease of fALFF in the 
left occipital cortex (BA17) in PD, which correlates with 
tremor improvement.

ALFF or fALFF abnormality has been detected in PD. 
Altered ALFF in the precentral gyrus, supplementary mo-
tor cortex, midbrain, and cerebellum and altered fALFF 
in the cerebellum, left inferior temporal gyrus, right in-
ferior parietal lobule, and right middle frontal gyrus have 
been reported in PD.17,28,29 In addition, different patterns of 
spontaneous neuronal activity have been reported in pos-
tural instability/gait difficulty and tremor-dominant sub-
types of PD.30 A recent longitudinal study further found 
that fALFF in the right middle temporal gyrus and right 
middle occipital gyrus increased while fALFF in the right 
cerebellum, right thalamus, right striatum, left superior 

FIG. 3. Difference in fALFF in the left occipital BA17 between healthy 
controls (HC) and patients before and 12 months after thalamotomy. 
Figure is available in color online only.

FIG. 4. A significant positive correlation between the falling trend of fALFF in the left occipital BA17 and tremor improvement. 
A: Correlation with the hand tremor score. B: Correlation with resting tremor score. C: Correlation with the postural tremor score. 
D: Correlation with the action tremor score. Figure is available in color online only.
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parietal lobule, left inferior parietal lobule, left precentral 
gyrus, and left postcentral gyrus decreased as the disease 
progressed.18 These findings suggest that the pathophysiol-
ogy of PD involves multiple brain regions besides the ones 
within the motor network and that ALFF or fALFF could 
be used as a biomarker for evaluating and monitoring PD.

The current study aimed to investigate the impacts of 
MRgFUS thalamotomy on local fluctuations in neuronal 
activity as measured by fALFF in patients with medica-
tion-refractory tremor-dominant PD and to learn if the 
changes of low-frequency fluctuations could underlie 
the neural substrate of tremor control induced by thala-
motomy. Our results showed that MRgFUS thalamotomy 
leads to a restoration of fALFF in the visual area and that 
the restoration is correlated with tremor improvement in-
duced by the procedure. This is a novel and interesting 
finding. Involvement of the left occipital BA17 suggests a 
remote neuromodulatory effect of MRgFUS thalamotomy. 
Concerning the distant effects of MRgFUS thalamotomy, 
previous studies using structural diffusion tensor imag-
ing data or rs-fMRI data combined with the graph theory 
method have shown the white matter integrity and path-
length changes in distant areas after thalamotomy in pa-
tients with essential tremor.31,32

Abnormal activity in the visual area has been reported 
in PD using different methods. For instance, Zhang et al. 
reported an increased weighted degree centrality in oc-
cipital (calcarine and cuneus) regions in patients with PD 
and revealed that regional efficiency of the brain network 
involved in the calcarine sulcus as well as the basal gan-
glia and cerebellum were capable of distinguishing PD 
subtypes.33,34 Göttlich et al. found that PD patients had 
lower connectedness in the calcarine cortex and that the 
interaction of the visual network with other brain net-
works decreased.35 In a recent hybrid 18F-FDG-PET/MRI 
study, an increase of metabolic activity in the calcarine 
cortex was observed after MRgFUS subthalamotomy in 
PD patients.36 However, abnormality of the visual area or 
visual network has often been linked to the visual prob-
lems of PD patients, such as visual hallucinations. The 
relationship between the visual network and tremor was 
barely mentioned in the literature except in one study that 
found that functional connectivity between visual areas 
and the putamen was correlated with tremor scores in 
tremor-dominant PD.37 According to our findings, the role 
of visual areas or the visual network in tremor generation 
and further tremor control after thalamotomy may be un-
derestimated.

It has been postulated that there must be a series of 
cortical-cortical connections from visual areas to motor 
ones for the sensory guidance of movement of the hands 
and fingers.38 In line with our findings, previous studies 
in essential tremor have found a link between visual ar-
eas or the visual network and the tremor arrest induced 
by VIM radiosurgery.39 Tuleasca et al. reported a correla-
tion between a decrease in gray matter density in the oc-
cipital cortex (BA19) at 1 year after VIM radiosurgery and 
tremor improvement40 and found that gray matter density 
in the right BA18 at baseline can predict tremor control 
at 1 year after VIM radiosurgery.41 By using group-level 
independent component analysis, they further determined 

that interconnectivity between visual and motor areas was 
correlated with tremor control after VIM radiosurgery.42 
More recently, these authors used a coactivation pattern 
analysis to investigate the dynamic interactions of the right 
extrastriate cortex and found that tremor improvement in 
patients with essential tremor after stereotactic radiosur-
gery thalamotomy was correlated with changes in the 
dynamic functional connectivity of the extrastriate visual 
system.43 These findings support the role of visual areas or 
a visual network in tremor generation and further suppres-
sion after treatment.

However, how a focal deliberate VIM nucleus lesion 
induces structural and functional changes in visual areas 
and its relevance to tremor control remain unclear. One 
possibility could be the calibration of a cerebello-visual-
motor network. It has been postulated that visual areas 
connect to motor ones through pontine cells and the cer-
ebellar cortex.38 A recent study in essential tremor has re-
ported that tremor improvement after VIM radiosurgery 
correlated with interconnectivity strength between motor 
areas and the cerebellum lobule with the visual area, sug-
gesting the presence of a cerebello-visuo-motor functional 
network related to clinical benefits.42 Another possibility 
would be the regulation of the visual corticostriatal sys-
tem. It has been hypothesized that the striatum receives 
inputs from the visual cortex then projects to the pallido-
nigral complex to mediate visual-motor associations and 
visually guided reaching.44 The identified correlation be-
tween putamen-visual area functional connectivity and 
tremor scores in tremor-dominant PD suggests the in-
volvement of the visual corticostriatal system in Parkin-
son tremor.37 Further studies are needed to address these 
issues. Furthermore, Tuleasca et al. have raised the ques-
tion of whether visual areas should be targeted in essential 
tremor. And, the same question remains open in PD.

Interestingly, different visual areas are reported to link 
with tremor arrest after VIM thalamotomy in essential 
tremor and PD. The visual association areas (BA18 and 
BA19) are reported to be involved in tremor arrest after 
VIM radiosurgery in essential tremor.40,41 However, the 
primary visual area (BA17) is, for the first time, identi-
fied as relevant to tremor improvement after MRgFUS 
thalamotomy in tremor-dominant PD. Is there a possibility 
that tremor control in essential tremor and PD after VIM 
thalamotomy may recruit different visual networks? Does 
it have a role in discriminating essential tremor and trem-
or-dominant PD? Caution should be exercised because dif-
ferent methods may contribute to these differences. More 
research is needed in the future.

We did not find significant fALFF changes within the 
lesion center, which was expected because rs-fMRI is in-
sensitive to the small subcortical regions given its relative-
ly weak signal-to-noise ratio in these areas.12 In addition, 
activity in the thalamus may not be completely removed 
because the size of the lesion center is too small.

Study Limitations
The small sample size is the main limitation of this 

study, although a longitudinal design could have enhanced 
study sensitivity. Studies with a large number of partici-
pants are necessary in the future. Although the current 
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study reports longitudinal changes up to 12 months after 
treatment, further long-term longitudinal studies are nec-
essary to observe the evolution beyond 12 months.

Conclusions
To the best of our knowledge, this is the first study to 

investigate the impact of MRgFUS VIM thalamotomy 
on spontaneous neural activity in medication-refractory 
tremor-dominant PD. The visual area is, for the first time, 
reported as relevant to tremor improvement in PD after 
MRgFUS thalamotomy, suggesting a distant effect of 
MRgFUS thalamotomy and the involvement of specific 
visuomotor networks in tremor control in PD. Future stud-
ies with larger sample sizes are needed to investigate the 
potential role of the visual area in predicting tremor im-
provement after thalamotomy.
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