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BACKGROUND The ventral intermediate nucleus (Vim) of the thalamus is a surgical target for treating various types of tremor. Because it is difficult to
visualize the Vim using standard magnetic resonance imaging, the structure is usually targeted based on the anterior and posterior commissures. This
standard targeting method is practical in most patients but not in those with thalamic asymmetry. The authors examined the usefulness of quantitative
susceptibility mapping (QSM) and transformed Vim atlas images to estimate the Vim localization in a patient with tremor and significant thalamic
hypertrophy.

OBSERVATIONS A 51-year-old right-handed female had experienced a predominant left-hand action tremor for 6 years. Magnetic resonance imaging
showed significant hypertrophy of the right thalamus and caudal shift of the thalamic ventral border. The authors referred to the QSM images to localize
the decreased susceptibility area within the lateral ventral thalamic nuclei to target the Vim. In addition, the nonlinearly transformed Vim atlas images
complemented the imaging-based targeting. The radiofrequency thalamotomy at the modified Vim target relieved the tremor completely.

LESSONS A combination of QSM and nonlinear transformation of the thalamic atlas can be helpful in the targeting method of the Vim for tremor
patients with thalamic asymmetry.
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The ventral intermediate nucleus (Vim) of the thalamus is a sur-
gical target to treat essential and other types of tremor.1,2 Because
it is difficult to identify the Vim on standard magnetic resonance im-
aging (MRI), the Vim target is usually placed by referring to the an-
terior commissure (AC) and posterior commissure (PC), the third
ventricular wall, and the lateral thalamic border.2–4 The Schalten-
brand and Wahren atlas5 can also guide the location of the Vim. In
most cases, AC-PC–based targeting can provide practical Vim coor-
dinates; however, when the thalamus is asymmetrical, surgeons
may need to modify the AC-PC–based Vim coordinates.

Advanced MRI techniques may indicate the Vim position visually.
Proton density imaging,6,7 white-matter nullification,8,9 and suscepti-
ble weighted imaging (SWI)10 can enhance the contrast of the Vim
with other ventral thalamic nuclei. Furthermore, 3-T7 and 7-T10,11

MRI systems also provide high-resolution Vim images. In addition
to these refinements of structural MRI, tractography based on
diffusion-weighted MRI can predict the location of the Vim by
showing the thalamocortical12,13 and cerebellothalamic pathways,14,15

as well as the pyramidal and spinothalamic tracts adjacent to the
Vim.16

ABBREVIATIONS 4D 5 four-dimensional; AC 5 anterior commissure; CRST 5 Clinical Rating Scale for Tremor; CT 5 computed tomography; cZI 5 caudal zona incerta;
MRI 5 magnetic resonance imaging; PC 5 posterior commissure; QSM 5 quantitative susceptibility mapping; QUEST 5 Quality of Life in Essential Tremor
Questionnaire; RF 5 radiofrequency; RN 5 red nucleus; STN 5 subthalamic nucleus; SWI 5 susceptible weighted imaging; Vc 5 ventrocaudal nucleus; Vim 5 ventral
intermediate nucleus; Vo 5 ventro-oral nucleus; Voa 5 ventralis oralis anterior; Vop 5 ventralis oralis posterior.
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Herein, we report a rare tremor case with a unilaterally hypertro-
phic thalamus using two advanced targeting methods. The patient
presented with a severe left-hand tremor with significant hypertro-
phy of the right thalamus. To target the Vim within the hypertrophic
thalamus, we referred to quantitative susceptibility mapping (QSM)
images17–19 and the atlas-to-patient warped Vim thalamus im-
ages.20,21 The patient underwent radiofrequency (RF) thalamotomy
using the modified right Vim target.

Illustrative Case
Presentation

A 51-year-old right-handed female had experienced left-hand
tremor for 6 years. The tremor worsened and impaired her activities
of daily living. She had a surgical history of pituitary adenoma but
no history of tic, seizure, or epilepsy. She did not have a family his-
tory of tremor. Upon examination, she had left-hand postural and in-
tentional tremor with no resting tremor. The head postural tremor
and right-hand postural and intentional tremor were mild. The left-
hand tremor deteriorated her spiral and line drawing significantly
(Fig. 1A). She had moderate and severe difficulties in drinking, hy-
giene, dressing, working, and social activities because of her left-
hand tremor. The Clinical Rating Scale for Tremor (CRST) Parts A,
B, and C scores were 8, 15, and 19, respectively. The Quality of
Life in Essential Tremor Questionnaire (QUEST) score was 70.

Preoperative T2-weighted MRI revealed hyperintense hypertro-
phy of the right thalamus (Fig. 1B) and hyperintense cortical thick-
ening in the right insula and parietal lobe, including the right
postcentral gyrus. Gadolinium injection did not enhance these lesions
(Fig. 1C). These radiological findings suggested thalamic hypertrophy
with focal cortical dysplasia or grade 2 gliomatosis cerebri.

Because the patient preferred to treat her left-hand tremor with-
out device implantation and to have a biopsy for the right thalamic
hypertrophy, she consented to RF Vim thalamotomy for tremor and
stereotactic biopsy of the right thalamus rather than opting for the
thalamic deep brain stimulation or focused ultrasound thalamotomy.

QSM Image Acquisition and Processing
The patient underwent QSM imaging with a single-head-orientation,

multiecho, gradient-echo protocol (8 echoes were received; the
first echo time was 4.5 msec, Dt was 5 msec) on a 3-T MRI unit
(Ingenia Elition X, Philips) 2 days before surgery. The 8 magnitude

and 8 phase data were integrated into four-dimensional (4D)
MATLAB data using the original code developed in MATLAB
2021a (MathWorks). The STI Suite (UC Berkeley) pipeline17 processed
the 4D MATLAB data into STAR QSM images.

Fusion of QSM and Nonlinearly Transformed Vim Atlas
Images

Affine parameters of SPM 12 (Wellcome Centre for Human Neu-
roimaging) coregistered the magnitude images of the QSM data to
the native T1 space. After that, the same affine parameters coregis-
tered the native QSM images to the native T1 space (Fig. 2A).
Then, the inverted parameter of the normalization nonlinearly trans-
formed and superimposed the ICBM 152 template brain20,22 on the
coregistered QSM images (Fig. 2A). The QSM images demon-
strated that the Vim as a decreased susceptibility area between the
hyperintense ventro-oral (Vo) and ventrocaudal (Vc) nuclei of the
thalamus (Fig. 2B and C) in the right ventrolateral thalamic nuclei.
To have the atlas-to-patient warped right Vim images, the right Vim
area of the template brain20,22 was also nonlinearly transformed
and superimposed on the QSM images (Fig. 2D).

Target Determination
The AC-PC–based Vim coordinates were 10.5 mm from the third

ventricular wall and 6.0 mm (25% of the AC-PC distance) anterior
to the PC on the AC-PC plane on the navigation system (Stealth
Station 7, Medtronic; Fig. 3A). However, the right Vim target was
2.3 mm above the ventral border of the hypertrophic right thala-
mus. Therefore, we visually inspected the ventral border of the
T2-hyperintense right thalamus (Fig. 3B) and the superior border
of the right subthalamic nucleus (STN) to guide the right Vim
target. We also referred to the Vim atlas image overlaid on the
T1-weighted magnetic resonance and QSM images. In addition,
we adjusted the trajectory to cross the Vim atlas and to reach
the superior part of the posterior subthalamic area, including the
caudal zona incerta (cZI), which was posterior to the STN and
lateral to the red nucleus (RN).23 The modified right Vim target
was placed inferior and anterior to the AC-PC–based Vim target:
10.5 mm from the third ventricular wall, 8.9 mm anterior to the PC,
and 2.7 mm below the AC-PC plane. The extended trajectory
reached the right cZI. We confirmed that the trajectory did not cross
the lateral ventricle and blood vessels.

Surgery
On the morning of surgery, the patient had a Leksell G frame

(Elekta, Stockholm, Sweden) placed on the head while under local
anesthesia and underwent a computed tomography (CT). We core-
gistered the CT data to the preoperative MRI data to finalize the
stereotactic coordinates. After a trephine and dural incision, we in-
serted a thermocoagulation electrode into the target. Instead of using
microelectrode recording, we performed intraoperative stimulation at
the target site to verify tremor suppression with no adverse effects.
Stimulation was achieved by using a 1-mm diameter, 2-mm long
electrode, with a pulse duration of 100 msec, a frequency of 133 Hz,
and an intensity ranging from 0.5 to 3 mA. Subsequently, the applica-
tion of radiofrequency at a temperature of 64°C for a duration of
30 seconds, followed by a temperature of 70°C for another 30 sec-
onds, resulted in the creation of a thalamotomy lesion. The initial RF
lesioning of the Vim and cZI, performed 2.7 mm below the AC-PC
plane, resulted in near-complete resolution of tremor in the left hand

FIG. 1. Preoperative left-hand Archimedes spiral and line drawings (A).
Preoperative MRI showing T2-weighted hyperintense hypertrophy of
the right thalamus (arrowheads, B) and cortical thickening of the insula
(arrows, B) and parietal lobe (white arrowheads, B) with no gadolinium
enhancement (C).
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(Fig. 4A). An additional RF lesion 2 mm above the target along the
trajectory augmented the tremor suppression (Fig. 4B). The patient
had not reported any sensory disturbance. Subsequently, a stereotac-
tic biopsy of the T2-weighted hyperintense dorsal thalamus was
performed.

Postoperative Course and Pathological Diagnosis
The postoperative T2-weighted images merged with the pre-

operative QSM and Vim atlas images demonstrated that the le-
sion went through the right Vim and extended to the right cZI
(Fig. 4A). The lesion may have involved part of the right ventra-
lis oralis anterior (Voa)/ventralis oralis posterior (Vop), as the

anteroposterior target coordinate was 8.9 mm anterior to the
PC. The patient experienced left-hand tremor reduction (Fig. 4B, C)
with no significant adverse effects on language, sensory function,
and gait function. The postoperative 3-month CRST Parts A, B, and
C and QUEST scores were 0, 1, 1, and 19, respectively. The pa-
tient had no recurrence of left-hand tremor for 12 months after the
surgery.

The biopsied tissue had low cellular density with no cellular aty-
pia. Immunohistochemistry showed that the p53-positive cells were
less than 10%, and mutations in isocitrate dehydrogenase 1 R132H
and ATP-dependent helicase were negative. These results weakly
suggested evidence of gliomatosis cerebri.

FIG. 2. A flowchart (A) merging the images of QSM and T1-weighted MRI of the patient native space. The ICBM 152 templates are transformed into the
native space. The same warp transformation is applied to the atlas images of the Vim of the thalamus. A QSM image of the right hypertrophic thalamus. A
slightly decreased susceptibility area in the ventrolateral thalamus indicates the Vim (arrowhead, B; dotted line, C). A warped Vim atlas image (red, D)
overlays the Vim area. MNI5 Montreal Neurological Institute.
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Patient Informed Consent
The necessary patient informed consent was obtained in this

study.

Discussion
Observations
Thalamic Hypertrophy and Tremor

Thalamic hypertrophy or enlargement can be associated with glio-
matosis cerebri,24 low-grade glioma,25 diffuse midline,26 and epilepsy.27

An association between focal cortical dysplasia and thalamic hypertro-
phy is unknown, while its association with thalamic hypotrophy has
been reported.28 Thalamic hypertrophy and associated tremor have
been reported only in a case with gliomatosis.29 Thalamic hypertrophy
of unknown etiology and essential tremor, as seen in the present case,
is a rare clinical constellation.

Asymmetrical Thalamus and Vim Targeting
In the present case, significant thalamic hypertrophy shifted the

ventral border of the thalamus below the AC-PC plane. The caudal
shift of the STN and RN on the QSM images supported the tha-
lamic border shift. Therefore, we placed the Vim target below the
AC-PC plane. A dim hypointense band within the ventrolateral tha-
lamic nuclei indicated the Vim. The warped Vim atlas also sug-
gested the location of the Vim. In case of a targeting failure, we
placed the tip of the electrode beneath the AC-PC plane and poste-
rior to the STN, which corresponded to the upper part of the cZI,
as the cZI is a valuable target to control tremor.30 In the present
case, the right Vim and cZI lesioning significantly suppressed the
patient’s left-hand tremor.

The 7-T SWI may indicate the Vim as a hypointense area.10,31

As an advanced imaging technique of SWI, QSM may also indicate

the Vim as a hypointense area.11 However, the predictive value of
a SWI/QSM-hypointense Vim remains unknown, as the magnetic
susceptibility of the Vim may vary among patients with tremor.11,31

To complement the accuracy of the QSM-based Vim localization,
we utilized the atlas-to-patient nonlinear transformation of the Vim
atlas.20,22

Because the present study is a single case report, our findings
on the Vim localization in the hypertrophic thalamus are limited in
accuracy and efficacy. In further cases, it is necessary to examine
the delineation accuracy of the SWI and QSM and the complemen-
tary effect of combining QSM and warped atlas images. Our study
also lacks a technical comparison of the present combined tech-
nique with other advanced MRI protocols such as high-resolution
proton density imaging,6,7 white-matter nullification,8,9 and diffusion
tensor imaging–based Vim targeting methods.12–16 Therefore, the
technical feasibility of a QSM adjunct with atlas warping cannot be
compared with other imaging methods.

Lessons
A combination of the QSM and nonlinearly transformed Vim atlas

imaging can be helpful to target the Vim, especially in patients with
tremor and a deformed thalamus. The QSM may indicate the Vim
as a hypointense band along the lateral ventral thalamic nuclei, and
the warped atlas can indicate the area of the Vim reflecting the indi-
vidual anatomical feature of the thalamus.
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FIG. 3. A: A coronal T2-weighted image (T2WI) shows a hyperintense hypertrophic right thalamus. A coronal QSM image shows the caudal shift of the
RN, STN, and substantia nigra (SN). AC-PC–based targeting of the left (red dot) and right (orange dot) Vim. B: The right modified Vim target (arrowheads)
and its trajectory (purple line) are shown. The QSM and atlas images show the Vim (red pixels). The trajectory is designed to reach the caudal zona incerta
(cZI). IC5 internal capsule; Pul5 pulvinar thalamus; Vo5 ventro-oral nucleus; Vc5 ventro-caudal nucleus.
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