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A B S T R A C T

Objective: To compare posterior subthalamic area deep brain stimulation (PSA-DBS) performed in the conven-
tional manner against diffusion tensor imaging and tractography (DTIT)-guided lead implantation into the
dentatorubrothalamic tract (DRTT).
Patients and Methods: Double-blind, randomised study involving 34 patients with either tremor-dominant
Parkinson's disease or essential tremor. Patients were randomised to Group A (DBS leads inserted using con-
ventional landmarks) or Group B (leads guided into the DRTT using DTIT). Tremor (Fahn-Tolosa-Marin) and
quality-of-life (PDQ-39) scores were evaluated 0-, 6-, 12-, 36- and 60-months after surgery.
Results: PSA-DBS resulted in marked tremor reduction in both groups. However, Group B patients had sig-
nificantly better arm tremor control (especially control of intention tremor), increased mobility and activities of
daily living, reduced social stigma and need for social support as well as lower stimulation amplitudes and pulse
widths compared to Group A patients. The better outcomes were sustained for up to 60-months from surgery.
The active contacts of Group B patients were consistently closer to the centre of the DRTT than in Group A.
Speech problems were more common in Group A patients.
Conclusion: DTIT-guided lead placement results in better and more stable tremor control and fewer adverse
effects compared to lead placement in the conventional manner. This is because DTIT-guidance allows closer and
more consistent placement of leads to the centre of the DRTT than conventional methods.

1. Introduction

Deep brain stimulation (DBS) is now an accepted treatment for
medication-refractory tremor. The most common surgical target is the
ventral intermediate (Vim) nucleus of the thalamus [1] but other tar-
gets have been used with good effect including the globus pallidus in-
terna (GPi) [1], subthalamic nucleus (STN) [1], prelemniscal radiation
(RaPRL) [2], caudal zona incerta (cZI) [3], Voa/Vop thalamic nuclei [4]

and the posterior subthalamic area [5,6]. In recent years, there has been
increased interest in targeting sub-thalamic structures for tremor con-
trol especially the posterior subthalamic area (PSA). The PSA is an area
bounded superiorly by the thalamus, inferiorly by the substantia nigra,
posteriorly by the medial lemniscus, anterolaterally by the subthalamic
nucleus, laterally by the posterior limb of the internal capsule and
medially by the red nucleus [6]. It is closely related to the aforemen-
tioned surgical targets and contains the cZI, the cerebellothalamic tracts
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(CBTT) including the dentatorubrothalamic tract (DRTT) and RaPRL
[6–8].

Modern histological methods [7] and diffusion tensor imaging and
tractography (DTIT) [8] show that the surgical targets used in tremor
are either connected to the CBTT (cZI, RaPRL, ventral thalamic nuclei)
or very close to it (STN, GPi and pallidothalamic projections). Tracto-
graphy has also demonstrated lesions within the CBTT [9] in patients
with ataxia and tremor. Worsening abnormalities within this structure
are associated with tremor progression [10]. Better tremor control is
also observed whenever DBS contacts [8,11] or radiofrequency lesions
[12] are closer to the DRTT. These provide indirect evidence that the
CBTT, especially its DRTT component, plays an important role in
tremor modulation probably by acting as a common ‘superhighway’
connecting the neural centres involved in tremorgenesis.

Studies where the DRTT is directly targeted are limited. Coenen
reported a 90% reduction in myoclonic head tremor 3-months after DBS
leads were placed in the DRTT under DTIT-guidance [13]. Similar
procedures performed on twenty essential tremor (ET) patients in a
prospective observational study with a “minimum” follow-up period of
6-months reported equally good results [14]. DTIT-guided magnetic
resonance focused ultrasound lesioning of the DRTT on four ET patients
resulted in a 85–95% tremor reduction but there was no long-term
follow-up [15]. These studies show that directly targeting the DRTT can
result in good tremor control.

However, is DTIT-guided PSA-DBS better than PSA-DBS performed
conventionally? Can the technique be used for non-ET tremor especially
Parkinsonian tremor? The latter is important as Parkinson's disease
(PD) is probably the second most common neurological condition with
tremor [16] and there are very few studies on the surgical treatment of
tremor-dominant Parkinson's disease (TDPD). To answer this, we car-
ried out this randomised, double-blinded 5-year study with the primary
goal being to determine if DTIT-guided PSA-DBS conveys any clinical
advantage to conventional’ PSA-DBS.

2. Materials and methods

The study was performed in accordance to the Declaration of
Helsinki and approved by the Institutional Review Board (No. 230313)
with all patients giving informed, written consent.

2.1. Patient selection

Patients with confirmed medication-refractory ET and TDPD and
who met the criteria for DBS [17] were included. The diagnosis of ET
and TDPD was made by two movement disorder neurologists. Tremor
was considered ‘medication-refractory’ if there was moderate to severe
disruption of the patient's activities of daily living (ADL) despite trying
3 or more medications at the highest tolerated dose for a minimum of 6-
months. TDPD patients were only included if tremor was the main
complaint and there was minimal progression of non-tremor PD
symptoms for at least 8 years or more. Patients were recruited and
operated-on between 2009 and 2013 and followed for 5 years.

2.2. Study design

The CONSORT flowchart is shown in Fig. 1. Suitable candidates
underwent assessments, MRI scanning and tractography at least 2-
weeks before surgery. On the morning of surgery, patients were ran-
domised to Group A where the brain electrode was inserted in the
conventional manner [4] or Group B where electrode insertion was
DTIT-guided. Randomisation was performed using a random sequence
generator with even and odd numbers being allocated to Groups A and
B respectively. Results of randomisation was concealed to everyone
except the operating surgeon. Surgery was performed according to the
groups patients were randomised to. Post-lead implantation MRI scans
were obtained to determine the locations of the lead contacts and to

allow post-surgical assessment of the lead location relative to the centre
of the DRTT. Assessments and DBS programming were performed by a
neurologist blinded to the outcome of patient randomisation at 6-, 12-,
36- and 60-months post-surgery. Details of any adverse effects and
stimulation parameters were also recorded..

2.3. Preoperative magnetic resonance imaging and tractography

MRI scans were obtained 2-weeks before surgery (1.5 T Siemens
Magnetom, Germany). T2-weighted, axial images of the whole brain
(TR 3890 msec, TE 101 msec, FOV 260 mm, slice thickness 2 mm,
distance factor 0 mm, voxel size 0.9 × 1.0 × 2 mm) and spin-echo
echo-planar imaging pulse sequences (TR 6004 msec, TE 97 msec, FOV
260 mm, slice thickness 2 mm, 0 mm gap, voxel size 2 × 2 × 2 mm,
number of gradient directions 20, b-value 1000 sec/mm2, matrix
128 × 128) were obtained parallel to the anterior commissure- pos-
terior commissure (AC-PC) plane.

Following corrections for movement artefacts, T2 and spin-echo
images were co-registered and tensor calculations performed (fractional
anisotropy level 0.2, angle threshold 30°, minimum fibre length 10 mm,
seed density 5.0) using Syngo DTI-tractography software (Siemens,
Germany).

Deterministic tractography was performed using Kwon's technique
[18]. The DRTT was defined as the fibre tract connecting three regions
of interest: the cerebellar dentate nuclei, superior cerebellar peduncle
and midbrain tegmentum at the level of the equator of the red nucleus
before ending in the motor-premotor cortex. The individually defined
DRTT images were co-registered with the preoperative T2-scans using
Syngo DTI software (Fig. 2A-B) before being imported to FrameLink 5.0
neuronavigation software (Medtronic, USA) for further processing.

2.4. Surgical procedure

All patients were operated by the same surgeon (LHL) and assessed
by the same neurologist (AM). Following general anaesthesia, a
Cosman-Robert-Wells (CRW) headframe was attached. T2- images ex-
tending from the dorsal thalamic surface to the midbrain-pons border
(TR 3890 msec, TE 101 msec, FOV 260 mm, slice thickness 2 mm,
distance factor 0 mm, voxel size 0.9 × 1.0 × 2 mm) and gadolinium-
enhanced T1-images of the whole brain (TR 554 msec, TE 17 msec, FOV
270 mm, slice thickness 2 mm, 0 mm gap, voxel size
1.4 × 1.0 × 2.0 mm) were obtained parallel to the AC-PC plane. The
images were imported into FrameLink5.0 software for determination of
target coordinates and trajectory planning. Blomstedt's technique was
used to target the PSA in Group A patients [5]. In Group B, the centre of
the DRTT (hereafter known as the DRTT-core) at the level of the
equator of the red nucleus contralateral to the side of the tremor was
the initial target. The trajectory was adjusted to avoid critical structures
and the lateral ventricles and to allow the posterolateral STN to touch at
least one of the two most proximal contacts.

Baseline arm tremor scores (FTMTS and Bains-Findley) were ob-
tained. A single, centrally located microelectrode and cannula (FHC
Inc,USA) was inserted and advanced towards the target using a mi-
crodrive. The microdrive was positioned such that its anteroposterior
axis lay parallel to the patient's mid-sagittal plane. Continuous micro-
electrode recordings were obtained from 10 mm above (T = −10 mm)
to 3 mm below (T = +3 mm) the proposed target using a Leadpoint-4
platform (Medtronic). As the microelectrodes pass to the target, MER
recordings typically revealed STN-spiking (especially laterally placed
microelectrodes) before becoming silent on entering the PSA. This is
often accompanied by a reduction in arm tremor. Next, the guide tube
advanced in 1 mm increments from T = −5 mm to T = +3 mm. Test
macrostimulation (0–5 mA, 60microsec, 100 Hz) was performed
through the guidetube until a satisfactory response was obtained as
shown by i) a reduction in arm tremor by at least 90% compared to
baseline at 1 mA, 60 μs, 120 Hz, ii) the ability to draw spirals of grade 4
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and below on the Bains-Findley scale using the treated arm at 1 mA,
60 μs, 120 Hz and iii) absence of significant and permanent side effects
at 5 mA, 60 μs, 120 Hz. The microelectrode-macroelectrode was re-po-
sitioned and the above repeated until a satisfactory response was ob-
tained.

On eliciting the desired response, the macroelectrode was ex-
changed for a Medtronic 3389-40 lead under fluoroscopic guidance
with the penultimate lead contact (contact 1) being placed where
tremor control was best during testing. The electrode was secured and
the incision closed. The above was repeated on the opposite side for
bilateral procedures.

Intraoperative T2-weighted images were obtained whilst the patient
was still in the CRW frame (TR 3890 msec, TE 101 msec, FOV 260 mm,
slice thickness 2 mm, 0 mm gap, low SAR setting < 2.4 W/kg)) to de-
termine the position of the electrode contacts. An Activa PC
(Medtronic) pulse generator was implanted in the infraclavicular sub-
cutaneous region under general anaesthesia if the lead positions were
satisfactory. Patients were discharged the next day. Stimulator adjust-
ments were initiated 2–3 weeks later and continued until a satisfactory
outcome was achieved.

2.5. Assessments and outcome measures

Assessors and patients were blinded to the outcome of randomisa-
tion. A movement disorder specialist performed assessments pre-
operatively and 6-, 12-, 36- and 60-months post-operatively. Tremor
severity was assessed using the Fahn-Tolosa-Marin tremor scale

(FTMTS) and reported in two ways: an overall FTMTS score and the
treated tremor score (TTS). As the FTMTS contains scores from treated
and untreated sides, the TTS is more representative of tremor control
following surgery. The TTS is derived from the sum of the scores for the
treated side using FTMTS questions 11–14 and either questions 5 and 8
(right side) or 6 and 9 (left side). The TTS was sub-divided into the
scores for the treated arm (TTS-a), leg (TTS-l) and combined arm and
leg (TTS-al).Tremor affecting the face, tongue, voice, head and trunk
were grouped under ‘axial’ tremor (TTS-ax). The treated arm tremor
score (TTS-a) was sub-divided further into resting (TTS-ar), postural
(TTS-ap) and intention (TTS-ai) tremor scores.

The PDQ-39 questionnaire was used to assess the quality of life of
the subjects as more than 50% of the patients had TDPD. Although
designed for use in patients with Parkinson's disease, PDQ-39 has been
used to assess the quality of life in ET patients following DBS [19,20].
The questionnaire contains 8 domains corresponding to patients’ mo-
bility (Qs. 1–10), activities of daily living (Qs 11–16), emotional well-
being (Qs. 17–22), stigma of disease (Qs 23–26), social support (Qs.
27–29), cognition (Qs. 30–33), ability to communicate (Qs. 34–36) and
bodily discomfort (Qs 37–39). The PDQ39-SI is an average of all 8
domain scores and reflects the overall quality of life as perceived by the
patient. The scores are expressed in percentages with a lower score
denoting a better outcome.

Adverse effects were recorded on a binary scale (‘present’ or ‘ab-
sent’).

The primary outcome measures were the differences in tremor and
PDQ-39 scores between Groups A and B at 6-, 12-, 36- and 60-months

Fig. 1. CONSORT (Consolidated Standards of Reporting Trials) diagram showing all phases of the trial.
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after surgery. Secondary outcome measures were the effect of PSA-DBS
on the control of different tremor types, on axial tremor, differences in
stimulation parameters between groups, adverse effects of treatment
and the distance between the active contact and the DRTT-core.

2.6. Determination of location of active contact and distance from the
DRTT-core

Post-implantation scans were co-registered with the scans con-
taining the location of the DRTT using FrameLink software which al-
lowed determination of contact coordinates were determined relative to
the mid-commissural point and the measurement of distances between
the centre of the active contact to the DRTT-core.

2.7. Sample size and statistical analysis

Calculation of sample size was based on Blomstedt's study6. With a
power of 0.8, alpha 0.05 and equal proportions of patients in each
group, we calculated that a minimum of 12 patients in total with at
least 6 in each group was required to detect a mean difference of 0.5
standard deviation.

Statistical analysis was carried with IBM SPSS version 20. Wilcoxon
signed-rank tests were used as the data was not normally distributed.
Statistical significance was set at P < 0.05.

3. Results

3.1. Patient demographics

These are summarised in Table 1. Of the 65 patients screened, 31

were excluded as they did not have ET or TDPD (24) or did not meet the
inclusion criteria despite having ET/TDPD (7). Thirty-four patients
were included in the study of which 17 were randomised to the group
where lead implantation was carried out conventionally (Group A) and
17 underwent DTIT-guided lead implantation (Group B). No patients
dropped-out or were lost to follow-up throughout the study.

3.2. Primary outcome measures

3.2.1. Tremor scores following PSA-DBS are significantly better than
baseline and remains so until 60-months

Tremor scores are summarised in Table 2. At all post-surgical time-
points, conventional and DTIT-guided PSA-DBS resulted in significantly

Fig. 2. Relationship of active DBS contact from the centre of the DRTT (DRTT-core). (A) Location of the DRTT as shown by DTIT at the level of the equator of the left
red nucleus. The DTIT images had been fused to T2-weighted axial images and was to guide lead implantation into the DRTT. (B) Intraoperative axial T2-images
showing a lead contact within the DRTT. The distance between the centre of the contact and the DRTT was measured. Incidentally, this patient exhibited a profound
microlesioning effect and has no tremor in the treated arm even though his neurostimulator has not been activated for the last 5 years. (C) Radar plot of the distances
between Group A and B active contacts and the centre of the DRTT (referred to as the DRTT-core). The concentric circles denote distances in 0.5 mm increments from
the DRTT-core. Each marker is an active contact from either Group A or B. All active contacts were located within 2.5 mm of the DRTT-core. The majority of Group B
contacts were within a 1.5 mm radius of the DRTT-core which is only slightly greater than the diameter of a 3389-brain electrode (1.27 mm) whereas Group A
contacts were more widely dispersed.

Table 1
Patient demographics in Group A (conventional lead implantation) and Group B
(DTIT-guided lead implantation) at baseline.

Group A Group B P-value

Number 17 17 NS
Sex (Male:Female) 10:7 13:4 NS
TDPD:ET 7: 10 10:7 NS
Age at tremor onset (years) 53.00 ± 15.90 54.18 ± 18.70 NS
Age when DBS performed (years) 70.41 ± 8.46 54.18 ± 18.70 NS
Duration of symptoms before DBS

(years)
17.41 ± 14.72 12.94 ± 12.57 NS

Laterality of procedure- Unilateral:
Bilateral

10:7 13:4 NS

Side of lead insertion (Right: Left) 11:13 7:14 NS
Total number of leads inserted 24 21

NS = not statistically significant.
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improved tremor control over baseline (p < 0.001). The tremor re-
duction was greatest in the first 6-months after which they remained
stable up to 60-months.

3.2.2. DTIT-guided lead insertion is associated with better long-term arm
tremor control (especially the control of intention tremor) than conventional
lead insertion

The pre-surgical Group A and B tremor scores were not statistically
different. The tremor scores began to diverge within 6-months of sur-
gery with Group B mean tremor scores being lower than those of Group
A. However only TTS-al scores were significantly different (p= 0.047)
at 6-months. The FTMTS, TTS-al and TTS-a scores in Group B were
significantly lower than that of Group A from 6 to 60- months (Table 2).
The total (FTMTS). treated tremor scores for the arm and leg (TTS-al)
and arm (TTS-a) were 65.30%, 82.90% and 82.25% better than baseline
for Group A patients at 60-months. Similar scores in Group B patients at
60-months were 80.72%, 93.89% and 93.35% respectively above
baseline.

Resting (TTS-ar), postural (TTS-ap) and intention (TTS-ai) arm
tremor scores were significantly lower than baseline following surgery
(p < 0.001) but inter-group differences were not significant except for
the TTS-ai scores which were better in Group B (p < 0.001).

3.2.3. Patients who underwent DTIT-guided lead implantation reported
better quality of life especially in the domains of activities of daily living,
mobility, social stigma and social support compared to patients who
underwent conventional lead implantation

The results from the patient-reported PDQ-39 questionnaire are
summarised in Table 3 with lower scores denoting a better outcome.
Group B patients returned significantly better scores compared to
Group A patients in the following domains: PDQ-39SI, mobility, ADL,
stigma, social support and communication especially after the first year
of surgery. The difference in scores was not significant in the remaining
domains.

The impact of DTIT-guided lead implantation was most clearly
shown Group B patients activities of daily living. Group A patients re-
ported improvements in ADL scores over baseline of 76.13%, 73.33%,
59.22%, 50.50% at 6-, 12-, 36- and 60-months after surgery. In con-
trast, improvements over a similar period in Group B patients were of
the order of 88.55%, 93.13%, 91.98% and 87.03%.

Group B patients also experienced statistically significant improve-
ments in mobility, stigma and social support from 12- to 60- months
compared to Group A patients. These were all responsible for the better
quality of life experienced by Group B patients as reflected by the lower
PDQ-39SI score.

Problems with communication were encountered in both groups.
Indeed, speech problems were the most common adverse effect in our
study. However, significant worsening of postoperative ‘communica-
tion’ scores were only present in Group A patients and manifested as
early as 6-months after surgery. Verbal problems, whilst present in
Group B patients, were not as marked and did not reach statistical
significance. There were no significant differences between groups or
against baseline in the ‘emotional well-being’, ‘cognition’ and ‘dis-
comfort’ domains.

3.3. Secondary outcome measures

3.3.1. PSA-DBS is very effective in controlling leg and axial tremor
Both groups demonstrated significant improvement in leg (TTS-l)

and axial (TTS-ax) tremor following surgery when compared to baseline
(Table 2). However, there was no statistical difference in the mean TTs-l
and TTS-ax scores of Group A and B patients.

We investigated the effect of unilateral or bilateral PSA-DBS on axial
tremor. Bilateral procedures had lower mean axial tremor scores but the
differences between unilateral and bilateral lead insertion on axial
tremor control were not statistically significant (Table 4).Ta
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3.3.2. DRTT stimulation is equally effective in controlling tremor essential
tremor or tremor-dominant Parkinson's disease patients

We sought to determine if there was a difference in outcomes in
DTIT- guided lead implantation on ET and TDPD patients. Group B
contained seven patients with ET and ten with TDPD. The TTS-al scores
at 0-, 6-, 12-, 36- and 60-months in Group B patients with ET were
23.90 ± 4.68, 3.00 ± 2.36, 1.90 ± 2.88, 1.80 ± 2.78 and
2.70 ± 5.19 respectively. The scores for Group B patients with TDPD
during the same time-points were 18.55 ± 5.96, 1.27 ± 2.05,
1.18 ± 2.09, 0.36 ± 0.92 and 0.64 ± 1.29. Group B TTS-al scores
were significantly better after surgery (p < 0.001) for both ET and
TDPD patients. However when the postoperative TTS-al scores for ET
patients were not statistically different to those with TDPD between 12-
to 60-months (p = 0.079, 0.066, 0.176 respectively). This meant that
targeting the DRTT in ET patients results in as good an outcome as
targeting this structure in patients with TDPD.

3.3.3. DTIT-guided lead implantation results in fewer macrostimulation
passes and lower stimulation amplitudes and pulse widths to obtain
satisfactory tremor control

Group B patients required fewer macroelectrode passes before sa-
tisfactory tremor control was achieved (1.75 ± 0.79 versus
2.67 ± 0.97 for Group A; p= 0.007), had more instances of significant
microlesioning effect and required fewer programming sessions (results
not shown) compared to Group A patients. Although the stimulation
frequency was not significantly different in either group, satisfactory
long-term tremor control was achieved at a lower amplitudes and pulse
widths in Group B (Table 5). Incidentally, a Group B patient experi-
enced tremor arrest during microelectrode insertion and has remained
tremor-free for 5-years despite his neurostimulator not being switched
on! (Fig. 2A-B).

3.3.4. Adverse effects of PSA-DBS
There were no brain haemorrhages on the post-implantation scans,

surgical infections or lead revisions. Only four adverse effects were
noted: speech difficulties, a sensation of unsteadiness (dysequilibrium),
paraesthesia in the treated limb and discomfort over the extension cable
and neurostimulator.

Speech difficulties, especially verbal fluency, were reported by 6
patients from Group A (35.29%) and 3 patients from Group B (17.65%).
The problem invariably disappeared when the neurostimulator was
switched off and more frequent at amplitudes above 3.0 V. In the ma-
jority of cases, the speech disturbance was not apparent to people
surrounding the patient.

A concern when performing PSA-DBS was the risk of unsteadiness
due to the proximity of the red nucleus. Dysequilibrium was the second
most common adverse effect and was experienced by all patients but
only at amplitudes above 4.0 V. In only 1 case (Group A, 5.88%) was
dysequilibrium clinically significant at less than 3.5 V. Since the mean
amplitude was less than 3 V in practically all other cases, dysequili-
brium did not prove a significant problem. Contact between the lead
and the red nucleus per se did not necessarily result in unsteadiness as

demonstrated in one patient (Fig. 2A-B). In this case, the lead touched
the lateral border of the red nucleus. This resulted in such a profound
microlesioning effect that the neurostimulator was not (and has still not
been) activated. The patient has no tremor, speech problems or dyse-
quilibrium.

Transient paraesthesias when the amplitude was changed quickly
was common but not considered a significant adverse effect as it in-
variably lasted seconds. We noted that patients experiencing transient
paraesthesia in the thumb and index finger on the treated side during
macrostimulation almost invariably had excellent arm tremor control
following surgery. The final adverse effect was discomfort over the
extension cables and neurostimulator. However, the discomfort was
sufficiently mild not to warrant the use of oral analgesics. No case re-
quired cable repositioning.

3.3.5. Group B active contacts are closer to the centre of the DRTT
compared to Group A contacts

Tremor control in all cases was achieved with only monopolar sti-
mulation. Table 5 summarises the mean coordinates of the active
contacts. In Group A, the target for DBS lead placement was the white
matter just lateral to the equator of the red nucleus as this was the
presumed location of the DRTT. In our patients, tractography confirmed
that a portion of the DRTT always passed through this area (data not
shown). However, the centre of the DRTT (DRTT-core) could be slightly
more posterior, medial or anterior and may differ on either side even in
the same patient. There was more variation in the distance between the
contact and the DRTT-core in Group A (Fig. 2C). The average distance
between the contact and the DRTT-core was 1.72 ± 0.45 mm and eight
out of 24 contacts (33%) were located more than 2 mm from the DRTT-
core.

The DRTT-core was the target in Group B patients. The mean dis-
tance between the contact and DRTT-core was 1.21 ± 0.31 mm which
was significantly lower than that of Group A (p < 0.001). All Group B
active contacts were located within 2 mm of the DRTT-core (Fig. 2C).

Table 4
Axial tremor scores following unilateral and bilateral PSA-DBS.

TTS-ax/28 P value

Preop Group A: unilateral (n = 7) 3.57 ± 1.90 0.916
Group A: bilateral (n = 6) 3.83 ± 2.40
Group B: unilateral (n = 7) 5.00 ± 2.00 0.109
Group B: bilateral (n = 3) 2.43 ± 2.15

60-mths Group A: unilateral (n = 7) 0.86 ± 1.43 0.102
Group A: bilateral (n = 6) 0.00 ± 0.00
Group B: unilateral (n = 7) 0.43 ± 1.13 1.000
Group B: bilateral (n = 3) 0.00 ± 0.00

TTS-ax= treated tremor score for axial tremor (head, neck, torso)

Table 5
Number of test insertions, stimulation parameters, coordinates of the active
contacts and distance between the centre of the active contact to the DRTT core
in Group A and B patients.

Group A
(n= 24 leads)

Group B
(n= 21 leads)

P-value
(Grp A vs B)

Number of macroelectrode
tests before satisfactory
tremor control achieved

2.67 ± 0.96 1.75 ± 0.79 0.007*

Number of significant
microlesioning effects
observed during
macroelectrode
insertion

4 12

Stimulation parameters at 5 years
Amplitude (V) 2.48 ± 0.77 1.83 ± 0.77 0.004*
Pulse width (μs) 98.75 ± 36.99 76.36 ± 15.29 0.005*
Frequency (Hz) 120.83 ± 2.82 120.48 ± 2.18 0.564
Coordinates of active contacts relative to AC-PC plane
AC-PC distance (mm) 25.87 ± 1.31 25.19 ± 1.62 0.463
Right x-coordinates 10.92 ± 1.45 10.04 ± 0.87
Left x-coordinates 10.54 ± 1.53 10.62 ± 1.05
Right y-coordinates −7.32 ± 1.84 −7.37 ± 1.37
Left y-coordinates −7.62 ± 1.18 −7.71 ± 1.56
Right z-coordinates −4.05 ± 0.74 −3.99 ± 0.57
Left z-coordinates −3.91 ± 0.62 −3.80 ± 0.57
Mean distance of centre of

active contact from
DRTT-core (mm)

1.72 ± 0.45 1.21 ± 0.31 <0.001*

The coordinates are relative to the mid-commissural point. Statistically sig-
nificant results are denoted in bold with an asterisk*.
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4. Discussion

The DRTT is largest and most extensively studied component of the
cerebellothalamic tract [18,21,22]. Fibres from the cerebellar dentate
nuclei ascend through the superior cerebellar peduncle into the caudal
mesencephalon where the majority decussate to reach the contralateral
red nucleus and caudal thalamus. A smaller, non-decussating DRTT
continues to the ipsilateral red nucleus and thalamus before termi-
nating. The ascending DRTT fibres must pass through the relatively
narrow posterior subthalamic area before fanning out and ending in the
caudal thalamus. The close proximity of DRTT fibres in the PSA makes
it a good target for surgical intervention and excellent tremor control
has been reported after DBS or lesioning in this area [11–15,25–28].

4.1. Given that PSA-DBS is already so effective in controlling tremor, is
there any clinical justification in making the procedure more complex by
directly targeting the DRTT?

This was the main objective of our study. Group A leads were in-
serted using Blomstedt's technique [5] which assumes that the fibre
tracts involved in tremor control was fixed in its location hence could
be targeted using conventional landmarks on MRI scans. However, our
results and that of others [23] show that there is actually slight varia-
tion in the position of the DRTT between individuals and even between
sides. This leads to differences in the distance between the active DBS
contact and the DRTT-core. This difference is smallest when DTIT is
used to guide lead implantation into the DRTT. In this study, all Group
B contacts and only two-thirds of Group A contacts were within a 2 mm
radius of the DRTT-core. The area occupied by the PSA is small and all
leads were either in contact with a portion of the DRTT which probably
explains why tremor was less postoperatively in both groups. However
the slightly better placement of Group B leads relative to the DRTT-core
resulted in superior short and long term tremor control, patient-rated
quality of life scores, fewer test macroelectrode passes, lower stimula-
tion amplitudes and pulse widths and fewer problems with speech and
dysequilibrium compared to patients who underwent lead implantation
using conventional methods (Group A).

4.2. Is there evidence to support the hypothesis that the cerebellothalamic
tract (especially the DRTT) plays a major role in the generation and
modulation of tremor?

Although there is a wealth of studies providing indirect evidence
that the CBTT (especially the DRTT) is important in tremorgenesis,
direct evidence is limited to three clinical studies [13–15] with no more
than 20 patients and review periods under 2-years. Our study provides
direct evidence of the importance of the DRTT in tremorgenesis and
shows that directly targeting the DRTT results in stable long-term
tremor control.

The cerebellothalamic tract (especially the DRTT) is a hypothesised
‘superhighway’ connecting centres responsible for the generation and
control for tremor regardless of aetiology. For this hypothesis to be
correct, tremor control should be the same if the DRTT was targeted in
patients with ET or TDPD. This was indeed the case. Our results, to-
gether with reports that PSA-DBS has been successfully used to control
tremor in other neurological conditions such as multiples sclerosis [4],
dystonia [11], Wilson's disease [24] and Ehlers–Danlos Syndrome (own
case- unpublished) lends credence to this hypothesis.

PSA-DBS was very effective in controlling resting and postural arm
tremor but targeting the DRTT did not convey any additional ad-
vantage. However, intention tremor was significantly better controlled
when the DRTT was targeted. The reason for this is unclear. The
threshold for inhibiting the neural networks controlling resting and
postural tremor may be lower than that of intention tremor hence such
types of tremor are more easily suppressed. Alternatively, the me-
chanisms by which resting and intention tremors differ [25] with the

DRTT playing a major role mainly in the latter.
PSA-DBS was very effective in controlling leg and axial tremor.

Although the mean axial tremor scores following bilateral lead im-
plantation were lower than after unilateral procedures, the difference
was not significant whether or not lead implantation was DTIT-guided.
Our numbers were too small to allow us to determine if there was a
difference in results between unilateral procedures on the left or right
sides of the brain. However, we confirmed that unilateral lead im-
plantation had bilateral effects which lends support to the existence of a
non-decussating DRTT [21].

We found strong correlation between tremor control and the posi-
tion of the active contact along the z-axis. Active contacts associated
with best tremor control in our study were more caudal than that re-
ported by others [26–29]. However other authors noted similar findings
to ours [27–29]. This is perhaps not surprising given that the DRTT
decussates through an area extending from the pontomesencephalic to
the subthalamic region [21,22].

4.3. PSA-DBS is very effective in controlling tremor in TDPD but can its use
in PD patients be justified as PD is a progressive disorder?

Our study purposely made a distinction between patients with TDPD
and PD patients with tremor as one of the motor symptoms. TDPD is a
unique phenotype of idiopathic PD characterised by moderately severe
asymmetric limb tremor with mild and very slow progression of the
other non-tremor motor symptoms [30]. The cZI and RaPRL are part of
the DRTT whereas the Vim and STN are very close to it. It is therefore
not surprising that all stimulation of these targets have been previously
used to control PD-tremor [30–32]. Velasco [31] and Blomstedt [32]
have also shown that stimulation of the RaPRL and cZI not only de-
creases tremor but also rigidity and bradykinesia in PD. Indeed, the
“cZI” target used by Blomstedt [32] is identical to ours.

None of our TDPD patients exhibited significant progression of non-
tremor motor symptoms during the study. Although not part of this
study, we noted that UPDRS-III scores improved after surgery due to the
very significant tremor reduction but also from moderate improvements
in the rigidity and bradykinesia. With the exception of tremor scores,
the decrease in rigidity and bradykinesia scores between Group A and B
patients were not statistically significant. We do not consider PSA-DBS a
contraindication in TDPD patients.

4.4. Limitations and strengths of the study

A limitation was that we used deterministic rather than probabilistic
tractography. The latter has been shown to have greater sensitivity and
accuracy in delineating fibre tracts [33]. Additionally, there were
concerns as to whether fibre tracts shown on tractography are accurate
representations of the ‘real’ tracts in vivo [34]. Coenen et al. has now
have provided electrophysiological evidence of concordance between
tracts seen on deterministic tractography and ‘real’ fibre bundles [35].
This has also been our experience. The main difference between our
work and Coenen's was that his images were acquired with a 3T-MR
scanner and he had more sophisticated tractography software. These
were not available to us when this project started in 2009. We had
difficulty imaging crossing fibres and small tracts and used long scan-
ning times which increased the probability of movement artefacts, bias
in the assessment of fibre orientation and fusion errors. Nevertheless we
have shown that with great care, these errors could be minimised and
that good results following DTIT-guided lead implantation can be
achieved even with 1.5T-MRI scanning. The DRTT being a large and
relatively straight fibre bundle and that the PSA was relatively confined
made targeting the DRTT easier. However we would be hesitant in
performing this procedure in fully anaesthetised patients given the
technical challenges described.

We used the PDQ-39 rather than the QUEST questionnaire to assess
quality of life after surgery as almost half of our patients had TDPD.
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Although QUEST is a more sensitive instrument it has never been used
to assess the tremor of Parkinson's disease unlike the PDQ-39 which has
been used on both ET and PD patients [19,20]. Differences between
questionnaires were reduced as many questions were shared.

Finally, the inclusion of more patients and more participating cen-
tres will result in better and more generalisable data. That being said,
there are very few prospective studies on tremor containing as many
participants as ours let alone a double-blind, randomised study over 5-
years. By way of comparison, a recent randomised, double-blind study
comparing tremor control in Vim-DBS with PSA-DBS only had 13 pa-
tients with a follow-up of 1-year [26]. This study should hopefully act
as a spring-board to larger multi-centre collaborations with longer
follow-ups.

5. Conclusion

The DRTT is an important component in tremorgenesis and is the
likely stimulation substrate during PSA-DBS. Due to slight inter-in-
dividual variation in the location of the DRTT, the placement of leads in
the conventional manner may not always yield optimal results. DTIT-
guidance allows more consistent and accurate lead placement during
PSA-DBS which in turn results in better and more stable long-term
tremor control.
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