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Stimulation of the caudal zona incerta is superior to
stimulation of the subthalamic nucleus in improving
contralateral parkinsonism
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Deep brain stimulation (DBS) has an increasing role in the treatment of idiopathic Parkinson’s disease.

Although, the subthalamic nucleus (STN) is the commonly chosen target, a number of groups have reported

that the most effective contact lies dorsal/dorsomedial to the STN (region of the pallidofugal fibres and the

rostral zona incerta) or at the junction between the dorsal border of the STN and the latter. We analysed our

outcome data from Parkinson’s disease patients treated with DBS between April 2002 and June 2004. During

this period we moved our target from the STN to the region dorsomedial/medial to it and subsequently

targeted the caudal part of the zona incerta nucleus (cZI). We present a comparison of the motor outcomes

between these three groups of patients with optimal contacts within the STN (group 1), dorsomedial/medial to

the STN (group 2) and in the cZI nucleus (group 3). Thirty-five patients with Parkinson’s disease underwentMRI

directed implantation of 64 DBS leads into the STN (17), dorsomedial/medial to STN (20) and cZI (27). The

primary outcome measure was the contralateral Unified Parkinson’s Disease Rating Scale (UPDRS) motor

score (off medication/off stimulation versus offmedication/on stimulation)measured at follow-up (median time

6 months). The secondary outcome measures were the UPDRS III subscores of tremor, bradykinesia and

rigidity. Dyskinesia score, L-dopa medication reduction and stimulation parameters were also recorded.

The mean adjusted contralateral UPDRS III score with cZI stimulation was 3.1 (76% reduction) compared

to 4.9 (61% reduction) in group 2 and 5.7 (55% reduction) in the STN (P-value for trend <0.001). There was a 93%

improvement in tremor with cZI stimulation versus 86% in group 2 versus 61% in group 1 (P-value = 0.01).

Adjusted ‘off–on’ rigidity scores were 1.0 for the cZI group (76% reduction), 2.0 for group 2 (52% reduction) and

2.1 for group 1 (50% reduction) (P-value for trend = 0.002). Bradykinesia wasmoremarkedly improved in the cZI

group (65%) compared to group 2 (56%) or STN group (59%) (P-value for trend = 0.17). There

were no statistically significant differences in the dyskinesia scores, L-dopa medication reduction and stimula-

tion parameters between the three groups. Stimulation related complications were seen in some group

2 patients. High frequency stimulation of the cZI results in greater improvement in contralateral motor scores

in Parkinson’s disease patients than stimulation of the STN. We discuss the implications of this finding and the

potential role played by the ZI in Parkinson’s disease.

Keywords: caudal zona incerta stimulation; Parkinson’s disease

Abbreviations: cZI = caudal part of the zona incerta nucleus; DBS = deep brain stimulation; rZI = rostral ZI;

STN = subthalamic nucleus; UPDRS = Unified Parkinson’s Disease Rating Scale

Received March 11, 2005. Revised March 24, 2006. Accepted April 12, 2006. Advance Access publication May 23, 2006

Introduction
Deep brain stimulation (DBS) has an increasing role in the

treatment of medically refractory idiopathic Parkinson’s

disease. The subthalamic nucleus (STN) is the commonly

chosen target and its dorsolateral part has been defined by

# The Author (2006). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
2
9
/7

/1
7
3
2
/3

0
5
5
0
4
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



some groups as the optimal site for stimulation (Lanotte

et al., 2002; Saint-Cyr et al., 2002; Yelnik et al., 2003;

Herzog et al., 2004; Zonenshayn et al., 2004). Other groups,

however, have reported that the most effective contact on a

quadripolar DBS lead (Model 3389 or 3387, Medtronic Inc.

Minneapolis) lies dorsal/dorsomedial to the STN in the
region of the pallidofugal fibres and the rostral zona incerta

(rZI) (Lanotte et al., 2002; Voges et al., 2002); and yet other

groups have reported the optimal target as being at the

junction between the dorsolateral part of the STN and the

region dorsal/dorsomedial to it (Hamel et al., 2003; Herzog

et al., 2004; Yokoyama et al., 2001).

The STN is a small biconvex-shaped nucleus measuring

�9 · 7 · 4 mm (length · height · breadth) (Schaltenbrand
and Wahren, 1977; Morel et al., 1997). Its anterior and

lateral surface is surrounded by myelinated fibres of the

internal capsule. The pallidofugal fibres crossing the internal

capsule pass over the dorsal and medial surfaces of the

STN, separating it from the dorsomedially placed rZI and

more medially the prelemniscal radiation and the red

nucleus. Lying posterior to the STN is the caudal or

motor component of the zona incerta nucleus (cZI),
which extends behind the prelemniscal radiation. Ventral

to the zona incerta is the substantia nigra (Schaltenbrand

and Wahren, 1977; Yelnik and Percheron, 1979; Parent and

Hazrati, 1995).

The combined length from the tip of the DBS lead to the

uppermost platinum/iridium contact varies from 9.00 mm

(Model 3389, Medtronic Inc., Minneapolis, MN, USA) to

12.00 mm (Model 3387 Medtronic Inc.). Following the
implantation of a DBS lead into the STN, the quadripolar

lead transfixing it will have at least one or possibly two

contacts lying either dorsal or dorsomedial to the STN in

the region of the pallidofugal fibres and the rZI while the rest

will lie within the nucleus. The therapeutic benefit seen fol-

lowing stimulation through any of the four contacts could

therefore be due to stimulation of one or more structures

that may influence the symptoms of Parkinson’s disease. In
addition to the anti-parkinsonian effect of stimulating the

STN, benefit may be gained by including the pallidofugal

fibres in the stimulation field. Lesions involving the zona

incerta have also been reported as improving all three car-

dinal signs of Parkinson’s disease (Houdart et al., 1965;

Mundinger, 1965). In our own series of patients who under-

went a subthalamotomy for Parkinson’s disease, we found

that a lesion involving the ZI produced a greater clinical
benefit than one confined to the STN (Patel et al., 2003a).

In order to define the anatomical location of each contact

on the DBS lead we used a novel MRI directed method

(discussed in detail later) (Patel et al., 2002; Plaha et al.,

2004). We analysed our outcome data on patients who

underwent STN DBS surgery for Parkinson’s disease between

April 2002 and June 2003; the chosen target was the dorsal

half of the STN at the junction of its anterior two-thirds and
posterior one-third. We observed that the coronal axis of the

STN varied from 15� to 57� from the sagittal plane. Where

the coronal axis was more vertical, the active contact was the

same as the planned contact in the dorsal part of the STN.

With a more horizontally located STN, the active contact was

the one located dorsomedial/medial to the STN, involving

the pallidofugal fibres and the rZI, rather than the planned

contact in the dorsal STN (Fig. 1). This latter group had a
better outcome than in those where the active contact was

confined to the STN.

Subsequently, between June 2003 and August 2003, we

specifically targeted the pallidofugal fibres and rZI, dorsome-

dial/medial to the STN. A few patients in this group suffered

speech deterioration with optimal therapeutic stimulation.

We found that in some of these patients stimulation of

deeper and more posterior contacts on the lead (implanted
at a 45� angle to the AC/PC plane) that encroached on the

cZI maintained therapeutic benefit but avoided speech dis-

turbance. Hence, from September 2003 onwards we have

targeted posterior and medial to the STN in the cZI. In

this manuscript, we now present a comparison of the

motor outcomes between these three groups of patients

with optimal DBS contacts within the postero-dorsal STN

(group 1), dorsomedial/medial to the STN (group 2) and
posterior to it within the cZI (group 3). We found that the

contralateral motor score improvement was greater with cZI

stimulation than with stimulation of the STN or medial/

dorsomedial to it. We discuss the significance of these find-

ings and how the cZI could be a potential target for DBS in

Parkinson’s disease.

Fig. 1 Schematic line diagram showing the relationship of the active
contact on the DBS lead to the STN in the coronal plane,
depending on its long axis of rotation with respect to the
mid-sagittal plane. Contacts shown in red colour were identified as
active contacts.
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Material and methods

Patient population
Thirty-five patients with medically refractory idiopathic Parkinson’s

disease as defined by the United Kingdom Parkinson’s Disease

Society brain bank criteria (Hughes et al., 1992) were operated

on between April 2002 and June 2004. There were 22 males and

13 females who together had a mean age of 60.5 years (SD 8.3

years). A total of 64 leads were implanted in the subthalamic region

in these patients (29 patients had bilateral implants and 6 patients

with predominantly unilateral symptoms had unilateral leads

implanted). Every patient gave fully informed consent to have

DBS leads implanted in a specific area of the subthalamic region

(in the initial cohort of patients this was the STN, in the next group

this was medial/dorsomedial to the STN and after that the cZI) and

was aware of the potential risks of stereotactic surgery. The

Frenchay hospital local ethical committee gave approval to perform

stereotactic procedures under general anaesthesia using implantable

guide tubes to deliver the DBS leads.

Clinical evaluation
Clinical evaluations were based on the Core Assessment Program

for Surgical Interventional Therapies (CAPSIT), a validated proto-

col for evaluating surgical treatments of idiopathic Parkinson’s

disease and included the Unified Parkinson’s Disease Rating

Scale (UPDRS) and timed motor tests (Defer et al., 1999). All

patients were assessed by applying the Part III or the motor com-

ponent of the UPDRS. A specialist movement disorder nurse per-

formed the evaluations in all cases at baseline and 6 months

(median value) following surgery.

Patients were assessed in the practically defined ‘off’ state, having

stopped their anti-parkinsonian medications for at least 12 h over-

night. Their, ‘on’ state was assessed after giving patients a dose

which was 1.25 times higher than their normal morning L-dopa

dose plus equivalents of agonist. Post-surgery, they were assessed

12 h after stopping anti-parkinsonian medications and switching off

the stimulation (off medication/off stimulation); and then 60–

90 min after switching on the DBS (off medication/on stimulation).

Dyskinesia was measured using the dyskinesia rating scale as part of

the CAPSIT protocol (Defer et al., 1999). This was assessed at

baseline on medications and then at follow-up on medications/

on stimulation.

Outcome measures
The primary outcome measure was the contralateral UPDRS III or

motor UPDRS in the off medication/off stimulation state compared

with the off medication/on stimulation state when measured at

follow-up (excluding axial symptoms comprising speech, facial

expression, gait, posture, postural stability and body bradykinesia

i.e. Items 18, 19, 27–31). Secondary outcome measures included the

UPDRS III subscores for tremor, rigidity and bradykinesia (finger

taps, hand movements, rapid alternating movements of hands and

leg agility). Timed hand movements, reduction in L-dopa equiva-

lent dose, dyskinesia score, stimulation parameters and complica-

tions related both to the surgical procedure and post-operative

stimulation were recorded.

Target definition
STN target: This was defined as being in the dorsal half of the STN

at the junction of its anterior two-third and posterior one-third.

Dorsomedial/medial to STN: This target was defined as being

outside the STN and medial/dorsomedial to the junction of its

anterior two-thirds and posterior one-third.

Caudal zona incerta: The caudal or motor ZI was defined as

being posteromedial to the postero-dorsal STN.

MR imaging and target planning
Under general anaesthesia, a modified Leksell stereotactic frame (it

has non-conducting plastic posts and is fixed to the skull using

carbon fibre pins inserted into drill holes made in the outer table)

was fixed parallel to the orbito-meatal plane. Patients then under-

went high resolution MRI T2 scan sequences (1.5 tesla imager, TR

2500 ms, TE 150, turbo-spin echo factor 11, number of signal

averages 12, 512 · 512 matrix size, axial sequence of 15 slices

for 18 min, coronal 15 slices for 18 min, sagittal 9 min and a

total scan time of 45 mins) through the diencephalon to define

the STN and the red nucleus. The anterior and posterior commis-

sures (AC and PC) were identified in a mid-sagittal planning scan.

Axial images 2 mm thick (voxel size 0.45 · 0.45 mm) were acquired

parallel to the AC–PC plane and coronal images orthogonal to these

were then obtained. Magnified hard copies (·1.6) of the T2 scans

were obtained and overlaid on matched inverted T2 images, further

to enhance definition of the STN and surrounding structures. The

boundary of the STN, red nucleus and related structures were out-

lined on the inverted images. The defined boundaries in any one

axial image were confirmed by cross correlating them with the

boundaries on co-registered coronal and sagittal images. Likewise,

boundaries defined on coronal images were cross-correlated with

co-registered axial and sagittal images. The Schaltenbrand and Bai-

ley atlas was used as a visual guide to assist in defining the anato-

mical structures in the subthalamic region (Schaltenbrand and

Bailey, 1959). The target was then defined on the co-registered

images in each of the three planes. Most typically, for the STN

and cZI target, the middle of the second contact on the DBS

lead (contact 1or 5) was placed at the target site, while for the

target dorsomedial/medial to the STN, the middle of the third

contact (contact 2 or 6) was placed at the target site. A transfrontal

trajectory was planned that was 45� to the AC–PC plane and passed

through the head of the caudate nucleus.

Surgery and target verification
Surgery was performed under general anaesthesia in a semi-sitting

position, such that the frontal burr holes were uppermost. Before

opening the dura and during the operative procedure the burr holes

were continuously irrigated with normal saline to prevent air entry

and consequent brain shift. A rigid tungsten probe of 1.27 mm

diameter (equivalent to the diameter of a Medtronic 3389 and

3387 DBS lead) with a tapered and pointed end was inserted to

the target, and over this a plastic guide tube was advanced so that

the distal end of the plastic guide tube was short of the target by

12 mm. The guide tube is a thin walled tube (wall thickness of

0.1 mm) with a threaded cylindrical hub positioned at its proximal

end. The hub has a dome shaped proximal end that is bisected by a

slot that is in continuity with the bore of the guide tube. The

proximal end of the guide tube was bonded within the burr hole

with acrylic cement. The probe was then withdrawn and replaced

with a relatively stiff plastic stylette (the plastic stylette has a T-

shaped proximal end which fits within the hub of the guide tube)

cut to an appropriate length, such that its distal end traversed the

target to a planned position in the subthalamic region (Fig. 3A) (the

1734 Brain (2006), 129, 1732–1747 P. Plaha et al.
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guide tubes and stylettes are in-house investigational devices made

of polycarbourethane and manufactured by Renishaw Plc, UK).

This procedure was carried out bilaterally except in six patients.

Patients then underwent intra-operative MR scans to verify the

position of the plastic stylette relative to the planned target

(Fig. 2). Upon confirmation of satisfactory placement, the patient

was returned to the operating theatre and the frame was removed.

The plastic stylette was removed from the in-dwelling guide tube

and measured off against the DBS lead (Model 3389, Medtronic

Inc.). A suture was tied around the lead at the measured length.

Once inserted the DBS lead’s tungsten guide wire was removed and

the lead bent through a 90� arc conforming with that within the

slotted hub of the guide tube. When the suture on the DBS lead

came into contact with the hub of the guide tube, the tip of the DBS

lead was at the same subthalamic location as that of the stylette.

This also allowed us to establish the exact anatomical position of

each of the four contacts in the subthalamic region (Fig. 3B). Each

lead was then secured to the skull with an inverted U-shaped mini-

plate and screws, connected to an extension cable and thence to the

DBS pulse generator (Kinetra, Medtronic Inc., Minneapolis, MN).

The pulse generator was implanted in a subcutaneous pocket below

the clavicle. The whole procedure typically took 31⁄2–4 h, including

intra-operative imaging and implantation of the DBS device.

Accuracy of guide tube DBS delivery
To calculate the accuracy of guide tube placement as planned, the

intra-operative MRI scan was overlaid on to the plan pre-operative

inverted MRI image. Using this technique, the two images

subtracted except for the target marked on the plan scan and

Fig. 2 Intra-operative axial MRI scan showing bilateral stylettes in the (A) STN, lateral to the anterior border of the red nucleus.
(B) medial/dorsomedial to the STN and in the (C) caudal zona incerta (RN red nucleus, STN subthalamic nucleus). (D) Axial slice from the
Schaltenbrand atlas showing the position of the three different subthalamic areas targeted. (E) Intra-operative sagittal MRI scan showing
the transfrontal trajectory of the stylette passing dorsal to the outlined STN and its tip posterior to it in the caudal zona incerta.
(F) Matching sagittal slice from the Schaltenbrand atlas with a DBS lead drawn to scale and the anatomical location of each contact on it.
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the stylette visualized on the intra-operative scan. The displacement

of the mid-point of the stylette with reference to the mid-point of

the planned target in the mediolateral and anteroposterior plane

was then measured. A displacement of the stylette by >1.5 mm from

the planned target was deemed suboptimal and the subcortical

nucleus was re-targeted and its accuracy confirmed on a repeat

intra-operative MRI scan.

Post-operative management
Patients were programmed post-surgery by the movement disorder

nurse who was guided by both the neurosurgeon and the neurologist.

The best therapeutic DBS contact was identified and L-dopa medica-

tions were reduced as appropriate on the advice of the neurologist.

Anatomical location of active contacts
The active contact programmed on the DBS lead was noted. Its

anatomical location was identified by superimposing the intra-

operative MRI scan onto the pre-operative MRI plan scan on

which we had defined the anatomical location of each DBS lead

contact. The coordinates of the active contact were measured

with respect to the inter-commissural point. Where monopolar

stimulation was used, the coordinates were measured from the

middle of the contact. Where bipolar stimulation was used, the

coordinates were measured from the middle of the contact acting

as the cathode (Holsheimer, 2003).

In addition, we also defined the spatial location of the active

contact in relation to the borders of the STN for all three target

groups and transposed these positions into the Schaltenbrand and

Bailey atlas. For an active contact within the STN, as identified from

the intra-operative MRI plan scan, we first defined its intra-STN

vertical location by measuring its distance from the dorsal most

boundary of the STN at its mid-point. We then chose the appro-

priate intra-operative axial MRI slice to define its anteroposterior

position as a proportion of the length of the STN along its axis. We

also defined the mediolateral position as a proportion of the width

of the STN in a plane orthogonal to the long axis. This technique

defined the spatial location of the active contact within the STN.

We then transposed this spatial location into the STN identified

on the Schaltenbrand and Bailey atlas by proportional measure-

ments. For active contacts outside the STN, i.e. dorsomedial/medial

to it or in the cZI, their spatial location was defined in relation to

the adjacent borders of the STN. These were similarly transposed

onto the Scahltenbrand and Bailey atlas.

Fig. 3 (A) Line diagram drawn to scale, showing the intra-operative position of the guide tube and stylette in the caudal zona incerta.
(B) Line diagram drawn to the same scale as in A; the stylette has been removed and replaced with the DBS lead to the same
depth. Also note the guide tube is cut short of the target and therefore all four DBS contacts are exposed. The anatomical location
of each contact on the DBS lead can therefore be determined (RN, red nucleus; cZI, caudal zona incerta; STN, subthalamic nucleus;
TH, thalamus; CD, head of caudate nucleus).
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Statistical analysis
For most of the outcome variables, we used linear regression ana-

lysis to compare differences in off medication/on stimulation abso-

lute scores by procedure. This was adjusted for off medication/off

stimulation scores at follow-up, as a measure of disease severity, sex

and age group (<55 years, 55–64 years, greater and equal to 65 years)

with the STN patients as the reference group. Because most patients

had more than one DBS lead implanted (29 bilateral implants and

6 unilateral implants), we used robust standard errors to take into

account the clustered nature of the data; this approach is more

conservative than standard methods and results in slightly wider

confidence intervals and hence larger P values.

We present both the crude and adjusted absolute scores by pro-

cedure and P values. We have also converted the absolute change in

scores to a relative percentage improvement and 95% confidence

interval, by dividing this value by the STN off medication/off sti-

mulation value and multiplying by 100. The proportion of subjects

whose dyskinesia score improved (binary variable) was modelled

using generalized linear models. Fifteen subjects were omitted from

the analysis of the tremor score as their off medication/off stimula-

tion tremor score was zero and they could not show improvement.

We also used the cZI rather than the STN group as the baseline for

the percentage improvement in tremor as the adjusted improve-

ment for the cZI group would have resulted in a >100% improve-

ment due to the milder off medication/off stimulation scores for the

STN group. We carried out a sensitivity analysis on our data to see

if this altered our qualitative interpretation. We repeated the above

analyses using the baseline off scores, rather than off medication/off

stimulation scores at follow-up.

Results
Seventeen DBS leads were identified with the best therapeutic

contact in the STN, 20 with active contacts dorsomedial/

medial to STN (involving pallidofugal fibres and rZI) and

27 with contacts in the cZI. In the 6 unilaterally implanted

patients, 2 contacts were in the STN, 3 dorsomedial/medial

to it and 1 in cZI. Table 1 shows the data for follow-up both

in absolute and relative terms. We have presented both the
crude and statistically adjusted mean values so that the

reader can see how adjustment alters the results. The abso-

lute improvement in scores can be calculated by simply

subtracting the off/off scores from the off/on scores.

Contralateral UPDRS III score (Table 1)
The contralateral UPDRS III score following stimulation was

best in the cZI group (3.1), followed by the group dorsome-
dial/medial to the STN (4.9) and then the STN group (5.7).

This was equivalent to a 76, 61 and 55% relative reduction in

score respectively (P-value for trend <0.001)

Contralateral tremor score (Table 1)
The contralateral tremor score showed a very marked reduc-

tion for the cZI from 4.29 to 0.29, whilst the STN group
improved more modestly from 2.31 to 1.66, after adjustment.

In relative terms, the STN group improved by 61% (95% CI

37–85%), compared to 86% (95% CI 73–98%) in the group

dorsomedial/medial to the STN and 93% in the cZI group.

Whilst the trend could have been due to chance, the differ-

ence in improvement between the STN and cZI group is

unlikely to be due to chance (P = 0.01).

Contralateral rigidity score (Table 1)
The contralateral upper and lower limb rigidity scores follow-

ing stimulation were very similar for both STN and the group
dorsomedial/medial to the STN, but was over 1 point less

for the cZI group (P = 0.003). This was equivalent to a 76%

(95% CI 60–93%) relative improvement in the cZI group as

compared to 50% in the STN group and 52% (95% CI 32–

72%) in the group dorsomedial/medial to the STN.

Contralateral bradykinesia score (Table 1)
The bradykinesia score following stimulation improved by

59% in the STN group compared to 56% (95% CI 40–72%)
in the group dorsomedial/medial to the STN and 65% (95%

CI 54–75%) in the cZI group but may have been due to

chance (P-value for trend = 0.17)

Contralateral timed hand movements

(Table 1)
The contralateral timed hand movements improved by 25%

in the STN group compared to 33% (95% CI 24–40%) in the

group dorsomedial/medial to the STN and 45% (95% CI 39–

52%) in the cZI group. The P-value for improvement in cZI

compared to the STN was <0.001.

Dyskinesia score and L-dopa medications

(Table 1)
Maximal reduction in dyskinesia scores was seen in the

group with active contacts dorsomedial/medial to STN

(63%; 95% CI 32–93%), while in the STN group dyskinesia

reduced by 41% compared to 56% (95% CI 21–91%) in the

cZI group, but these differences may have been due to

chance. Similarly, differences in L-dopa medication may

have occurred by chance (P-value for trend = 0.11).

Pulse generator parameters (Table 1)
There was no statistical difference between the three groups

in the stimulation parameters of voltage, pulse width and

frequency of stimulation.

Sensitivity analysis
We repeated all the above analyses adjusting for the baseline

‘off’ medication scores rather than the follow-up off medica-
tion/off stimulation scores. This did not alter the qualitative

pattern of results but produced slightly larger P values

(Supplementary Table 1). For example, the relative improve-

ment for thecZIgroupwasnow75%(95%CI58–90),P-value=

0.02, compared to 55% in the STN group and the P-value

for trendwas 0.008. The revisedP values for trendwere accord-

ingly: 0.05 for tremor, 0.006 for rigidity, <0.001 for the timed

hand movements.
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Accuracy of guide tube DBS delivery
In total, 65 guide tubes and stylettes were implanted and

65 DBS leads inserted through them in the 35 patients. Of

the guide tube stylettes and subsequently the DBS leads,

93.75% were located within 1 mm of the planned target

in the mediolateral plane and 95.31% within 1 mm of

the target in the anteroposterior plane. Of the DBS leads,
100% were within 1.5 mm of the planned target. None of the

guide tube stylettes required re-positioning following the

intra-operative MRI scan and all DBS leads were implanted

on the first pass.

Coordinates of active contacts (Fig. 4)
Our STN target was planned in the dorsal half of the junction

of the anterior two-thirds and posterior one-third with a

Table 1 Mean motor scores at follow-up ‘off ’ all medications with the stimulator switched off (‘off-off ’) compared to ‘off’
medications with the stimulator switched ‘on’ (‘off-on’) in three different anatomical locations

Location of DBS STN Medial to STN Caudal ZI P-value for trend

No of DBS leads 17 20 27
Contralateral UPDRS III
Crude off/off score (Mean) 12.7 13.8 15.7
Crude off/on score (Mean) 5.7 5.4 4.4
Adjusted off/on score (Mean) 5.7 4.9 3.1
Adjusted per cent improvement (95% CI)† 55% 61% (46–76) 76% (65–87)
P-value 0.42 <0.001 <0.001

Contralateral tremor††

Crude off/off score (Mean) 2.31 3.27 4.29
Crude off/on score (Mean) 1.08 0.33 0.29
Adjusted off/on score (Mean) 1.66 0.63 0.29
Adjusted per cent improvement (95% CI)† 61% (37–85) 86% (73–98) 93%
P-value 0.01 0.19 0.21
Contralateral rigidity
Crude off/off score (Mean) 4.2 4.1 4.3
Crude off/on score (Mean) 2.1 2.0 1.1
Adjusted off/on score (Mean) 2.1 2.0 1.0
Adjusted per cent improvement (95% CI)† 50% 52% (32–72) 76% (60–93)
P-value 0.86 0.003 0.002
Contralateral Bradykinesia
Crude off/off score (Mean) 6.8 7.3 8.1
Crude off/on score (Mean) 2.8 3.2 3.1
Adjusted off/on score (Mean) 2.8 3.0 2.4
Adjusted per cent improvement (95% CI)† 59% 56% (40–72) 65% (54–75)
P-value 0.74 0.28 0.17
Timed hand movements (s)
Crude off/off time in sec (Mean)‡ 13.7 13.5 16.0
Crude off/on time in sec (Mean)‡ 10.3 9.0 7.9
Adjusted off/on score (Mean) 10.3 9.2 7.5
Adjusted per cent improvement (95% CI )† 25% 33% (24–40) 45% (39–52)
P-value
Dyskinesia scores on medication*

0.08 <0.001 <0.001

Crude percentage improvement 41 65 56
Adjusted percentage improvement (95% CI)† 41% 63% (32–93) 56% (21–91)
P-value 0.16 0.40 0.56
L-Dopa equivalent medication (mg)
Pre-op (mean) 1152 918 1130
Post-op (mean) 631 542 764
Adjusted per cent improvement (95% CI)§ 45% 47% (32–61) 32% (14–50)
P-value
Stimulation parameters

0.98 0.18 0.11

Voltage (mean) 2.65 2.49 2.71
P-value 0.54 0.83
Pulse width (mean) 81.2 84.0 82.2
P-value 0.63 0.83
Frequency (mean) 160.6 150.5 149.6
P-value 0.21 0.17

Also shown are the improvement in dyskinesia scores, L-dopa medication reduction and the stimulation parameters.
yAdjusted for sex, age group, off-off score and clustering; yyZI group taken as baseline and 15 patients omitted as their ‘off/off ’ score
was zero and they could not show improvement; ‡geometric mean; *dyskinesia was scored as per CAPSIT protocol;
§adjusted for sex, age group, baseline medication dosage and clustering.
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45� transfrontal trajectory, and we placed the middle of the

second contact (contact 1 or 5) at this target point. The

optimal contact was either the second contact (contact 1

or 5) or more typically the third contact (contact 2 or 6)

for monopolar stimulation or where bipolar stimulation was

performed, in the majority of cases; the polarity favoured the
proximal contact (contact 2 or 6). The mean position of the

17 active STN contacts was thus anterodorsal to our planned

target and the coordinates were 12.4 6 1.2 mm lateral to the

AC–PC line in the mid-sagittal plane, 2.1 6 1.3 mm poster-

ior to the inter-commissural point and 2.36 0.81 mm below

the AC–PC plane. The active contacts in group 2 (dorsome-

dial/medial to the STN) were 11.37 6 1.1 mm (x), �3.01 6

0.8 mm(y) and �2.066 0.9 mm (z) with respect to the inter-
commissural point. The active contacts in cZI were 14.01 6

1.56 mm (x), �5.8 6 1.49 mm (y) and �2.1 6 1.05 mm (z)

with respect to the intercommissural point. The distribution

of the active contacts transposed onto the Schaltenbrand and

Bailey atlas is shown in Fig. 4.

Complications (Fig. 6)
There were no peri-operative surgical complications in any

of the three groups. During this follow-up period there were

no device related complications. Side effects at optimal sti-

mulation were seen in four patients in group 2 (active con-

tacts dorsomedial/medial to the STN). Unilateral stimulation

of the active contacts in these four patients resulted in no

side effects however, bilateral stimulation resulted in rever-

sible, hypophonic, slurred speech and a sense of disequili-
brium when walking. The anatomical location of some, as

analysed by superimposing the intra-operative MRI scan on

to the pre-operative MRI plan scan, was found to be more

medially placed and encroaching on the preleminiscal radia-

tion (see Fig. 4B and 4E).

Fig. 4 Shows the spatial location of the active contacts in all three groups as transposed onto the Schaltenbrand atlas. (A) Active contacts in
the STN (B) medial/dorsomedial to the STN and (C) caudal zona incerta. The STN and zona incerta from axial slice H.v –1.5 (drawn in red)
are superimposed onto axial slice H.v –3.5 (shown in black) and the STN on H.v –2.5 is drawn out in between the two (dotted green). Active
contacts (shown as crosses or circles) positioned at/or within 1 mm dorsal to a defined axial plane are shown in the same colour. Active
contacts shown, as circles as shown in B, were associated with stimulation related side effects including hypophonic speech and
disequilibrium. Active contacts shown in blue, though appearing at the dorsomedial border of the STN on slice H.v –1.5, are in fact
dorsomedial to it at a higher plane as seen in the coronal plane (E). D shows the active contacts in the STN in the sagittal plane between
slice S.l 12.0 (black colour) and the STN from slice S.l 13 (grey colour). E shows the active contacts dorsomedial/medial to the STN in the
coronal plane with respect to slice F. P –3.0. F shows the active contacts in the caudal ZI between sagittal plane S.l 13.5 (grey colour STN)
and S.l 15.0 (black colour).
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Discussion
This observational study indicates that the cZI is superior to

the STN in improving contralateral motor scores for the

treatment of medically refractory Parkinson’s disease while

bilateral stimulation medial/dorsomedial to the STN is asso-

ciated with speech and balance problems.

Target definition on MRI
Using our imaging sequence, deep brain targets are defined

on long acquisition, high-resolution MR images acquired
through the diencephalon under strict stereotactic condi-

tions, in the axial, coronal and sagittal planes with a slice

thickness of 2 mm and voxel size 0.45 · 0.45 mm. Repeated

long acquisition (total scan time of 45 min) of the 2 mm slice

volume increases the signal-to-noise ratio and maintains the

optimal balance between the image sensitivity and high

spatial resolution. Frame related artefact is minimized by

using our modified Leksell stereotactic frame, with non-
conducting plastic posts, and any movement related artefact

is minimized by imaging under general anaesthesia with the

head frame fixed within the head coil.

The STN, red nucleus and the mammillo-thalamic tract

are well visualized on the MRI images. The visibility and

boundaries of the STN target may be increased by adjusting

the window setting of the T2-weighted images maximizing

the grey/white matter contrast and by using magnified hard
copy images. The boundaries may be enhanced by overlaying

inverted images on to standard T2 images, a method which

neutralizes the grey areas and allows for easier identification

of the bright STN edges on a dark background. Cross-

correlation of STN in axial, coronal and sagittal planes, a

process that takes several hours and constructs a 3D map of

the target, is a very useful method as boundaries poorly seen

in one plane are often better seen on another plane. The high
signal area of the internal capsule is also very useful in

defining the lateral and posterior boundary of the STN.

All these methods are especially useful when the posterior

dorsolateral portion of the STN is sometimes seen as a pat-

chy hypointense area on the coronal images rather than a

discrete hypointense signal like the posteroventral part due

to a decrease in iron content in this part of the nucleus in

patients with Parkinson’s disease (Kosta et al., 2006).

Guide tube technique
This technique provides a means of confirming the accuracy

of targeting using intra-operative MR imaging to identify the

relationship of an indwelling stylette to the visualized ana-
tomical target (Patel et al., 2002; Plaha et al., 2004). The

technique also enables the surgeon to identify the precise

anatomical location of each contact on the DBS lead. This

is because the stylette is replaced with the DBS lead to exactly

the same length and is inserted down the bore of the fixed

guide tube. As the DBS lead is of the same width as the bore

of the guide tube, it fits snugly when inserted down the bore

and will not move within the brain. The DBS lead is only

unprotected for the last 12 mm of its path to the target, but

will not move as the bore of the guide tube will guide it

straight to the target. Also, with the guide tube secured with

acrylic cement to the burr hole there is no movement of the

guide tube. Hence when the DBS lead is secured to the skull

bone after being bent through right angles within the slot in
the hub of the guide tube, there can be no movement of the

tip of the DBS lead.

Our method contrasts with the use of post-operative MRI

to identify the anatomical position of each contact, where

image artefact due to the metal in the lead makes accurate

localization unreliable and in addition may carry some risk

to the patient (Rezai et al., 2004). Indirect methods of con-

tact localization have also been described which include the
use of intra-operative microelectrode recording to define the

boundaries of the STN (Saint-Cyr et al., 2002; Hamel et al.,

2003; Herzog et al., 2004; Zonenshayn et al., 2004). These

methods, however, will not provide sufficient anatomical

detail to be certain where each contact lies in relationship

to the STN volume and will not account for brain shift

occurring between removal of the microelectrode and inser-

tion of the larger DBS lead.

Anatomical location of the active contact
In this study, the mean anatomical location of the active

contact in each of our three groups was defined in relation

to the inter-commissural point and projected onto the Schal-

tenbrand and Bailey atlas. In this way, their positions could

be compared with the mean active contact positions in sub-
thalamic region targets defined by other groups. Figure 5

shows that our mean STN active contact is in the dorsal

STN region and lies lateral to the anterior border of the

red nucleus, in a comparable location to other groups

(Lanotte et al., 2002; Saint-Cyr et al., 2002; Hamel et al.,

2003; Herzog et al., 2004). The cZI target lies posteromedial

to the posterodorsal STN. Velasco et al. (2001) have

implanted unilateral DBS electrodes into the posterior sub-
thalamic region in the prelemniscal radiation, which is more

medial and deeper than our cZI target. The prelemniscal

radiation lies between the medial border of the STN and

the lateral border of the red nucleus, with its posterior extent

limited by the cZI and the posteromedially placed medial

lemniscus (Schaltenbrand and Wahren, 1977). Recently,

Kitagawa et al. (2005) have implanted unilateral DBS

leads into the ZI/prelemniscal radiation and their target
lies between our target and the target defined by Velasco

et al. (2001) (see Fig. 5).

In order to evaluate the effective treatment volume and

contact scatter within each anatomical target location, as well

as to localize contacts producing side effects, we also defined

the spatial location of each active contact with respect to the

boundary of its relevant STN. The spatial location of all

64 active contacts was then transposed onto a standardized
STN as defined on the Schaltenbrand and Bailey atlas

(Fig. 4). This is a more useful method than using the

1740 Brain (2006), 129, 1732–1747 P. Plaha et al.
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inter-commissural point as the reference, given the signifi-

cant intra- and inter-individual variation in the relationship

of the inter-commissural point with the STN (Littlechild

et al., 2003; Patel et al., 2003b; Richter et al., 2004).

Patient outcome
In this study, we quantified therapeutic outcome using con-

tralateral motor scores rather than the total UPDRS III
motor score. This is because in patients undergoing implan-

tation of DBS electrodes into the STN, the optimal contact

on one side may lie within the STN, whilst on the other it

may lie outside it. Therefore, in order to establish which

target location is most efficacious, the investigator needs

to assess contralateral motor scores for each contact location.

This necessarily excludes axial scores, which result from the

combined effect of stimulating both sides.
Although it is more conventional to compare the baseline

‘off’ medication scores with the follow-up off medication/on

stimulation score, we believe that our chosen comparison of

comparing the follow-up off medication/off stimulation

score versus the off medication/on stimulation score is

more useful due to reduced measurement error. There

may be up to a 15% variation between consecutive assess-

ments on applying the UPDRS score, due to day-to-day

variations in the patient’s clinical condition. Thus, by com-
paring the off medication/off stimulation score with the off

medication/on stimulation score at follow-up, this intra-

individual variation will be minimized and a more

precise estimate of the effects of stimulation will be obtained.

Additionally, if there is variable disease progression and the

time between baseline and follow-up visits is not the same

for all patients, then two patients with similar baseline mea-

sures may have very different off-off scores regardless of the
effectiveness of the therapy.

We do not believe that this approach has altered our

conclusions as when we repeated our analysis comparing

off medication/on stimulation scores with baseline ‘off’

Fig. 5 Mean value of the active contacts as defined by a number of groups in relation to the inter-commissural point, plotted onto the
Schaltenbrand atlas in both the axial (figure on the left) and sagittal plane (figure on right). Axial plane H.v –1.5 is chosen, as the
mean z coordinate of most of the groups is around 1.5 mm below AC–PC plane. In the sagittal plane, on the Schaltenbrand atlas, active
contacts are plotted in relation to plane S.l 12 (black colour, STN) and the superimposed slice S.l 13 (light blue colour, STN). These two
planes are chosen as the mean x coordinate of most groups is around 12–13 mm from the mid-sagittal plane. *x-value not given by the
authors, but taken to be between 12–13 mm. + Values chosen are those of the junctional contacts which produced the best clinical
outcome. **Although the z plane is deeper, x and y, coordinates plotted onto H.v –1.5 only for comparison with other groups.
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scores, the results were almost the same although, as might

be expected, the 95% confidence intervals and P values were

slightly larger for the reasons given above.

The reduction in the contralateral UPDRS III score for cZI

compared to the baseline STN score was 75% (95% CI 58–

90%, P = 0.02, P-value for trend = 0.008) rather than 76%;
the improvement in rigidity in the cZI group was 77% (95%

CI 56–98%, P = 0.02, P-value for trend = 0.006) rather than

76%; the improvement in timed hand movements was now

56% (95% CI 49–62%, P < 0.001, P-value for trend <0.001)

rather than 45%. The adjusted improvement for tremor in

the STN group was 64% (95% CI 34–93%, P = 0.05, P-value

for trend 0.05) rather than 61%.

We have compared our outcome data for each of our three
target locations with the outcome data provided by other

groups, who have targeted similar regions. The primary pur-

pose of this was to determine whether the difference between

our cZI and STN group could be explained by suboptimal

targeting and outcome in our STN group. As previously

discussed, the mean coordinate of our active contact in the

STN was directly comparable to other groups and as we show

in Table 2, so is our outcome data. The outcome from groups
reporting bilateral STN stimulation using total UPDRS III

motor scores falls within the 50–65% range of improvement

(Limousin et al., 1998; Volkmann et al., 2001; Figueiras-

Mendez et al., 2002; Ostergaard et al., 2002; Kleiner-Fisman

et al., 2003; Krack et al., 2003; Rodriguez-Oroz et al., 2005).

However, it is likely that the active contacts in these series

would have included contacts within the STN, dorsal/dor-

somedial to it or in other areas of the subthalamic region.
Groups who have correlated the anatomical location of the

active contact with contralateral motor scores (Table 2) show

that stimulation of the dorsal STN results in an improvement

in contralateral motor scores by �50–63%, which is directly

comparable to our outcome data of 55%. Although, as noted

in the table, most of these group have compared baseline off

scores with post-operative off/on scores.

Groups reporting on contralateral motor outcome with
junctional contacts in the dorsal STN and rZI/pallidofugal

fibres have reported improvement of �60% (Table 2). Voges

Table 2 Review table showing the anatomical location of the active contact with the contralateral motor outcome including
subscores of tremor, rigidity and bradykinesia

Target Authors No. of
electrodes

Follow-up
(months)

Contralateral motor subscores
improvement

Total contralateral
motor improvement

Tremor Rigidity Bradykinesia

Dorsal STN Saint-Cyr et al. (2002) 54 3 �80% �42% �33% 50%*

Voges et al. (2002) 3 14.4 – – – �64%*

Herzog et al. (2004) 5 6 – – – 63.446 22.6%**

Present study 17 6 62% (37–86) 50% 59% 55%

Junctional including Yokoyama et al. (2001) 13 7–10 days 54.86 32.8% 74.46 20.4% 53.76 14.3% 55.5%**

exclusively Voges et al. (2002) 24 14.4 – – – �62–72%***

rZI/pallidofugal fibres Herzog et al. (2004) 15 6 – – – 65.36 18.7%****

Zonenshayn et al. (2004) 62 6 – – – 646 17.9%**

Present study 20 6 86% (73–98) 52% (32–72) 56% (40–72) 61% (46–76)

Caudal ZI/Prelemniscal Kitagawa et al. (2005) 8 24 78% 92.7% 65.7% �72%*****

radiation

Caudal ZI Present study 27 6 93% 76% (60–93) 65% (54–75) 76% (65–87)

*% improvement calculated from baseline and post-operative median scores. **% improvement calculated from baseline and post-operative
mean scores; ***�62% improvement with junctional contacts at the interface of the dorsal STN and rZI/pallidofugal fibres and �72% with
contacts exclusively in the rZI/pallidofugal fibres; ****junctional defined as being6 1.5 mm from the dorsal border of the STN;
*****% improvement calculated as the difference between the post-operative off/off score versus the off/on score.

Fig. 6 Schematic diagram of the subthalamic region, not drawn to
scale. It shows the area in the caudal zona incerta where best
clinical improvement was noticed and also the region in the
prelemniscal radiation where some patients developed stimulation
related speech and balance disturbance (cZI, caudal zona incerta).
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et al. have reported �62% improvement with junctional

contacts and where they subanalysed motor outcome data

on active contacts exclusively in the rZI and pallidofugal

fibres (6 DBS leads) there was an improvement of

�72%. Our group 2 patients with contacts in the region

of the rZI and pallidofugal fibres, including some more
medially located leads that encroached on the pre-

lemniscal radiation, showed an improvement of 61%

(CI 46–76%).

Recently, Kitagawa et al. have performed unilateral stimu-

lation in the region of the ZI and the prelemniscal radiation

in patients with tremor-dominant Parkinson’s disease with

good improvement in contralateral motor subscores. They

noted a 78.3% improvement in contralateral tremor, 92.7%
improvement in rigidity and 65.7% improvement in contral-

ateral bradykinesia with overall improvement in contralateral

scores by �72%. Like us, they compared their patients off

medication/off stimulation score at follow-up versus the off

medication/on stimulation score to quantify outcome

(Kitagawa et al., 2005).

Active contacts in our group 2 patients showed a greater

improvement in dyskinesia scores (65% reduction versus
41% in STN versus 56% in cZI) presumably because stimu-

lation in this region involved the pallidofugal fibres and

jammed the transmission of abnormal patterns of neuronal

firing responsible for the expression of dyskinesia. There was

no significant difference between the three groups in L-dopa

equivalent medication reduction; however, the cZI group

had a lesser medication reduction compared to the other

groups. This probably reflected a trend in our practice to
be less aggressive about medication reduction in view of the

psychological effects that can be associated with a rapid

levodopa withdrawal. Also, whether the slightly lesser reduc-

tion in medications in the cZI group compared to the STN

group, coupled with a greater improvement in dyskinesia

scores (41% in STN versus 56% in cZI), suggests an anti-

dyskinetic effect of cZI stimulation is an interesting

possibility.
We also considered the possibility that the difference in

L-dopa responsiveness between the three groups could have

accounted for the difference in motor outcome. We exam-

ined this possibility by comparing the differences in the out-

come measures at baseline both off and on medication but

found no statistically significant differences between any of

the groups. The cZI group if anything showed marginally less

levodopa responsiveness than the STN group. For example,
the cZI group showed a reduction of 71.4% (95% CI 58.5–

84.2%, P = 0.60) in the UPDRS III scores versus 74.8% in the

STN group in response to a standardized L-dopa dose after

adjustment for clustering, age group and sex.

There was no significant difference in stimulation para-

meters between the three groups.

Stimulation of the STN has been reported to be associated

with a high incidence of neuropsychological complications
(Berney et al., 2002; Houeto et al., 2002; Kulisevsky et al.,

2002). The caudal or motor ZI is posterior to the STN and

away from the anterior limbic areas of the STN. It is

therefore possible that DBS of the cZI may improve

motor symptoms in Parkinson’s disease without the asso-

ciated neuropsychological sequel seen following STN stimu-

lation, but this awaits further studies.

Complications
In total, we implanted 65 guide tube stylettes and subsequent

DBS leads and none required repositioning as verified on

the intra-operative MRI scan. There were no peri-operative

complications, especially intra-operative haemorrhage. This

was primarily because only one pass was required per target to

implant the DBS lead in comparison to other techniques
using microelectrode recordings where a greater number of

passes increases the trauma to the brain and probably the risk

of haemorrhage (Hariz and Fodstad, 1999; Binder et al.,

2005).

Stimulation related complications were seen in some

group 2 patients who had more medially placed contacts.

Four patients with bilateral contacts in this region developed

a hypophonic speech and a sense of disequilibrium when
walking. This we believe is due to spread of the stimulation

current to the prelemniscal radiation—which contains cer-

ebellar fibres and also fibres from the ascending mesence-

phalic reticular formation (Schaltenbrand and Wahren,

1977; Jimenez et al., 2000). This is in contrast to the

more usual explanation for stimulation related dysarthria,

which is often attributed to spread of current to the motor

limb of the internal capsule. Spread of the stimulation
current to the cerebellar fibres which control the fine

movements of the vocal cords is likely to cause a hypophonic

speech while spread of current to proprioceptive fibres in the

ascending mesencephalic reticular formation would account

for the sense of disequilibrium while walking. The prelem-

niscal radiation has been lesioned (Ito, 1975) and stimulated

(Velasco et al., 2001) in the past. Velasco et al. reported

improvement in tremor and rigidity but not bradykinesia
scores. Three out of ten patients in their series developed

stimulation related dysarthria and disequilibrium, which is

consistent with our findings.

Zona incerta and its potential role

in Parkinson’s disease
The ZI, an embryological derivative of the ventral thalamus,
is a distinct heterogeneous nucleus that lies at the base of the

dorsal thalamus (Jones, 1985). It is divided into four sectors

(rostral, dorsal, ventral and caudal). The rostral component

extends over the dorsal and medial surface of the STN whilst

its caudal or motor component lies posteromedial to the

STN (Mitrofanis, 2004, 2005).

The ZI receives afferents from the basal ganglia output

nuclei (globus pallidus internus and substantia nigra
reticulata) (Roger and Cadusseau, 1985; Shammah-

Lagnado et al., 1985; Kolmac et al., 1998; Heise and

Caudal zona incerta stimulation for Parkinson’s disease Brain (2006), 129, 1732–1747 1743
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Mitrofanis, 2004), the ascending reticular activating system

(Watanabe and Kawana, 1982; Roger and Cadusseau, 1985;

Shammah-Lagnado et al., 1985; Kolmac et al., 1998) and also

motor, associative and limbic areas of the cortex (Mitrofanis

and Mikuletic, 1999; Roger and Cadusseau, 1985), which are

known to facilitate and modulate motor behaviour. The ZI
sends efferents to the centromedian and parafascicular nuclei

(CM/Pf) of the thalamus (Power et al., 1999; Power and

Mitrofanis, 2002), the ventral anterior (VA) and ventral lat-

eral (VL) nuclei of the thalamus (Bartho et al., 2002), the

mid-brain extrapyramidal area (MEA) (Heise and

Mitrofanis, 2004), basal ganglia output nuclei (Heise and

Mitrofanis, 2004) and the cortex (Lin et al., 1990;

Nicolelis et al., 1995; Lin et al., 1997) (Fig. 7).
The ZI is thought to have several physiological functions.

Its rostral sector has been attributed with visceral control

(Mok and Mogenson, 1987; Spencer et al., 1988; Tonelli and

Chiaraviglio, 1993; Tonelli and Chiaraviglio, 1995), its dorsal

sector with arousal (Berry et al., 1986; Power et al., 2001), its

ventral sector with orientating eye/head movements (atten-

tion) (May et al., 1997; Shaw and Mitrofanis, 2002), and its

caudal sector with the generation of axial and proximal limb

movements including locomotion (Mogenson et al., 1985;

Milner and Mogenson, 1988; Murer and Pazo, 1993; Perier
et al., 2002). Mitrofanis et al. have recently speculated that

the ZI forms a synaptic interface of the diencephalon, linking

diverse sensory inputs (somatic and visceral) to appropriate

visceral, arousal, attention and posture locomotion responses

(Mitrofanis, 2005).

Abnormal burst firing as well as synchronized oscillations

in the 3–7, 13–20, 20–35 Hz (Levy et al., 2000, 2002a, b;

Williams et al., 2002), 60–100 Hz (Trottenberg et al., 2006)
and 300 Hz (Foffani et al., 2003) bands have been recorded

in the GPi and STN of patients undergoing functional neu-

rosurgery for Parkinson’s disease. Oscillations in the beta and

gamma frequency bands have been found to be coherent

with oscillations simultaneously recorded in the motor cor-

tex (Levy et al., 2000, 2002a, b; Williams et al., 2002). Brown

et al. have proposed that the synchronized 13–32 Hz oscilla-

tions in the basal ganglia have an antikinetic effect and have
shown an inverse relationship with motor function (Brown,

2003; Kuhn et al., 2004), whereas Foffani et al. (2005) have

shown the presence of these oscillations during movement as

well and more recently, immediately after high frequency

stimulation of the STN (Foffani et al., 2006).

The 3–7 Hz oscillations have been correlated with the

presence of tremor (Nini et al., 1995; Bergman et al.,

1998; Raz et al., 2000).
Although unclear, it is likely that these abnormal patterns

of neuronal firing will be transmitted to the ZI via afferents

from the basal ganglia output nuclei and the motor cortex;

and indeed abnormal oscillations with burst firing at 4 and

20 Hz have been recorded in the ZI (Merello et al., 2004).

More recently oscillations in the gamma frequency range

(60–100 Hz) have also been recorded in this nucleus

(Foffani et al., 2006). The ZI will then be in a position to
transmit these oscillations via its efferent connections to the

thalamic nuclei (CM/Pf and ventral intermedius), the brain-

stem locomotor centre and back to the basal ganglia output

nuclei (GPi and SNr) and the cortex.

We speculate that the effect of transmitting these abnor-

mal patterns of neuronal firing to the CM/Pf nucleus of the

thalamus will be to disrupt normal information processing in

the striatum and the basal ganglia output nuclei (GPi and
SNr) via its efferents to these structures. The ZI’s direct

connections with the ventral intermediate (Vim) nucleus

of the thalamus (Bartho et al., 2002) may be the means

by which tremor related oscillations are transmitted to

this nucleus, which otherwise receives no direct connections

from the basal ganglia output nuclei (GPi and SNr), but

receives mainly cerebellar and proprioceptive afferents

(Ilinsky and Kultas-Ilinsky, 2002). The abnormal firing
patterns transmitted from the cZI to the MEA in Parkinson’s

disease may also contribute to the impairment of

Fig. 7 Schematic diagram showing the key afferent and efferent
connections of the zona incerta. Afferent fibres are shown as white
arrows, efferent fibres are shown as red arrows. Efferent fibres
from CM/Pf to posterodorsal putamen are shown in green.
(PUT putamen, GPe globus pallidus externus, GPi globus pallidus
internus, SNr substantia nigra reticulata, STN subthalamic nucleus,
RAS reticular activating system, MEA midbrain extrapyramidal
area, ZI zona incerta, CM/Pf centromedian and parafascicular
nucleus of the thalamus, VA/VL ventral anterior and ventral lateral
nucleus of the thalamus, MC motor cortex, PMC premotor
cortex).
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locomotion, axial and gross limb movements seen in this

condition.

High frequency stimulation of the cZI in overriding these

abnormal oscillations may then have a more profound effect

in controlling the symptoms of Parkinson’s disease than

stimulation of the STN, whose efferents are predominantly
confined to the basal ganglia output nuclei and MEA.

Conclusion
This observational study demonstrates that high frequency

stimulation of the cZI results in greater improvement in
contralateral motor scores in patients with medically refrac-

tory Parkinson’s disease than stimulation of the STN. These

results, if replicated in larger randomized controlled studies,

have important implications for our current surgical man-

agement of patients with Parkinson’s disease and point to a

more promising target area for future neurosurgical inter-

ventions.

Supplemetary material
Supplementary material is available at Brain online.
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