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Abstract	12 

Background: 13 

Deep brain stimulation (DBS) of the Pedunculopontine nucleus (PPN) has been investigated 14 

for the treatment of levodopa-refractory gait dysfunction in Parkinsonian disorders, with 15 

equivocal results so far. 16 

 17 

Objectives: 18 

To summarise the clinical outcomes of PPN-DBS treated patients at our centre and elicit any 19 

patterns that may guide future research. 20 

 21 

Materials and Methods: 22 

Pre- and post-operative objective overall motor and gait subsection scores as well as 23 

patient-reported outcomes were recorded for six PPN-DBS treated patients; three with 24 

Parkinson’s disease (PD) and three with Progressive supranuclear palsy (PSP). Electrodes 25 

were implanted unilaterally in the first three patients and bilaterally in the latter three, 26 

using an MRI-guided MRI-verified technique. Stimulation was initiated at 20-30Hz and 27 

optimised in an iterative manner. 28 

 29 
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Results:  30 

Unilaterally treated patients did not demonstrate significant improvements in gait 31 

questionnaires, UPDRS-III or PSPRS scores or their respective gait subsections. This 32 

contrasted with at least an initial response in bilaterally treated patients. Diurnal cycling of 33 

stimulation in a PD patient with habituation to the initial benefit reproduced substantial 34 

improvements in FOG 3 years post-operatively. Among the PSP patients, one with a 35 

Parkinsonian subtype had a sustained improvement in FOG while another with Richardson 36 

syndrome (PSP-RS) did not benefit. 37 

 38 

Conclusions: 39 

PPN-DBS remains an investigational treatment for levodopa-refractory FOG. This series 40 

corroborates some previously reported findings: bilateral stimulation may be more effective 41 

than unilateral stimulation, the response in PSP patients may depend on the disease 42 

subtype, and diurnal cycling of stimulation to overcome habituation merits further 43 

investigation. 44 

 45 
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Introduction	55 

Low frequency deep brain stimulation (DBS) of the Pedunculopontine nucleus (PPN) in Parkinson’s 56 

disease (PD) and atypical Parkinsonian disorders has been reported to improve levodopa-refractory 57 

freezing of gait (FOG) and reduce frequency of falls in some patients [1-3]. The outcomes, however, 58 

have not been consistently reproducible across treated cohorts. This may be partly attributable to 59 

variations in target selection within the PPN region, stimulation parameters,  unilateral versus 60 

bilateral stimulation, isolated PPN stimulation versus combining the PPN with other targets (e.g. the 61 

pallidum or the subthalamic nucleus), duration of follow up, disease progression, as well as 62 

variations in outcome measures used [3-7].    63 

To take a few examples from the literature, the PPN has been stimulated at various frequencies 64 

between 5Hz and 130Hz [3,4,8]; monopolar stimulation has been used as well as bipolar stimulation 65 

[7-10]; and targeting has involved the anterior PPN, posterior PPN, rostral PPN, ventral PPN, 66 

cuneiform, the peripeduncular nucleus, the lemniscus and their surroundings [7,11,12]. 67 

Furthermore, some reports describe a significant improvement in the motor section of the Unified 68 

PD Rating Score (UPDRS-III) even when L-dopa only had a moderate or no effect [13]. PPN-DBS has 69 

also been described to improve REM sleep and cognition [14-16].  70 

Presently, the number of published cases examining the effect of PPN-DBS in PD is nearly a hundred, 71 

comprising case reports and a few studies of less than 10 patients. There are fewer data available on 72 

atypical Parkinsonian disorders such as Progressive supranuclear palsy (PSP) [10,17,18].  73 

Here, we present a descriptive case series summarising the clinical outcomes of six patients treated 74 

with PPN-DBS at our centre, and discuss the observed trends and potential avenues that may help 75 

further improve patient outcomes.  76 

 77 

 78 
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Methods	79 

Six patients, three with PD and three with PSP, were treated with PPN-DBS for dopa-refractory FOG 80 

and falls at the National Hospital for Neurology and Neurosurgery between 2009 and 2016. Our 81 

strategy was aimed at generating additional pilot data to identify which symptoms/signs most 82 

consistently responded to stimulation of the PPN and whether unilateral or bilateral surgery was 83 

required. MRI-guided and MRI-verified surgery was performed under general anaesthesia according 84 

to our previously published stereotactic technique [19], using Medtronic 3389 electrodes and Activa 85 

PC™ devices. As fewer penetrations are intuitively safer, and (initially) unilateral PPN was thought 86 

likely to be sufficient due to its bilateral anatomical connections, the first three patients had 87 

unilateral implantation, the other three were bilateral.  88 

The target was visualised on proton density stereotactic MRI showing the target area and its 89 

surroundings as previously described [20,21]. Trajectories that did not penetrate the ventricle were 90 

chosen and electrode placement accuracy was confirmed by post-implant MRI. 91 

Post-operative imaging confirmed successful placement of electrodes in the PPN region in all 92 

patients, as shown in representative images in Figures 1 and 2. All patients underwent initial 93 

stimulation programming in an iterative manner, to optimise gait freezing while avoiding adverse 94 

effects. Stimulation adjustments were attempted as required at each routine outpatient clinic visit. 95 

For the PD group; on and off-medication total UPDRS-III, composite gait score (UPDRS-III items 27-96 

30: Arising from chair, Posture, Gait, Postural instability), and UPDRS-II gait-related item subscores 97 

(13-15: Falling, Freezing, Walking) were recorded. For patients with PSP, the total PSP rating scale 98 

score (PSPRS), PSPRS gait section score (items 24-28), and history of falls frequency (PSPRS item 5) 99 

were recorded on usual medication. For all patients, the Freezing of gait questionnaire (FOG-Q) or 100 

Gait and falls questionnaire (GFQ) scores were recorded. All assessments were done pre- and post-101 

operatively during follow up visits. 102 

Figure	1	

T1-weighted	MR	images	showing	trajectory	of	bilaterally	implanted	PPN	electrodes	in	
patient	6.		Coronal	(A	and	C)	and	corresponding	sagittal	(B	and	D)	views	are	shown,	with	
markers	centred	at	the	active	contact	location	
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 103 

	104 

Results	105 

Table 1 summarises patient characteristics, stimulation parameters, and clinical outcomes for the six 106 

patients. A synopsis of each is provided below: 107 

Patient 1 was a right-handed 74-year-old man with PSP (pure akinesia and gait freezing phenotype) 108 

with an 8-year history of gradually worsening gait initiation difficulties and falls, marked 109 

micrographia and dysarthria. He displayed oculomotor signs consisting of slow saccades and macro 110 

square-wave jerks. He obtained no significant benefit from up to 800mg per day of Levodopa and 111 

Amantadine. MRI showed mild midbrain atrophy and DaTscan imaging indicated bilateral 112 

dopaminergic nigrostriatal degeneration. The patient underwent left PPN-DBS (the more affected 113 

side). He reported subjective benefit in gait initiation and reduction in falls although this was not 114 

reflected in objective gait assessments scores which were worse 9 months post-operatively [Table 115 

1]. 116 

Patient 2 was a 58-year-old woman with PSP (Richardson syndrome) presenting with gait initiation 117 

difficulties and early postural instability and falls. She was found to have symmetrical parkinsonism 118 

with predominantly axial rigidity and vertical supranuclear opthalmoparesis. She also suffered from 119 

palilalia and later developed swallowing difficulties. Levodopa did not provide any significant benefit. 120 

Six years after symptom onset, she underwent left PPN-DBS. There was no subjective or objective 121 

benefit noted despite extensive attempts to optimise stimulation parameters. At 6 months post-122 

operatively, stimulation on and off assessments indicated no stimulation related benefit [Table 1]. 123 

Patient 3 was a 71-year-old man with PD and predominantly left sided involvement. He initially 124 

presented with hand tremor; symptoms gradually progressed with dopa-refractory freezing and falls 125 

Figure	2	
Proton	density	weighted	MRI	for	patient	6:		Right	and	left	pre-operative	coronal	(A,	B),	axial	
(C,	D)	post-operative	coronal	(E,	F)	and	axial	(G,	H).	The	red	dot	indicates	the	active	contact	in	
all	images.	
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at a levodopa equivalent daily dose (LEDD) of 1400mg. He underwent right PPN-DBS 20 years after 126 

symptom onset. Involuntary bladder emptying occurred during and after the neurosurgical 127 

procedure (reported in detail elsewhere) [22]. There was no improvement in FOG or falls 128 

assessments at 6 and 9 months post-operatively, including on and off stimulation comparisons using 129 

spatio-temporal gait analysis [Table 1]. Stimulation was turned off after 5 years due to lack of any 130 

perceptible benefit. 131 

Patient 4 was a 68-year-old man with a 12-year history of an akinetic rigid syndrome presenting with 132 

marked hypophonia and progressive slowness, FOG, postural instability and falls. He was noted to 133 

have vertical supranuclear gaze palsy, reduced saccade velocity and square-wave jerks. There was no 134 

improvement in gait symptoms with up to 1200mg per day of levodopa. MRI showed midbrain 135 

atrophy. After a diagnosis of PSP-P (Parkinsonian subtype) he underwent bilateral PPN-DBS.  A 136 

significant improvement in FOG was noted early in the post-operative course and was sustained until 137 

his last clinic follow up at 4 years. This is reflected in FOG-Q and GFQ scores but contrasts with the 138 

minimal change seen on the PSPRS [Table 1]. 139 

Patient 5 was a 70-year-old man with PD with a 20-year history of symptoms, initially presenting 140 

with micrographia and hesitant speech, subsequently progressing to significant FOG and falls in the 141 

on-medication state (LEDD 930mg). He underwent bilateral PPN-DBS. He declined to have objective 142 

post-operative assessments but during the 6-month post-operative clinic visit, he reported a 143 

dramatic reduction in frequency of falls from 25-30 per day to an average of less than one per day. 144 

There was subsequent deterioration after 9-months, but compared to pre-operative baseline, gait 145 

and balance remained improved 3 years after surgery [Table 1]. 146 

Patient 6 was a 73-year-old man with a 9-year history of PD that responded to levodopa for the first 147 

4 years, at which point he developed progressive medication refractory FOG (LEDD 900mg). DaTscan 148 

imaging confirmed asymmetric dopaminergic nigrostriatal degeneration. Bilateral PPN-DBS 6-years 149 

after symptom onset provided a good initial response with significant reduction in FOG and falls 150 
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frequency from five to one per day after 3 months. However, the beneficial effect subsequently 151 

declined and at 12-months after surgery symptoms were back to the pre-operative state. At the 3-152 

year post-operative clinic visit he reported regaining a marked improvement in gait and balance by 153 

turning off the stimulation overnight and keeping it on only during the day [Table 1]. After 6 months 154 

of utilising this technique daily and reporting sustained effects, an objective evaluation of gait was 155 

carried out in the stimulation on and off conditions, and is presented below [Table 2, Video 1].   156 

 157 

[Table	1:	Summary	of	clinical	outcomes	of	Pedunculopontine	nucleus	DBS	treated	158 
patients] 159 

 160 

 161 

Patient 6: Gait assessments after 6 months of diurnal cycling stimulation  162 

The patient was on his usual medications and was not aware of whether the DBS device was on or 163 

off during the evaluation. The stimulation parameters were as listed in table 1. UPDRS-III Items 27-164 

30, as well as more sensitive quantitative measures of freezing using a 10-metre sit-stand-walk (10m 165 

SSW) and 360° spot turns in the on and off stimulation conditions were assessed [23,24]. The 10m-166 

SSW was timed and the number of freezing episodes greater than 2 seconds counted. The 360° turns 167 

were done on the spot towards the right then left, with the number of steps taken for completion in 168 

each direction and the total time taken reported. Three measurements in each DBS condition after 169 

at least 2 hours of alternating between them were taken over a period of 2 days and averaged. Each 170 

assessment was done 1 to 1.5 hours after a levodopa dose, and the on-medication state was verified 171 

with assessment of segmental motor signs in order to minimise the effect of levodopa related 172 

fluctuations on gait assessments.  Quantitative results are summarised in Table 2. A corresponding 173 

representative video demonstrating each assessment in the two DBS conditions is provided. 174 

 175 

[Table	2:	Gait	assessments	for	patient	6	done	in	the	ON-medication	state	with	DBS	on	and	176 
off]  177 
 178 
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 179 

[LINK:	VIDEO	1] 180 
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Discussion	181 

Given the numerous variables surrounding the implementation of PPN DBS, before embarking on a 182 

randomised controlled trial, our group wished to gather some initial open-label experience with PPN 183 

DBS. As a result, our cohort comprises a mixture of six patients with PD and PSP, as well as unilateral 184 

and bilateral stimulation. While it is difficult to draw any definite conclusions from such a small, 185 

heterogeneous group, there are a number of interesting observations to be made.  186 

All three of the bilaterally treated patients seemed to respond at least initially, while two of the 187 

three unilaterally implanted patients did not respond, with the remaining one having an equivocal 188 

response. While unilateral PPN stimulation has certainly been reported to produce beneficial effects 189 

on FOG and falls and is justified by the bilateral anatomical connectivity of the PPN and the 190 

increased surgical risk of bilateral implantation [4,5], other reports that included both unilateral and 191 

bilaterally operated patients corroborate the notion that bilateral stimulation may be more effective 192 

[5,6,10].   193 

Among PSP patients, another factor that may influence the degree of response to PPN stimulation is 194 

the subtype of the disorder. There have been multiple case reports of positive results in patients 195 

with PSP with predominant Parkinsonism (PSP-P) [10,25,26]. However, a randomised trial of 8 196 

patients with the Richardson syndrome subtype (PSP-RS) was negative [17]. While there is 197 

considerable overlap in these classifications particularly in later stages, factors such as disease 198 

duration and rate of progression that differ between these groups may reflect the observed 199 

outcomes. Indeed, among our 3 PSP patients, the clear responder (patient 4) had a protracted 200 

course of disease, while patient 2 who obtained no benefit had a more classical PSP-RS phenotype 201 

with a higher PSPRS score despite a shorter disease duration at the time of surgery.   202 

Apart from the issue of heterogeneity of patients, electrode placement and programming practices, 203 

reported outcomes of PPN-DBS in this cohort, as in much of the rest of the literature, are limited by 204 

the standardised outcome measures used, and in particular by the inherent lack of sensitivity of 205 
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UPDRS and PSPRS and their respective gait-related item sub-scores in detecting changes in gait and 206 

freezing [3,27]. Moreover, it should be noted that the original (non-MDS) version of UPDRS-III and 207 

PSPRS tools do not include any specific objective assessment of freezing, which is a major element of 208 

gait dysfunction expected to respond to PPN-DBS. Quantification of FOG has therefore often been 209 

reliant on the five-category patient-reported item 14 of UPDRS-II in many reports. The GFQ has been 210 

shown to be more sensitive in detecting changes in FOG and falls after PPN-DBS in patients who had 211 

no change reflected in the UPDRS gait-related items [27]. Specialised spatio-temporal gait analysis, 212 

while more objective and detailed, can be significantly affected by the intermittent nature of FOG. 213 

The recognition of these limitations for objective assessment of FOG has led to recommendations of 214 

using repeated assessments with more sensitive clinical tools such as rapid 360° on-the-spot turns in 215 

both directions, and combining a gait trajectory with dual tasking if the former is negative [23,24].  216 

Limitations of this set of data in addition to those discussed previously include the open label design 217 

with non-blinded assessments, and some missing data with regards to post-operative assessments 218 

for patient 5 and GFQ scores. Nevertheless, this case series adds to the relatively scant literature of 219 

only a handful of studies with greater than 5 patients describing clinical outcomes of PPN-DBS, and 220 

aids in advancing our understanding of this intervention from the collective patterns observed.  221 

Additionally, case 6 illustrates the potential utility of using cycling in PPN-DBS to maintain 222 

improvements in gait and balance obtained from this treatment that may diminish over time with 223 

continuous stimulation in some patients. Patient 6 demonstrated a marked improvement in the 224 

10m-SSW and 360° turn assessments with PPN stimulation on, and also had an improved GFQ score 225 

3 years post-operatively despite an overall higher UPDRS-III. Habituation to DBS effects with 226 

continuous stimulation of certain DBS targets such as the ventral Intermediate nucleus of the 227 

thalamus used for treating tremor is a well-recognised phenomenon, and diurnal cycling is 228 

commonly used to attenuate this [28,29]. The loss of benefit with continuous PPN stimulation such 229 

as that described in many of the initial responders in our cohort has been observed by others who 230 
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have reported lack of a sustained effect in PPN-DBS treated patients with long term follow up 231 

[5,7,10]. The utility of cyclic PPN stimulation in the daytime-on night-time-off configuration has 232 

previously been reported in order reduce tolerance effects [7], although the benefit relative to 233 

continuous stimulation has not been explicitly quantified, while reports of the converse nocturnal-234 

only stimulation have indicated potential benefits in non-motor but not motor symptoms [16,30].  235 

While the mechanism of this habituation effect and its apparent reversal with intermittent 236 

stimulation is not currently well-understood, and the phenomenon is only demonstrable in the sole 237 

patient in our cohort still under active follow up, the substantial and reproducible clinical benefit 238 

seen in this case three years following surgery despite disease progression makes it a strategy worth 239 

exploring in other patients treated with PPN-DBS, alongside refining processes of surgical targeting 240 

and patient selection to further define and improve the therapeutic application of this intervention. 241 

A progressive loss of effect cannot be ruled out over time, and more data are needed to confirm the 242 

utility of this approach. 243 

In summary, the PPN remains an investigational target for DBS in patients with dopa-refractory FOG. 244 

This small case series corroborates some common features from the literature: Patients with PSP-RS 245 

subtype are unlikely to benefit; bilateral stimulation may be superior to unilateral stimulation, and 246 

diurnal cycling of stimulation merits further investigation in PPN-DBS patients. 247 

 248 

AUTHOR	CONTRIBUTIONS	249 

Conception: TF, LZ; Investigation and data collection: VD, AR, IAO, AP, DC, BD; Writing of original 250 
draft manuscript: VD; Review and editing: TF, LZ, HA, MH, PL, MJ, JH. 251 

 252 

STATEMENT	OF	ETHICS	253 

All procedures described in this case report were carried out under the institution’s usual standard 254 
of clinical care, and no experimentation was performed. The patients involved provided written 255 
informed consent for use of clinical information, images and video media for publication. 256 

 257 

DISCLOSURES	258 



13 
 

VD has received honoraria and travel expenses from Boston Scientific. HA has received honoraria 259 
and travel expenses from Boston Scientific and BrainLab. PL, LZ and MH have received honoraria and 260 
travel expenses from Medtronic and Boston Scientific for speaking at meetings.  TF has received 261 
grant support from NIHR, John Black Charitable Foundation, Rosetrees Trust, Michael J Fox 262 
Foundation, and Cure Parkinson’s Trust. He has honoraria for speaking at meetings supported by 263 
Boston Scientific, BIAL and Profile Pharma. He serves on advisory boards for BIAL, Oxford Biomedica 264 
and Peptron. 265 

 266 

 267 

REFERENCES	268 

1.  Mazzone P, Lozano A, Stanzione P, et al. Implantation of human pedunculopontine nucleus: A 269 
safe and clinically relevant target in Parkinson’s disease. Neuroreport. 2005;16(17):1877-270 
1881. doi:10.1097/01.wnr.0000187629.38010.12 271 

2.  Plaha, Puneet and Gill S. Deep Brain Stimulation of the Pedunculopontine Nucleus for 272 
Parkinson’s Disease. Neuroreport. 2005;16(17):1883-1887. doi:10.1002/9781118346396.ch5 273 

3.  Thevathasan W, Debu B, Aziz T, et al. Pedunculopontine nucleus deep brain stimulation in 274 
Parkinson’s disease: A clinical review. Mov Disord. 2018;33(1):10-20. doi:10.1002/mds.27098 275 

4.  Moro E, Hamani C, Poon YY, et al. Unilateral pedunculopontine stimulation improves falls in 276 
Parkinson’s disease. Brain. 2010;133(1):215-224. doi:10.1093/brain/awp261 277 

5.  Mestre TA, Sidiropoulos C. Long-Term Double-Blinded Unilateral Pedunculopontine Area 278 
Stimulation in Parkinson’s Disease. Mov Disord. 2016;31(10):1570-1574. 279 
doi:0.1038/srep05797 280 

6.  Thevathasan W, Pogosyan A, Hyam JA, et al. Alpha oscillations in the pedunculopontine 281 
nucleus correlate with gait performance in parkinsonism. Brain. 2012;135(1):148-160. 282 
doi:10.1093/brain/awr315 283 

7.  Ferraye MU, Debû B, Fraix V, et al. Effects of pedunculopontine nucleus area stimulation on 284 
gait disorders in Parkinson’s disease. Brain. 2010;133(1):205-214. doi:10.1093/brain/awp229 285 

8.  Galazky I, Kaufmann J, Lorenzl S, et al. Deep brain stimulation of the pedunculopontine 286 
nucleus for treatment of gait and balance disorder in progressive supranuclear palsy: Effects 287 
of frequency modulations and clinical outcome. Park Relat Disord. 2018;50:81-86. 288 
doi:10.1016/j.parkreldis.2018.02.027 289 

9.  Stefani A, Lozano AM, Peppe A, et al. Bilateral deep brain stimulation of the 290 
pedunculopontine and subthalamic nuclei in severe Parkinson’s disease. Brain. 291 
2007;130(6):1596-1607. doi:10.1093/brain/awl346 292 

10.  Doshi PK, Desai JD, Karkera B, Wadia PM. Bilateral pedunculopontine nucleus stimulation for 293 
progressive supranuclear palsy. Stereotact Funct Neurosurg. 2015;93(1):59-65. 294 
doi:10.1159/000368702 295 

11.  Goetz L, Bhattacharjee M, Ferraye MU, et al. Deep Brain Stimulation of the Pedunculopontine 296 
Nucleus Area in Parkinson Disease: MRI-Based Anatomoclinical Correlations and Optimal 297 
Target. Clin Neurosurg. 2019;84(2):506-518. doi:10.1093/neuros/nyy151 298 

12.  Hamani C, Lozano AM, Mazzone PAM, et al. Pedunculopontine nucleus region deep brain 299 



14 
 

stimulation in Parkinson disease: Surgical techniques, side effects, and postoperative imaging. 300 
Stereotact Funct Neurosurg. 2016;94(5):307-319. doi:10.1159/000449011 301 

13.  Mazzone P, Vilela Filho O, Viselli F, et al. Our first decade of experience in deep brain 302 
stimulation of the brainstem: elucidating the mechanism of action of stimulation of the 303 
ventrolateral pontine tegmentum. J Neural Transm. 2016;123(7):751-767. 304 
doi:10.1007/s00702-016-1518-5 305 

14.  Romigi A, Placidi F, Peppe A, et al. Pedunculopontine nucleus stimulation influences REM 306 
sleep in Parkinson’s disease. Eur J Neurol. 2008:Jul;15(7):e64-5. doi:10.1111/j.1468-307 
1331.2008.02167.x 308 

15.  Costa A, Carlesimo GA, Caltagirone C, et al. Effects of deep brain stimulation of the 309 
peduncolopontine area on working memory tasks in patients with Parkinson’s disease. Park 310 
Relat Disord. 2010;Jan;16(1):64-67. doi:10.1016/j.parkreldis.2009.05.009 311 

16.  Alessandro S, Ceravolo R, Brusa L, et al. Non-motor functions in parkinsonian patients 312 
implanted in the pedunculopontine nucleus: Focus on sleep and cognitive domains. J Neurol 313 
Sci. 2010;Feb 15;289(1-2):44-48. doi:10.1016/j.jns.2009.08.017 314 

17.  Scelzo E, Lozano AM, Hamani C, et al. Peduncolopontine nucleus stimulation in progressive 315 
supranuclear palsy: A randomised trial. J Neurol Neurosurg Psychiatry. 2017;88(7):613-614. 316 
doi:10.1136/jnnp-2016-315192 317 

18.  Servello D, Zekaj E, Saleh C, Menghetti C, Porta M. Long-term follow-up of deep brain 318 
stimulation of peduncolopontine nucleus in progressive supranuclear palsy: Report of three 319 
cases. Surg Neurol Int. 2014;5(9):S416-S420. doi:10.4103/2152-7806.140208 320 

19.  Foltynie T, Zrinzo L, Martinez-Torres I, et al. MRI-guided STN DBS in Parkinson’s disease 321 
without microelectrode recording: Efficacy and safety. J Neurol Neurosurg Psychiatry. 322 
2011;82(4):358-363. doi:10.1136/jnnp.2010.205542 323 

20.  Zrinzo L, Zrinzo L V., Massey LA, et al. Targeting of the pedunculopontine nucleus by an MRI-324 
guided approach: A cadaver study. J Neural Transm. 2011;Oct;118(10):1487-95. 325 
doi:10.1007/s00702-011-0639-0 326 

21.  Zrinzo L, Zrinzo L V., Tisch S, et al. Stereotactic localization of the human pedunculopontine 327 
nucleus: Atlas-based coordinates and validation of a magnetic resonance imaging protocol for 328 
direct localization. Brain. 2008. doi:10.1093/brain/awn075 329 

22.  Aviles-Olmos I, Foltynie T, Panicker J, et al. Urinary incontinence following deep brain 330 
stimulation of the pedunculopontine nucleus. Acta Neurochir (Wien). 2011;153:(12):2357-6. 331 
doi:10.1007/s00701-011-1155-6 332 

23.  Snijders AH, Haaxma CA, Hagen YJ, Munneke M, Bloem BR. Freezer or non-freezer: Clinical 333 
assessment of freezing of gait. Park Relat Disord. 2012;18(2):149-154. 334 
doi:10.1016/j.parkreldis.2011.09.006 335 

24.  Van DIjsseldonk K, Wang Y, Van Wezel R, Bloem BR, Nonnekes J. Provoking freezing of gait in 336 
clinical practice: Turning in place is more effective than stepping in place. J Parkinsons Dis. 337 
2018;8(2):363-365. doi:10.3233/JPD-181332 338 

25.  Brusa L, Iani C, Ceravolo R, et al. Implantation of the nucleus tegmenti pedunculopontini in a 339 
PSP-P patient: Safe procedure, modest benefits. Mov Disord. 2009;24(13):2020-2022. 340 
doi:10.1002/mds.22706 341 

26.  Hazrati LN, Wong JC, Hamani C, et al. Clinicopathological study in progressive supranuclear 342 



15 
 

palsy with pedunculopontine stimulation. Mov Disord. 2012;27(10):1304-1307. 343 
doi:10.1002/mds.25123 344 

27.  Thevathasan W, Coyne T, Hyam J, Kerr G, Jenkinson N, Aziz T SP. Pedunculopontine Nucleus 345 
Stimulation Improves Gait Freezing in Parkinson Disease Wesley. Neurosurgery. 346 
2011;69(6):1254. doi:10.1227/NEU.0b013e31822b6f71 347 

28.  Barbe MT, Liebhart L, Runge M, et al. Deep brain stimulation in the nucleus ventralis 348 
intermedius in patients with essential tremor: Habituation of tremor suppression. J Neurol. 349 
2011;258(3):434-439. doi:10.1007/s00415-010-5773-3 350 

29.  Seier M, Hiller A, Quinn J, Murchison C, Brodsky M, Anderson S. Alternating Thalamic Deep 351 
Brain Stimulation for Essential Tremor: A Trial to Reduce Habituation. Mov Disord Clin Pract. 352 
2018;5(6):620-626. doi:10.1002/mdc3.12685 353 

30.  Mazzone P, Insola A, Sposato S, Scarnati E. The deep brain stimulation of the 354 
pedunculopontine tegmental nucleus. Neuromodulation. 2009;12(3):191-204. 355 
doi:10.1111/j.1525-1403.2009.00214. 356 

 357 


