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ABSTRACT
Clinical Vignette: A 23-year-old woman with pantothenate kinase-associated 
neurodegeneration (PKAN) presented with medication-refractory generalized dystonia 
and an associated gait impairment.

Clinical Dilemma: Bilateral globus pallidus internus (GPi) deep brain stimulation (DBS) 
can be an effective treatment for dystonia. However, outcomes for PKAN DBS have been 
variable and there are no standardized criteria for patient selection.

Clinical Solution: Bilateral GPi DBS implantation resulted in improvement in dystonia and 
gait. The benefit has persisted over one year after implantation.

Gap in Knowledge: PKAN is a rare neurodegenerative disorder and evidence supporting 
the use of PKAN DBS has been largely limited to case reports and case series. Consequently, 
there is a paucity of long-term data, especially on gait-related outcomes.

Expert Commentary: The clinical characteristics of dystonia that respond to DBS tend 
to respond in PKAN. Clinicians counselling patients about the effects of DBS for PKAN 
should thoughtfully discuss gait and postural instability as important aspects to consider, 
especially as the disease will progress post-DBS.
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CLINICAL VIGNETTE

A previously healthy, developmentally normal 23-year-old 
right-hand-dominant woman with pantothenate kinase-
associated neurodegeneration (PKAN) presented for 
consideration of deep brain stimulation (DBS) candidacy. 
At 15 years of age, she developed opisthotonus when 
running and she would frequently toe walk. She had 
progressive handwriting changes which were accompanied 
by hand cramping and slurring of her speech. Her 
opisthotonic posturing and lower extremity dystonia 
became progressively sustained during walking. Gradually, 
she required a walker and subsequently, the use of a 
wheelchair. Her gait improved with skipping or walking 
backwards. Treatment with trihexyphenidyl, baclofen, 
and botulinum toxin injections improved her dystonia and 
enabled her to ambulate independently for short periods of 
time. Over the next several years, her speech, handwriting, 
and gait deteriorated. She gradually lost the ability to 
walk independently. She did not have other symptoms 
associated with PKAN, including visual or neuropsychiatric 
symptoms.

Her neurological examination revealed characteristics 
of adductor spasmodic dysphonia and generalized 
dystonia (Video 1). Her dystonia was most prominent when 
ambulating, which amplified retrocollis, opisthotonus, 
right upper extremity flexion, and bilateral plantar flexion. 
She had mild rigidity in the right upper extremity with 
activation maneuvers. Her brachioradialis, patellar, and 
Achilles reflexes were hyperreflexic. The remainder of 
the neurological examination, including a pull test, was 

unremarkable. Her brain magnetic resonance imaging (MRI) 
showed bilateral T2-fluid attenuated inversion recovery 
(FLAIR) hypointensities of the globus pallidus region with 
anterior medial hyperintensity, which was consistent 
with the “eye of the tiger” sign (Figure 1). Genetic testing 
revealed a missense variant (c.1255A>G, p.Ile419Val) on 
one allele of the pantothenate kinase 2 (PANK2) gene and 
deletion of exons 1–4 on the other allele.

CLINICAL DILEMMA

Bilateral globus pallidus internus (GPi) DBS can be an 
effective treatment for medication-refractory dystonia and 
has been associated with sustained benefit in dystonia 
severity, disability, and quality of life [1, 2, 3]. Outcomes 
can be influenced by the etiology and characteristics of 
dystonia. Some genetic dystonias, such as DYT-TOR1A, 
tend to be more responsive to DBS [4, 5], whereas benefit 
for facial dystonia, speech, swallowing, and gait tend to 
be less predictable, especially at long-term follow-up 
[6]. Although outcomes for monogenetic dystonias are 
generally positive, benefit from DBS has been variable [7]. 
Dystonia resulting from neurodegeneration with brain iron 
accumulation (NBIA), and PKAN (DYT-PANK2) specifically, 
has been shown to improve following DBS [8, 9]. However, 
the current evidence has been limited to case reports and 
case series, which are subject to publication bias and a lack 
of long-term data. Our case illustrates the challenges in 
predicting benefit from DBS for PKAN/NBIA, especially for 
gait.

CLINICAL SOLUTION

The patient was assessed by members of an interdisciplinary 
DBS team, including movement disorders neurology, 

Figure 1 Axial (left) and coronal (right) T2-FLAIR brain MRI showed 
bilateral hypointensity of the globus pallidus with anterior medial 
hyperintensity, consistent with the “eye of the tiger” sign. L = left.

Video 1 Pre- and post-DBS examination. Presurgical baseline 
examination at 23 years of age and postsurgical gait 15 months 
after bilateral GPi DBS implantation. Laryngeal dystonia was 
present with speech. Dystonia was most prominent when walking 
and impaired her gait. Retrocollis, opisthotonus, right upper 
extremity flexion, and bilateral plantar flexion were present. DBS 
improved her dystonia and gait.

https://vimeo.com/1018186758
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neurosurgery, neuropsychology, psychiatry, physical 
therapy, occupational therapy, speech-language pathology, 
and social work. Following the interdisciplinary assessment, 
it was determined that she was a reasonable candidate for 
bilateral GPi DBS. She underwent bilateral GPi DBS surgery 
without surgical complication. Post-operative head CT and 
lead localization confirmed appropriate lead placement 
(Figure 2), which was also supported by thresholds for side 
effects during device programming. One month following 
initial DBS programming (10- C+ with 2.5 mA, pulse width 
90 µs, and frequency 135 for the right GPi, and 2- C+ with 
2.5 mA, pulse width 90 µs, and frequency 135 Hz for the 
left GPi), she reported minimal to no dystonia in her upper 
extremities, minimal truncal dystonia, and improved lower 
extremity dystonia. She reported a 75% improvement in 
her gait and was able to independently walk over a mile 
per day. She has not had further in-person follow-up at our 
center, as she lives 1,000 miles away. Through personal 
communication, she reported a sustained response to DBS 
over a one-year period (Video 1).

GAP IN KNOWLEDGE

NBIA is a group of rare neurodegenerative disorders 
characterized by iron accumulation in the globus pallidus 
and substantia nigra. PKAN represents up to 50% of NBIA 
cases with an estimated prevalence of 1 in 1,000,000 and 
is caused by biallelic pathogenic variants in the PANK2 
gene [10, 11]. “Classic PKAN” presents in early childhood, 
with a mean age of onset of 3 years, and is characterized 
by dystonia and spasticity, which contribute to gait 
impairment and dysarthria. Pigmentary retinopathy and 
developmental delay are common. “Atypical PKAN” has 
a later onset, commonly after 10 years of age, and is 
characterized by speech impairment, dystonia, spasticity, 
and parkinsonism. Neuropsychiatric symptoms, including 
impulsivity and obsessive-compulsive behaviours, 
commonly occur. Disease progression is faster in classic 

PKAN compared to atypical PKAN and the development of 
postural instability contributes to falling. 

Progressive dystonia is frequently the most disabling 
motor symptom in PKAN and dystonia treatment is one 
of the primary goals of PKAN management [12]. The 
general principles for patient selection and management 
in DBS for dystonia can be applied to PKAN. GPi DBS may 
be more effective for dystonia of the limbs, neck, and trunk 
compared to dystonia involving laryngeal or oromandibuar 
musculature [13]. Outcomes are less favourable when 
dystonia involves tonic posturing [14] and DBS is less 
effective or ineffective when musculoskeletal deformities 
such as fixed joint contractures and scoliosis are present 
[15, 16]. Accordingly, the body regions affected by dystonia, 
range of motion, and presence of deformities are crucial 
factors for pre-DBS PKAN assessments.

Published cases of PKAN DBS provide some insight 
on patient selection. The largest meta-analysis to date 
included 99 patients and reported that the type of PKAN, 
classic or atypical, was predictive of outcome after one year 
of GPi DBS [8]. In this study, classic PKAN was defined as 
symptom onset or DBS surgery before 10 years of age and 
atypical PKAN was defined as symptom onset at 14 years 
of age or older. Genetic confirmation of diagnosis was not 
available in all cases and thus other NBIA etiologies may 
have been included. Atypical PKAN was associated with a 
45% decrease (improvement) in the Burke-Fahn-Marsden 
Dystonia Rating Scale (BFMDRS) motor score compared 
to only a 16% decrease (improvement) in classic PKAN. 
BFMDRS disability scores improved in atypical PKAN but 
were unchanged in classic PKAN. Better outcomes in the 
atypical PKAN group were hypothesized to be related to 
higher levels of baseline motor skills, perhaps as a result of 
later disease onset or slower disease progression. 

Outcomes in PKAN DBS differ when compared to primary 
dystonia, including DYT-TOR1A, when considering disease 
duration and dystonia severity. Longer disease duration [15, 
17] and more severe symptoms [18] in primary dystonia, as 
well as the presence of fixed musculoskeletal deformities, 
have been associated with reduced DBS-related benefit. 
In contrast, disease duration may not be as predictive of 
outcome in PKAN DBS [8] and more severe pre-operative 
dystonia has been associated with greater benefit [8, 9]. 
Rapid dystonia progression in PKAN may result in severe 
dystonia with less musculoskeletal deformities, and this 
may explain its responsiveness to DBS.

There is a paucity of long-term outcome data for 
PKAN DBS. Nine reported cases of PKAN DBS followed 
for a minimum of four years showed that 8 of 9 cases 
maintained improvement in dystonia when compared to 
their preoperative baseline [19, 20, 21, 22]. All cases of 
PKAN with long-term follow-up experienced decrements 

Figure 2 Lead localizations in the right (blue) and left (purple) 
globus pallidus internus (GPi) (orange), viewed from the lateral 
and anterior perspectives. Lead localization was performed using 
Brainlab Elements (Brainlab AG, Munich, Germany). Leads were 
implanted targeting the posteroventral GPi.
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in motor outcome. PKAN disease and dystonia progression 
have been hypothesized to underlie this worsening [23]. 
DBS stimulation parameters can be adjusted over time to 
potentially address worsening symptoms. In 2 cases that 
reported parameter adjustments, the degree of additional 
DBS benefit may have been limited by worsening spasticity 
[21] or fixed deformities [19]. The improvement in atypical 
cases, which present later in life and tend to progress more 
slowly, suggests that slower rates of progression may be a 
positive predictor.

Optimal lead placement, the choice of lead contact(s) 
for stimulation, and the selection of stimulation parameters 
in PKAN DBS should be guided by experience with DBS for 
other forms of dystonia. Suboptimal lead placement is 
associated with worse outcomes [16]. Leads placed in 
the sensorimotor region of the GPi have been effective 
for dystonia [24, 25] and we believe that this data-driven 
observation is likely true for dystonia in PKAN. Optimal 
stimulation parameters may be challenging to identify 
due to the absence of immediate symptomatic benefit 
following device programming and maximal dystonia 
benefit may take months or longer to achieve. Interestingly, 
our case had substantial dystonia improvement within 
one month of activating DBS. Several other cases of PKAN 
DBS have reported similarly rapid improvement within 2–6 
weeks of stimulation [19, 20, 26]. Further investigation will 
be required to determine whether this is a generalizable 
phenomenon in PKAN DBS.

Subthalamic nucleus (STN) DBS has also been shown to 
be effective for dystonia [27, 28], and STN DBS has been 
beneficial for both classic and atypical PKAN [29, 30]. STN 
DBS may have a faster onset of benefit and greater benefit 
for limb dystonia compared to GPi DBS [28]. Our case had 
a relatively rapid response to stimulation that may be 
comparable to STN DBS. Overall, the literature on STN DBS 
for dystonia has been limited and the GPi has been the most 
established target for medication-refractory dystonia.

EXPERT COMMENTARY

DBS is a symptomatic treatment for dystonia and dystonia 
phenomenology commonly predicts DBS outcome 
regardless of etiology. The body regions affected by dystonia, 
range of motion, and presence of deformities are factors 
important for patient selection. Greater improvement in 
atypical PKAN compared to classic PKAN suggests that the 
level of learned motor skills is an additional consideration. 
Clinicians approaching discussions on potential DBS 
outcomes for gait should thoughtfully consider the 
impact of postural instability. DBS treats dystonia, which 
may contribute to gait impairment, but does not improve 

postural instability. The “pull test” is an important bedside 
maneuver that assesses a patient’s degree of postural 
instability and should be documented pre-operatively and 
performed at regular intervals throughout the lifetime of an 
individual with PKAN. An abnormal pull test may indicate an 
increased risk for falls, fractures, and related comorbidities. 
Our patient had a relatively preserved preoperative postural 
response and her gait improved as a result of a reduction 
of dystonia from DBS. Since PKAN will progress over time, 
serial examinations of postural instability will be required 
along with other proactive strategies to maximize fall 
prevention.

ACKNOWLEDGEMENTS

The authors thank the patient for her contribution to the 
medical literature.

FUNDING INFORMATION

JLC was supported by a Parkinson’s Foundation Institutional 
Movement Disorders Fellowship. AER has participated in 
CME and educational activities on movement disorders 
sponsored by Mediflix. JKW has received research support 
from the NIH. MSO serves as Medical Advisor for the 
Parkinson’s Foundation and has received research grants 
from the NIH, Parkinson’s Foundation, Michael J. Fox 
Foundation, Parkinson Alliance, Smallwood Foundation, 
Bachmann-Strauss Foundation, Tourette Syndrome 
Association, and UF Foundation. He has received royalties 
for publications with the Hatchette Book Group, Demos, 
Manson, Amazon, Smashwords, Books4Patients, Perseus, 
Robert Rose, Oxford and Cambridge. MSO is an associated 
editor for New England Journal of Medicine Journal Watch 
Neurology and JAMA Neurology. He has participated in 
CME and educational activities on movement disorders 
sponsored by WebMD/Medscape, RMEI Medical Education, 
the American Academy of Neurology, the International 
Parkinson and Movement Disorder Society, Mediflix, and 
Vanderbilt University. The institution and not MSO receives 
grants from industry. He has participated as a site PI and/or 
co-I for several NIH, foundation, and industry sponsorted 
trials over the years, but has not received honoraria. 
Research projects at the University of Florida receive device 
and drug donations.

COMPETING INTERESTS

The authors have no competing interests to declare.



5Chan et al. Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.929

AUTHOR AFFILIATIONS
Jason L. Chan  orcid.org/0000-0002-4892-5171 
Norman Fixel Institute for Neurological Diseases, University 
of Florida, Gainesville, Florida, USA; Department of Neurology, 
University of Florida, Gainesville, Florida, USA

Ashley E. Rawls  orcid.org/0000-0002-7067-5869 
Norman Fixel Institute for Neurological Diseases, University 
of Florida, Gainesville, Florida, USA; Department of Neurology, 
University of Florida, Gainesville, Florida, USA

Joshua K. Wong  orcid.org/0000-0002-4632-3417 
Norman Fixel Institute for Neurological Diseases, University 
of Florida, Gainesville, Florida, USA; Department of Neurology, 
University of Florida, Gainesville, Florida, USA

Penelope Hogarth  orcid.org/0000-0003-1328-6311 
Department of Molecular and Medical Genetics, Oregon Health & 
Science University, Portland, Oregon, USA

Justin D. Hilliard  orcid.org/0000-0002-9688-057X 
Norman Fixel Institute for Neurological Diseases, University of 
Florida, Gainesville, Florida, USA; Department of Neurosurgery, 
University of Florida, Gainesville, Florida, USA

Michael S. Okun  orcid.org/0000-0002-6247-9358 
Norman Fixel Institute for Neurological Diseases, University 
of Florida, Gainesville, Florida, USA; Department of Neurology, 
University of Florida, Gainesville, Florida, USA

REFERENCES

1.	 Volkmann J, Wolters A, Kupsch A, Müller J, Kühn AA, 

Schneider GH, et al. Pallidal deep brain stimulation in 

patients with primary generalized or segmental dystonia: 

5-year follow-up of a randomised trial. Lancet Neurol. 2012; 

11(12): 1029–1038. DOI: https://doi.org/10.1016/S1474-

4422(12)70257-0

2.	 Krause P, Völzmann S, Ewert S, Kupsch A, Schneider GH, 

Kühn AA. Long-term effects of bilateral pallidal deep brain 

stimulation in dystonia: a follow-up between 8 and 16 

years. J Neurol. 2020; 267(6): 1622–1631. DOI: https://doi.

org/10.1007/s00415-020-09745-z

3.	 Tsuboi T, Cauraugh JH, Wong JK, Okun MS, Ramirez-

Zamora A. Quality of life outcomes after globus pallidus 

internus deep brain stimulation in idiopathic or inherited 

isolated dystonia: a meta-analysis. J Neurol Neurosurg 

Psychiatry. 2020; 91(9): 938–944. DOI: https://doi.

org/10.1136/jnnp-2019-322575

4.	 Andrews C, Aviles-Olmos I, Mariz M, Foltynie T. 

Which patients with dystonia benefit from deep brain 

stimulation? A metaregression of individual patient 

outcomes. J Neurol Neurosurg Psychiatry. 2010; 

81(12): 1383–1389. DOI: https://doi.org/10.1136/

jnnp.2010.207993

5.	 Tierney TS, Lozano AM. Surgical treatment for secondary 

dystonia. Mov Disord. 2012; 27(13): 1598–605. DOI: https://

doi.org/10.1002/mds.25204

6.	 Tsuboi T, Cif L, Coubes P, Ostrem JL, Romero DA, Miyagi 

Y, et al. Secondary worsening following DYT1 dystonia 

deep brain stimulation: A multi-country cohort. Front Hum 

Neurosci. 2020; 14: 242. DOI: https://doi.org/10.3389/

fnhum.2020.00242

7.	 Artusi CA, Dwivedi A, Romagnolo A, Bortolani S, Marsili 

L, Imbalzano G, et al. Differential response to pallidal deep 

brain stimulation among monogenic dystonias: systematic 

review and meta-analysis. J Neurol Neurosurg Psychiatry. 

2020; 91(4): 426–433. DOI: https://doi.org/10.1136/jnnp-

2019-322169

8.	 De Vloo P, Lee DJ, Dallapiazza RF, Rohani M, Fasano A, 

Munhoz RP, et al. Deep brain stimulation for pantothenate 

kinase-associated neurodegeneration: A meta-analysis. Mov 

Disord. 2019; 34(2): 264–273. DOI: https://doi.org/10.1002/

mds.27563

9.	 Timmermann L, Pauls KAM, Wieland K, Jech R, Kurlemann 

G, Sharma N, et al. Dystonia in neurodegeneration with brain 

iron accumulation: outcome of bilateral pallidal stimulation. 

Brain. 2010; 133: 701–712. DOI: https://doi.org/10.1093/

brain/awq022

10.	 Hayflick SJ, Kurian MA, Hogarth P. Neurodegeneration 

with brain iron accumulation. Handb Clin Neurol. 2018; 147: 

293–305. DOI: https://doi.org/10.1016/B978-0-444-63233-

3.00019-1

11.	 Gregory A, Hayflick SJ. Pantothenate kinase-associated 

neurodegeneration. In: Adam MP, Feldman J, Mirzaa 

GM, Pagon RA, Wallace SE, Bean LJH, et al., editors. 

GeneReviews®. Seattle: University of Washington, Seattle; 

1993. https://www.ncbi.nlm.nih.gov/books/NBK1490/. 

Accessed January 6, 2024.

12.	 Hogarth P, Kurian MA, Gregory A, Csányi B, Zagustin T, 

Kmiec T, et al. Consensus clinical management guideline 

for pantothenate kinase-associated neurodegeneration. 

Mol Genet Metab. 2017; 120(3): 278–287. DOI: https://doi.

org/10.1016/j.ymgme.2016.11.004

13.	 Limotai N, Go C, Oyama G, Hwynn N, Zesiewicz T, Foote K, 

et al. Mixed results for GPi-DBS in the treatment of cranio-

facial and cranio-cervical dystonia symptoms. J Neurol. 2011; 

258(11): 2069–2074. DOI: https://doi.org/10.1007/s00415-

011-6075-0

14.	 Kupsch A, Benecke R, Müller J, Trottenberg T, Schneider 

G, Poewe W, et al. Pallidal deep-brain stimulation in primary 

or segmental dystonia. N Engl J Med. 2006; 355(19): 1978–

1990. DOI: https://doi.org/10.1056/NEJMoa063618

15.	 Isaias IU, Alterman RL, Tagliati M. Outcome predictors of 

pallidal stimulation in patients with primary dystonia: the 

role of disease duration. Brain. 2008; 131: 1895–1902. DOI: 

https://doi.org/10.1093/brain/awn120

16.	 Pauls KAM, Krauss JK, Kämpfer CE, Kühn AA, Schrader C, 

Südmeyer M, et al. Causes of failure of pallidal deep brain 

stimulation in cases with pre-operative diagnosis of isolated 

https://orcid.org/0000-0002-4892-5171
https://orcid.org/0000-0002-4892-5171
https://orcid.org/0000-0002-7067-5869
https://orcid.org/0000-0002-7067-5869
https://orcid.org/0000-0002-4632-3417
https://orcid.org/0000-0002-4632-3417
https://orcid.org/0000-0003-1328-6311
https://orcid.org/0000-0003-1328-6311
https://orcid.org/0000-0002-9688-057X
https://orcid.org/0000-0002-9688-057X
https://orcid.org/0000-0002-6247-9358
https://orcid.org/0000-0002-6247-9358
https://doi.org/10.1016/S1474-4422(12)70257-0
https://doi.org/10.1016/S1474-4422(12)70257-0
https://doi.org/10.1007/s00415-020-09745-z
https://doi.org/10.1007/s00415-020-09745-z
https://doi.org/10.1136/jnnp-2019-322575
https://doi.org/10.1136/jnnp-2019-322575
https://doi.org/10.1136/jnnp.2010.207993
https://doi.org/10.1136/jnnp.2010.207993
https://doi.org/10.1002/mds.25204
https://doi.org/10.1002/mds.25204
https://doi.org/10.3389/fnhum.2020.00242
https://doi.org/10.3389/fnhum.2020.00242
https://doi.org/10.1136/jnnp-2019-322169
https://doi.org/10.1136/jnnp-2019-322169
https://doi.org/10.1002/mds.27563
https://doi.org/10.1002/mds.27563
https://doi.org/10.1093/brain/awq022
https://doi.org/10.1093/brain/awq022
https://doi.org/10.1016/B978-0-444-63233-3.00019-1
https://doi.org/10.1016/B978-0-444-63233-3.00019-1
https://www.ncbi.nlm.nih.gov/books/NBK1490/
https://doi.org/10.1016/j.ymgme.2016.11.004
https://doi.org/10.1016/j.ymgme.2016.11.004
https://doi.org/10.1007/s00415-011-6075-0
https://doi.org/10.1007/s00415-011-6075-0
https://doi.org/10.1056/NEJMoa063618
https://doi.org/10.1093/brain/awn120


6Chan et al. Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.929

dystonia. Parkinsonism Relat Disord. 2017; 43: 38–48. DOI: 

https://doi.org/10.1016/j.parkreldis.2017.06.023

17.	 Isaias IU, Volkmann J, Kupsch A, Burgunder J, Ostrem 

JL, Alterman RL, et al. Factors predicting protracted 

improvement after pallidal DBS for primary dystonia: the role 

of age and disease duration. J Neurol. 2011; 258(8): 1469–

1476. DOI: https://doi.org/10.1007/s00415-011-5961-9

18.	 Vasques X, Cif L, Gonzalez V, Nicholson C, Coubes P. Factors 

predicting improvement in primary generalized dystonia 

treated by pallidal deep brain stimulation. Mov Disord. 2009; 

24(6): 846–853. DOI: https://doi.org/10.1002/mds.22433

19.	 Krause M, Fogel W, Tronnier V, Pohle S, Hörtnagel 

K, Thyen U, et al. Long-term benefit to pallidal deep 

brain stimulation in a case of dystonia secondary to 

panthothenate kinase-associated neurodegeneration. 

Mov Disord. 2006; 21(12): 2255–2257. DOI: https://doi.

org/10.1002/mds.21166

20.	 Adamovicová M, Jech R, Urgošík D, Spacková N, Krepelová 

A. Pallidal stimulation in siblings with pantothenate kinase-

associated neurodegeneration: four-year follow-up. Mov 

Disord. 2011; 26(1): 184–187. DOI: https://doi.org/10.1002/

mds.23349

21.	 Picillo M, Pellecchia MT, Vitale C, Barone P, Amboni M. 

Pallidal deep brain stimulation in atypical pantothenate-

kinase associated neurodegeneration: six-year 

follow-up. Mov Disord. 2014; 29(2): 276–277. DOI: https://doi.

org/10.1002/mds.25709

22.	 Woo KA, Kim H, Jeon S, Park HR, Park KW, Lee SH, et 

al. Long-term outcomes of deep brain stimulation in 

pantothenate kinase-associated neurodegeneration-related 

dystonia. J Mov Disord. 2022; 15(3): 241–248. DOI: https://

doi.org/10.14802/jmd.22002

23.	 Pauls KAM, Timmerman L. Deep brain stimulation in 

pantothenate kinase associated neurodegeneration: 

challenges for the future. Eur J Neurol. 2012; 19(4): 533–534. 

DOI: https://doi.org/10.1111/j.1468-1331.2011.03585.x

24.	 Houeto J, Yelnik J, Bardinet E, Vercueil L, Krystkowiak 

P, Mesnage V, et al. Acute deep-brain stimulation of 

the internal and external globus pallidus in primary 

dystonia: functional mapping of the pallidum. Arch Neurol. 

2007; 64(9): 1281–1286. DOI: https://doi.org/10.1001/

archneur.64.9.1281

25.	 Tisch S, Zrinzo L, Limousin P, Bhatia KP, Quinn N, Ashkan 

K, et al. Effect of electrode contact location on clinical 

efficacy of pallidal deep brain stimulation in primary 

generalized dystonia. J Neurol Neurosurg Psychiatry. 

2007; 78(12): 1314–1319. DOI: https://doi.org/10.1136/

jnnp.2006.109694

26.	 Mikati MA, Yehya A, Darwish H, Karam P, Comair Y. Deep 

brain stimulation as a mode of treatment of early onset 

pantothenate kinase-associated neurodegeneration. Eur 

J Paediatr Neurol. 2009; 13(1): 61–64. DOI: https://doi.

org/10.1016/j.ejpn.2008.01.006

27.	 Ostrem JL, Luciano MS, Dodenhoff KA, Ziman N, Markun 

LC, Racine CA, et al. Subthalamic nucleus deep brain 

stimulation in isolated dystonia: A 3-year follow-up study. 

Neurology. 2017; 88(1): 25–35. DOI: https://doi.org/10.1212/

WNL.0000000000003451

28.	 Lin S, Shu Y, Zhang C, Wang L, Huang P, Pan Y, et al. 

Globus pallidus internus versus subthalamic nucleus deep 

brain stimulation for isolated dystonia: A 3-year follow-

up. Eur J Neurol. 2023; 30(9): 2629–2640. DOI: https://doi.

org/10.1111/ene.15895

29.	 Liu Z, Liu Y, Yang Y, Wang L, Dou W, Guo J, et al. 

Subthalamic nuclei stimulation in patients with 

pantothenate kinase-associated neurodegeneration (PKAN). 

Neuromodulation. 2017; 20(5): 484–491. DOI: https://doi.

org/10.1111/ner.12549

30.	 Li H, Li D, Yang W, Yan H, Zhao Z, Yang H. Deep brain 

stimulation (DBS) with subthalamic nucleus (STN) as target 

for pediatric patients with PKAN. World Neurosurg. 2022; 161: 

e317–e322. DOI: https://doi.org/10.1016/j.wneu.2022.03.130

https://doi.org/10.1016/j.parkreldis.2017.06.023
https://doi.org/10.1007/s00415-011-5961-9
https://doi.org/10.1002/mds.22433
https://doi.org/10.1002/mds.21166
https://doi.org/10.1002/mds.21166
https://doi.org/10.1002/mds.23349
https://doi.org/10.1002/mds.23349
https://doi.org/10.1002/mds.25709
https://doi.org/10.1002/mds.25709
https://doi.org/10.14802/jmd.22002
https://doi.org/10.14802/jmd.22002
https://doi.org/10.1111/j.1468-1331.2011.03585.x
https://doi.org/10.1001/archneur.64.9.1281
https://doi.org/10.1001/archneur.64.9.1281
https://doi.org/10.1136/jnnp.2006.109694
https://doi.org/10.1136/jnnp.2006.109694
https://doi.org/10.1016/j.ejpn.2008.01.006
https://doi.org/10.1016/j.ejpn.2008.01.006
https://doi.org/10.1212/WNL.0000000000003451
https://doi.org/10.1212/WNL.0000000000003451
https://doi.org/10.1111/ene.15895
https://doi.org/10.1111/ene.15895
https://doi.org/10.1111/ner.12549
https://doi.org/10.1111/ner.12549
https://doi.org/10.1016/j.wneu.2022.03.130


7Chan et al. Tremor and Other Hyperkinetic Movements DOI: 10.5334/tohm.929

TO CITE THIS ARTICLE:
Chan JL, Rawls AE, Wong JK, Hogarth P, Hilliard JD, Okun MS. Patient Selection for Deep Brain Stimulation for Pantothenate Kinase-
Associated Neurodegeneration. Tremor and Other Hyperkinetic Movements. 2024; 14(1): 51, pp. 1–7. DOI: https://doi.org/10.5334/
tohm.929

Submitted: 15 June 2024     Accepted: 10 October 2024     Published: 17 October 2024

COPYRIGHT:
© 2024 The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 
License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source 
are credited. See http://creativecommons.org/licenses/by/4.0/.

Tremor and Other Hyperkinetic Movements is a peer-reviewed open access journal published by Ubiquity Press.

https://doi.org/10.5334/tohm.929
https://doi.org/10.5334/tohm.929
http://creativecommons.org/licenses/by/4.0/

