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Abstract
Background  Deep brain stimulation (DBS) of the globus pallidus internus (GPi) has become an accepted treatment for severe 
cervical dystonia (CD). Assessment of therapeutic efficacy of DBS mostly focused on head position at rest but hardly on 
limitations of head and neck mobility, which represent a functionally important impairment in CD.
Objective  We aimed to determine prospectively head and neck range of motion (ROM) preoperatively and during chronic 
bilateral GPi DBS in a series of 11 patients with idiopathic CD or segmental dystonia with prominent CD using a computer-
ized motion analysis.
Methods  Maximum horizontal rotation of the head in the transverse plane and lateral inclination in the frontal plane were 
measured preoperatively and at a median of 7 months of chronic GPi DBS, using an ultrasound-based three-dimensional 
measuring system combined with surface electromyography of cervical muscles.
Results  Horizontal rotation of the head increased from 78.8° ± 31.5° (mean ± SD) preoperatively to 100.7° ± 24.7° with 
GPi DBS (p < 0.01), thereby improvement of head rotation to the anti-dystonic side (+ 14,2° ± 12,2°) was greater than to 
the pro-dystonic side (+ 7,8° ± 9,2°; p < 0.05). Movement-related agonistic-antagonistic EMG modulation during head rota-
tion was enhanced with GPi DBS in both sternocleidomastoid (modulation index (MI) 35.8% ± 26.7% preoperatively vs. 
67.3% ± 16.9% with GPi DBS, p < 0.01), and splenius capitis muscles (MI 1.9% ± 24.5% preoperatively vs. 44.8% ± 11.6% 
with GPi DBS, p < 0.01).
Conclusion  Chronic bilateral GPi DBS significantly improves head ROM in CD, likely due to enhanced agonist–antagonist 
EMG activity with reduced co-contraction. Computerized motion analysis provides an objective measurement to assess the 
improvement of head and neck mobility in CD.

Keywords  Deep brain stimulation · Cervical dystonia · Internal globus pallidus · Head and neck range of motion

Introduction

Dystonia is a heterogeneous movement disorder charac-
terized by sustained or phasic muscle contractions as well 
as dystonic tremor, resulting in twisting and repetitive 

movements or abnormal fixed postures (Albanese et al. 
2013; Fahn et al. 1998). Physical activity or mental stress 
frequently intensifies or exacerbates dystonic movements. 
Despite normal cognitive abilities, symptoms of dystonia 
frequently cause physical and social disability at all levels of 
functioning with a significant deterioration in health-related 
quality of life (Blahak et al. 2008; Camfield et al. 2002; 
Skogseid et al. 2007; Tsuboi et al. 2020b).

In cervical dystonia (CD), the abnormal head position 
at rest and in particular the impairment of voluntary head 
movements with a decreased range of motion has a major 
impact on disability and on activities of daily living (ADL). 
This notably concerns the general working capacity (Marti-
kainen et al. 2010), but also car driving, housekeeping tasks 
and social activities (Camfield et al. 2002).
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Pharmacological treatment of dystonia is often disap-
pointing. Local treatment with botulinum toxin is still the 
first choice in the management of focal dystonias (Wissel 
et al. 2001; Poewe et al. 2016). Furthermore, botulinum 
toxin can improve health-related quality of life in restricted 
forms of dystonia (Skogseid et al. 2007), but its efficacy in 
more widespread forms of dystonia is confined due to dose 
limitations.

Bilateral deep brain stimulation (DBS) of the globus pal-
lidus internus (GPi) as a reversible and modifiable treatment 
has demonstrated good efficacy in treating different subtypes 
of dystonia with improvement of both motor symptoms and 
quality of life in inherited and idiopathic segmental and gen-
eralized dystonia (including the cervical component) (Bla-
hak et al. 2008; Kupsch et al. 2006; Moro et al. 2017), but 
also in CD (Kiss et al. 2007; Krauss et al. 1999; Skogseid 
et al. 2012; Tsuboi et al. 2020a; Volkmann et al. 2014; Walsh 
et al. 2013). To assess the effect of treatment on dystonia 
motor symptoms common rating scales like the Toronto 
Western Spasmodic Torticollis Rating Scale (TWSTRS), 
the Tsui score or the Burke–Fahn–Marsden (BFM) dystonia 
rating scale are usually used. The evaluation of the cervical 
component of dystonia in all of these rating scales, how-
ever, focuses on the head position at rest with the maximum 
excursion in different axes (torticollis, laterocollis, antero-/ 
retrocollis and lateral/sagittal shift). Just the TWSTRS con-
tains a single item on the functionally important range of 
motion of the head, but using a rather arbitrary gradation 
(Consky and Lang 1994).

Little is known about the impact of DBS on the head 
and neck mobility in CD which represents a functionally 
important impairment. Hence, the objective of the present 
study was to assess active head and neck range of motion 
preoperatively and during chronic DBS in CD.

Patients and methods

Eleven patients (mean age 59.4 ± 12.0 years; 5 women, 6 
men) suffering from idiopathic CD (5/11 patients) or seg-
mental dystonia with predominant cervical involvement 
(6/11 patients) were prospectively included in this study. 
Indication for DBS was insufficient control of dystonic 
symptoms by either botulinum toxin (BTX-A) injections 
(10/11 patients) and/or oral antidystonic medication (8/11 
patients), with a wash-out phase of at least six months fol-
lowing the last BTX-A injection. Patients were evaluated 
preoperatively and at a median interval of 7 months (range 
6–9 months) of chronic bilateral GPi DBS. All patients gave 
their written informed consent to surgery and the study, 
which was approved by the local ethics committee and was 
performed in accordance with the ethical standards laid 
down in the 1964 Declaration of Helsinki.

In all patients, quadripolar DBS electrodes (Model 
3387; Medtronic Inc., Minneapolis, MN, USA) were 
implanted bilaterally in the posteroventral lateral GPi 
using CT-guided stereotactic surgery and microelectrode 
recording (preliminary target coordinates related to the 
intercommissural line: x = 20; y =  + 2, z = − 4) and con-
nected to programmable implantable pulse generators 
(Medtronic Inc.) as reported in detail previously (Alam 
et  al. 2015; Krauss et  al 2004; Schrader et  al. 2011; 
Woehrle et al. 2009). Postoperative stereotactic CT or 
magnetic resonance imaging demonstrated appropriate 
placement of the DBS electrodes in the target (with con-
tacts 1 and 2 in the posteroventral lateral GPi). No patient 
suffered from perioperative complications.

To evaluate the clinical outcome, the Burke–Fahn–Mars-
den motor (BFM) score was assessed pre-OP and at all FU 
examinations. The postoperative “DBS off” assessments 
were performed 60 min after cessation of GPi DBS.

To assess head and neck mobility, a three-dimensional 
(3D) ultrasound-based real time motion analysis system 
(CMS 70P, Zebris, Isny, Germany) was used. The fully 
digitized measuring procedure is based on the travel time 
measurement of ultrasonic pulses that are emitted by small 
transmitters (markers) and received by three ultrasound 
microphones built into a measuring device, providing a spa-
tial resolution < 0.5 mm. Patients were seated in a height-
adjustable straight-back chair at about 1 m in front of the 
receiver device that was mounted on a mobile floor stand. 
Three of these ultrasound markers were fixed in the shape 
of an equilateral triangle with a side length of 25 mm on 
a small plastic plate of 30 × 35 mm. One of the assembled 
marker plates was fixed above the protuberantia mentalis at 
the tip of the chin and a second above the manubrium of the 
sternum using strong double-sided tape. In so doing, move-
ments of the trunk could be subtracted to assess the cervi-
cal range of motion solely. In addition, surface EMGs were 
recorded bilaterally from the sternocleidomastoid (SCM) 
and the splenius capitis (SpL) muscles. EMG electrode 
placement was conducted following the recommendations 
of the SENIAM project (Hermens et al. 2000) and electro-
myographer guidelines (Delagi et al. 1975).

Patients then were instructed to rotate the head as far 
as possible in the horizontal plane successively to the left 
and then to the right (Figs. 1, 2), and thereafter to incline 
the head as far as possible to the shoulder, first on the left 
side and then on the right side with interim return to a neu-
tral resting position, respectively. The described sequence 
of head movements was performed three times in succes-
sion, and the results for every movement direction were 
finally averaged. Before recordings were obtained, patients 
performed trials of the different movements tasks to check 
device integrity and, if necessary, to correct movement 
performance.
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The EMG signal was amplified by an active electronic 
circuit integrated in the EMG cable (gain = 1000), ensur-
ing a high signal-to-noise ratio and a minimisation of cable 
artifacts (CMS 70P, Zebris, Isny, Germany). 3D motion 
data and amplified EMG signals were transferred online to a 
computer system via an analog–digital converter sampling at 
4 kHz with 12 bits resolution. Data analyses of 3D data and 
signal processed EMG (band-passed filtered 10–1000 Hz, 
notch-filtered to eliminate DBS noise at 130 Hz, offset cor-
rection, full-wave rectification) were performed offline.

The maximum horizontal rotation of the head in the trans-
verse plane (Fig. 2) and the maximum lateral inclination of 

the head in the frontal plane were calculated with macros 
developed by our laboratory using Microsoft Excel. In addi-
tion, EMG modulation indices (MI) between activation and 
relaxation of both the SCM and the SpL muscles during the 
respective phases of horizontal rotation of the head were 
calculated. Integrals of the rectified EMG of a 2 s interval, 
starting 1 s after the initiation of the horizontal rotation of 
the head (as detected by the 3D motion data, see Fig. 1), 
were calculated. To estimate the MI, for each muscle the 
respective EMG integral of the antagonistic movement 
(SCM: ipsilateral rotation, SpL: contralateral rotation) was 
subtracted from the EMG integral of the agonistic movement 

Fig. 1   Raw data of a sequence 
of horizontal head rotation A 
preoperatively and B postopera-
tively with GPi DBS in a single 
patient. Depicted are the signals 
of a single ultrasound marker 
in the horizontal plane and 
bilateral EMGs of the SCM and 
SpL muscles, respectively. The 
vertical gray lines represent the 
beginning of the head rotation 
to one side, the gray shaded 
areas the period for the deter-
mination of the EMG integrals 
as the basis for the calculation 
of the respective modulation 
indices
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(SCM: contralateral rotation, SpL: ipsilateral rotation) and 
the result divided by the EMG integral of the agonistic 
movement. Finally, for both SCM and SpL the results of the 
left and right side were averaged.

For statistical analysis, because the Shapiro–Wilk test 
demonstrated that not all data were normally distributed, 
nonparametric Wilcoxon’s rank-sum test for paired variables 
and the Mann–Whitney U test for non-paired variables were 
applied to compare means using SPSS 16.

Results

All patients included in the study had clinical benefit from 
DBS, no adverse events occurred during or after the opera-
tive procedure. Patient characteristics, basic outcome param-
eters and stimulation settings are presented in Table 1. Stim-
ulation mode was bilateral bipolar in 7 patients and bilateral 
monopolar in 3 patients; one patient had bipolar settings 
for the dominant and monopolar for the contralateral hemi-
sphere. Stimulation voltage ranged between 1.8 and 6.1 V. 
Frequency was 130 Hz or 145 Hz, and stimulus width was 
210 µs in all patients but 1 with 90 µs.

The “neck” sub-score of the BFM motor score decreased 
from 6.2 ± 1.3 (mean ± SD) pre-OP to 2.8 ± 1.9 post-OP, 
reflecting an improvement of 54.4%, and the mean total 
BFM motor score improved by 66.2% with chronic GPi 
DBS.

The total horizontal rotation of the head in the transverse 
plane (Fig. 3) improved from 78.8° ± 31.5° (mean ± SD) 
preoperatively to 100.7° ± 24.7° with chronic GPi DBS 
(p < 0.01). After discontinuation of GPi DBS at the post-
operative follow-up, horizontal rotation of the head dimin-
ished again to 90.6° ± 24.6° (p = 0.11 compared to pre-
operative measurement). Preoperatively, horizontal head 

Fig. 2   Maximum head rotation in the transverse plane preoperatively 
(pre-OP) and postoperatively with GPi DBS in a single patient
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rotation to the anti- and pro-dystonic side was not different 
(40.6° ± 17.6° vs. 38.2° ± 16.0°; p = 0.54), but postopera-
tively the improvement of horizontal head rotation with GPi 
DBS to the anti-dystonic side (+ 14.2° ± 12.2°) was signifi-
cantly greater than to the pro-dystonic side (+ 7.8° ± 9.2°; 
p < 0.05).

In parallel, the maximum lateral head and neck incli-
nation in the frontal plane increased from 50.5° ± 23.7° 
preoperatively to 62.9° ± 17.8° with chronic GPi DBS 
(p < 0.05; Fig. 4), but deteriorated to 56.1° ± 20.3° when 
DBS was switched off (p = 0.28 compared to preoperative 
measurement).

Overall, 10/11 patients showed an improved horizontal 
rotation of the head with chronic GPi DBS, 7/11 by more 
than 20%. The impact of GPi DBS on lateral head and neck 
inclination was somewhat less, but still detectable in 8/11 
patients and greater than 20% in 6/11 patients.

EMG modulation during horizontal head rotation 
in the SCM muscles was significantly enhanced with 

chronic GPi DBS (MI 35.8% ± 26.7% preoperatively to 
MI 67.3% ± 16.9% with GPi DBS, p < 0.01), but nearly 
returned to the preoperative level when DBS was discon-
tinued (MI 38.4% ± 19.9%, p = 0.21 compared to preop-
erative measurement). For the SpL muscles, GPi DBS 
also caused a significant increase in EMG modulation 
(MI 1.9% ± 24.5% preoperatively to MI 44.8% ± 11.6% 
with GPi DBS, p < 0.001; Fig. 5), that in part persisted 
upon discontinuation of DBS (MI 20.6% ± 12.0%, p < 0.01 
compared to preoperative measurement). Considering the 
pattern of dystonia, EMG modulation in the contralat-
eral SCM muscle tended to be more improved with Gpi 
DBS during horizontal head rotation to the anti-dystonic 
side compared to a rotation to the pro-dystonic side 
(MI + 34.7% ± 29.4% vs. + 28.1% ± 25.4%, p = 0.12), but 
improved correspondingly in the ipsilateral SpL muscles 
during horizontal head rotation against and towards the 
dystonic side (MI + 43.2% ± 39.0% vs. + 42.4% ± 40.6%, 
p = 0.12).

Fig. 3   Range of motion (ROM) 
of the head rotation in the trans-
verse plane towards the pro- and 
antidystonic side with the total 
rotational angle typed in the bar

Fig. 4   Range of motion (ROM) 
of the head inclination in the 
frontal plane towards the left 
and right side with the total 
inclinational angle typed in the 
bar
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Discussion

To our knowledge, this is the first study that prospectively 
assesses head and neck range of motion in patients with CD 
treated with GPi DBS. Both the maximum active horizontal 
rotation of the head in the transverse plane and the maximum 
active lateral head and neck inclination in the frontal plane 
were significantly increased with chronic DBS as compared 
to the preoperative status. Furthermore, the modulation of 
the SCM and SpL neck muscle EMG activity during hori-
zontal rotation of the head significantly improved during 
chronic GPi DBS.

The efficacy of bilateral GPi DBS in CD has been well 
documented in several case series (Kiss et al. 2007; Krauss 
et al. 1999; Moro et al. 2017; Skogseid et al. 2012; Walsh 
et al. 2013), and has been confirmed in a randomized sham-
controlled trial (Volkmann et al. 2014), with improvement 
of motor symptoms, pain, disability and quality of life. How-
ever, the commonly used rating scales for motor symptoms 
in dystonia primarily assess head position with severity of 
dystonia at rest. Only the Toronto Western Spasmodic Tor-
ticollis Rating Scale (TWSTRS) contains in its first section a 
single item on the cervical range of motion (I: severity score, 
“E”, gradation 0–4 points), to roughly evaluate the ability 
to move the head past midline. The sole study on GPi DBS 
for CD that reported detailed results of the TWSTRS only 
found a slight but not significant decrease of the score for 
the cervical range of motion with GPi DBS, most likely due 
to low mean scores already preoperatively (Volkmann et al. 
2014). On the other hand, a recent study indicated that the 
range of neck mobility could even be a prognostic factor for 
outcome of GPi DBS (Huh and Chung 2019).

So far, no quantitative data are available regarding the 
therapeutic impact of GPi DBS on voluntary head and neck 
movements. At least for cervical botulinum toxin type A 
injections, in a kinematic study by Gregori et al. significant 
improvements of the angular amplitude of voluntary neck 
movements could be demonstrated (Gregori et al. 2008).

Considering the individual pattern of CD, the range 
of motion of horizontal head rotation to the anti-dystonic 
side showed a significantly greater improvement with GPi 
DBS compared to the rotation to the pro-dystonic side in 
our study. Furthermore, the EMG modulation of both the 
SCM and the SpL muscles—as a measure for the extent of 
contraction vs. relaxation during agonistic and antagonistic 
movements—increased significantly with GPi DBS.

These findings underline the importance of an impaired 
motor control for the limitation in head and neck move-
ments in dystonia: the active range of motion is usually more 
impaired when patients move their head towards the anti-
dystonic side, caused by both pathological co-contraction 
of agonistic and antagonistic muscles during rotational head 
movements (Kaji et al. 1995), and insufficient dystonic mus-
cle relaxation with a longer overlap of agonist–antagonist 
muscle activity (Boccagni et al. 2008; Prodoehl et al. 2006). 
Several studies demonstrated the involvement of voluntary 
movements of the head (Boccagni et al. 2008; Shaikh et al. 
2015) and the extremities (Currà et al. 2000) in dystonia, 
suggesting a generalized disturbance of movement execution 
caused by impairment of basal ganglia circuits projecting to 
non-primary motor areas (Carbon et al. 2004). The concept 
of a neural integrator dysfunction more recently has been 
supported by electrophysiological recordings from the GPi 
indicating bi-hemispheric asymmetry (Sedov et al. 2019, 
2020).

Besides abnormal co-contraction of agonistic and antago-
nistic muscles, electromyographic studies proved prolonged 
muscle activation and lack of selectivity with overflow to 
adjacent muscles (Rothwell et al. 1983). Hence, loss of 
inhibition has been emphasized as an important patho-
physiological substrate in dystonia (Quartarone and Hallett 
2013). Alterations of inhibitory circuits have been shown at 
all levels of the motor nervous system: the spinal cord, the 
brainstem and the sensory-motor cortex (Hallett 2011). A 
key feature in this context is a change in surround inhibi-
tion, which is necessary for a specific voluntary movement 

Fig. 5   Improvement of EMG modulation indices (MI) in the A SCM and B SpL muscles following DBS



1211Improvement of head and neck range of motion induced by chronic pallidal deep brain stimulation…

1 3

(Kassavetis et al. 2018). In dystonia, surround inhibition 
is reduced, leading to difficulties in focusing movements 
and to an overflow to muscles not involved in a motor task 
(Beck et al. 2008). This loss of inhibition has been attributed 
mainly to basal ganglia dysfunction in terms of an imbal-
ance between the direct and indirect pathway (Quartarone 
and Hallett 2013).

GPi DBS might at least partially correct this imbalance, 
suppressing motor overflow and alleviating loss of (sur-
round) inhibition, as supported by the electrophysiological 
evidence of an increase in short-latency intracortical inhi-
bition (Ruge et al. 2011a) and spinal reciprocal inhibition 
(Tisch et al. 2006) following GPi DBS for dystonia. Fur-
thermore, the clinical benefit of GPi DBS in dystonia was 
found to be related to the normalization of cortical plasticity 
as tested by paired associative stimulation and pairing GPi 
DBS with cortical stimulation (Ni et al. 2018; Ruge et al. 
2011b).

We do not only provide a quantitative clinical demon-
stration of an increase in the range of motion of the head 
during rotation and lateral inclination, but furthermore an 
electrophysiologic correlate of the impact of GPi DBS with 
improved pattern of agonist–antagonist activation of differ-
ent neck muscles.

After cessation of DBS for 60 min, the cervical range of 
motion of both horizontal rotation and lateral inclination of 
the head deteriorated again, although not reaching preopera-
tive levels. Only the EMG modulation of the SCM, but not 
the SpL muscles decreased to almost preoperative levels. It 
has been shown previously that upon withdrawal of DBS in 
the first two years after its initiation dystonic signs return 
sequentially within several hours, with a rapid worsening 
of phasic and a slower worsening of tonic dystonic symp-
toms (Grips et al. 2007). Differential clinical effects when 
withdrawing DBS might reflect different pathophysiological 
mechanisms in dystonia. On the other hand, abnormal plas-
ticity within basal ganglia circuits has been hypothesized to 
be another key feature in the pathophysiology of dystonia 
(Erro et al. 2018; Quartarone and Hallett 2013). Given the 
gradual clinical benefit following pallidal DBS in dystonia 
(Yianni et al. 2003), that contrasts the usually immediate 
effects in Parkinson’s disease, a process of progressive plas-
ticity and neural reorganization as the basis for the efficacy 
of GPi DBS in dystonia has been suggested (Quartarone and 
Hallett 2013; Kroneberg et al. 2018). In consequence, re-
occurrence of dystonic symptoms — including the influence 
of dystonia on voluntary movements like horizontal head 
rotation — is incomplete after 60 min of DBS withdrawal 
and thus hardly comparable to the preoperative assessment.

Our results reveal a significant improvement of head 
and neck range of motion with chronic DBS without 
achieving the level of cervical range of motion in healthy 
persons: with GPi DBS, both the range of motion of the 

horizontal head rotation and the lateral head inclination 
reached about two-thirds of the range of motion ascer-
tained in healthy adults (Loher et al. 2006). It should be 
noted, however, that we conducted the postoperative meas-
urements at an interval of six to nine months after initia-
tion of bilateral GPi DBS. In patients with predominant 
tonic dystonia, clinical improvement following DBS can 
extend to a longer period of time (Yianni et al. 2003). 
In particular secondary muscular and connective tissue 
changes like muscle and tendon shortenings that, if any, 
take months to years for recovery might well be responsi-
ble for the incomplete restitution of head mobility. Also, 
degenerative spine disorders which are more prevalent in 
patients with chronic dystonia might limit the range of 
motion (Loher et al. 2006).

A limitation of our study is that we did not assess the 
range of motion in a control group. However, extensive lit-
erature is available regarding the range of motion of head 
movements in healthy subjects (Chen et al. 1999; Kuhlman 
1993), and some of them reported a good agreement between 
different measurement devices (Williams et al. 2010). In one 
study, the same measuring device was used with a different 
positioning of the ultrasound markers, demonstrating a good 
inter-device reliability to a goniometer-based system sup-
porting the validity of the demonstrated data (Malmstroem 
et al. 2003). Furthermore, with the methodology used we 
were only able to analyze the EMG modulation of the super-
ficial SCM and SpL muscles, but not the deep neck muscles 
that play an important role for head and neck movements.

As a further limitation, we did not study accompany-
ing non-motor symptoms in detail. Although none of the 
patients suffered from a major depressive episode, fluctu-
ating depressive symptoms or anxiety might have biased 
the results.
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