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Abstract

Background: Subthalamic nucleus deep brain stimulation (STN DBS) surgery is clinically
effective for treatment of cervical dystonia (CD) however the underlying physiology has not been
examined. We used transcranial magnetic stimulation (TMS) to examine the effects of STN DBS
on sensorimotor integration, sensorimotor plasticity and motor cortex excitability which are
identified as the key pathophysiological features underlying dystonia.

Methods: TMS paradigms of short latency afferent inhibition (SAI) and long latency afferent
inhibition (LAI) were used to examine the sensorimotor integration. Sensorimotor plasticity was
measured with paired associative stimulation (PAS) paradigm and motor cortex excitability was
examined with short latency intracortical inhibition (SICI) and intracortical facilitation (ICF). DBS
was turned OFF and ON to record these measures.

Results: STN DBS modulated SAl and LAI which correlated well with the acute clinical
improvement. While there were no changes seen in the motor cortex excitability, DBS was found
to normalize the sensorimotor plasticity however there was no clinical correlation.

Conclusion: Modulation of sensorimotor integration is a key contributor to clinical improvement
with acute stimulation of STN. Since the motor cortex excitability didnot change and the change in
sensorimotor plasticity didnot correlate with clinical improvement, STN DBS has restrictions in
physiological effects.
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INTRODUCTION

Subthalamic nucleus (STN) deep brain stimulation (DBS) is an effective target for control of
cervical dystonia (CD).! Ostrem et al found STN DBS improved CD symptoms by greater
than 50% when followed for 36 months after surgery? however the range of clinical
improvement was wide (30-80%) and the underlying physiological changes were not
examined.

Transcranial magnetic stimulation (TMS) studies in dystonia have identified an abnormal
sensorimotor integration, an excessive sensorimotor plasticity and an increased motor cortex
excitability as key pathophysiological features. 4 Short and long latency afferent inhibition
(SAI and LAI) are effective TMS measures for examination of sensorimotor integration. SAI
is defined as inhibition of motor evoked potentials (MEP) recorded from hand muscle when
peripheral nerve stimulation at the wrist precedes delivery of TMS pulse over the
contralateral motor cortex by ~20ms. If the peripheral nerve stimulation precedes the TMS
pulse by ~200ms, it is defined as LAI> STN DBS in Parkinson’s disease has been found to
restore the SAI and the LAI to approximately normal levels® but the effects in dystonia are
not known.

Many studies in dystonia have found an increased sensorimotor plasticity which is
effectively measured with a paired associative stimulation (PAS) paradigm involving
repetitive pairing of peripheral sensory stimulation with a TMS pulse to the motor cortex. .
7.8 Short interval intracortical inhibition (SICI) and intracortical facilitation (ICF)
determined with paired pulse paradigms at specific interstimulus interval (ISI) are
established TMS measures of the motor cortex excitability. ;). We examined the effects of
STN DBS on these key pathophysiological features in a cohort of CD patients and determine
if there was a clinical correlation..

MATERIALS AND METHODS

We enrolled 10 medication-refractory predominantly CD patients with bilateral STN DBS in
an IRB approved TMS study (details in supplemental methods). Ten healthy controls (mean
age + SD, 46.7 + 16.2; five males, five females, age range 2268 years) were enrolled for
normative TMS data.

CD subjects were examined on two consecutive days during DBS OFF (turned OFF for 4-8
hours) and DBS ON conditions assigned in random order. TMS recordings followed by
clinical measures consisting of Toronto Western Spasmodic Torticollis Rating Scale
(TWSTRS) and visual analogue scale (VAS) were performed each day. For DBS OFF
recordings,
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TMS recordings

Standard paired stimulation TMS techniques were used for SAI at interstimulus interval
(1S1) of 20 and 30ms, LAl at 150 and 200ms, SICI at 2 and 3ms and ICF at 10 and 15ms.
For PAS, 90 pairs of median nerve stimulation and TMS pulse at 25ms ISI were delivered
over 30 minutes.11

Statistical analysis

.SAl, LAI, SICI and ICF measures were all expressed as ratio of conditioned (with
preceding pulses) to the unconditioned (test pulse alone) motor evoked potential (MEP).
Ratios <1 represented inhibition, and ratios >1 indicated facilitation.

Two-way repeated measures ANOVA (SPSS 24) with statistical significance set to a p < 0.05
was used to compare the effects of DBS, and ISI for each TMS measure. Post-hoc tests
corrected for multiple comparisons were performed. PAS plasticity was expressed as the
percent change in both mean and maximum MEP compared to the pre-PAS--protocol MEP
size., . TMS measures were correlated with clinical scores using the Spearman correlation
coefficient.

RESULTS

Seven males and three females with CD, mean age 45.6 years + 16.2 (SD) age range 20-77
years, mean disease duration 14.8 £ 9.4 years and mean DBS duration 2.9 + 1.6 years
participated in the study. (Table 1).

The main effects for DBS (F 1 g = 7.32, p = 0.024), and ISI (F 1 g = 11.9, p = 0.007) were
significant for SAI however the interaction effects were not significant; DBS x ISI (p =
0.57), Whereas for LAI, the main effects for DBS (F 1 ¢ = 0.08, p = 0.78) were not
significant, however they were significant for ISI (F 1 9 = 5.7, p = 0.04) and interaction
effects for DBS x ISI (F 1 9 = 6.6, p = 0.03) were significant Post hoc testing showed that
LAI 200 OFF was significantly reduced compared to LAI 200 ON (p = 0.01). All the
remaining comparisons were not significant (LAl 150 OFF and LAI 150 ON, p = 0.61; LAI
150 OFF and LAI 150 ON, p = 0.84; LAI 200 OFF and LAI 200 ON, p = 0.41) (Figure).

The change in SAI with STN DBS had a significant linear correlation with change in
TWSTRS severity scores (r = 0.56, p = 0.01), TWSTRS pain scores, (r = 0.62, p = 0.007),
VAS disability scores (r = 0.76, p = 0.01) and VVAS pain scores (r = 0.78, p = 0.008).
Similarly, the change in LAI correlated with change in TWSTRS measures (severity r =
0.75, p = 0.025; pain r = 0.51, p = 0.03), however correlations with VAS measures only
approached significance (disability r = 0.45, p = 0.05; pain r = 0.38, p = 0.054).

There was a significant increase in PASmean (p = 0.001) and PASmaximal (P = 0.002) when
DBS was turned OFF (PASiean 139.1 £ 32.2; PASihaximal182.3 £ 54.2) compared to DBS
ON (PASiean 127.6 £ 24.1; PASihaximal 167.7 £ 41.8) in CD subjects. PASyean and
PAShaximal Were significantly different between DBS OFF and healthy controls (PASiean
121.2 £ 31.5, p = 0.03; PASmaximal 142.1 £ 41.6, p = 0.01). There was no correlation
between DBS induced change in PAS and clinical scores (TWSTRS severity r =0.26, p =
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0.45; TWSTRS pain r = - 0.42, p = 0.22; VAS disability r = -0.5, p = 0.13; VAS painr = -
0.32,p=0.37)

There were no significant main effects of DBS and ISl on SICI (DBS p = 0.67; ISI p =0.23)
and ICF (DBS p = 0.12; ISl p = 0.22) There were no significant interaction effects.
Compared to healthy controls, SICI during DBS OFF in CD subjects was significantly
reduced (SICI 2, p = 0.04; SICI 3, p = 0.04) however there was no significant difference in
ICF.

DISCUSSION

The main findings of the study were as follows. STN DBS modulated SAI and LAI which
correlated well with clinical improvement. STN DBS normalized the PAS plasticity however
there was no correlation with clinical improvement and STN DBS had no effects on SICI
and ICF. These findings suggest modulation of sensorimotor integration plays an important
role whereas change in plasticity has a restricted role and modulation of motor excitability
doesnot contribute to acute changes in dystonia symptoms.

The SAl is an inhibitory cortical phenomenon elicited when a peripheral sensory input
interacts with the motor cortex either through direct thalamocortical projections or a short
travel involving few processing steps whereas LAI involves activation of many sensory
areas2 13 probably In a writer’s cramp study, SAIl was observed to increase in the abductor
digiti minimi muscle during phasic contraction of FDI muscle, which was speculated to
reflect a compensatory mechanism to prevent overflow of dystonia from the index finger to
the little finger.14 Similarly an increased SAI in our study during DBS OFF which corrected
with stimulation probably represented a compensatory mechanism in response to worsening
of dystonia symptoms. However Zittel et al found SAI to be reduced in cervical dystonia
which is in contrast to our DBS OFF findings.1®> We believe a lack of complete washout
from the effects of DBS may likely explain the discrepant finding. STN DBS also
normalized a significantly reduced LAI (compared to healthy controls) which correlated
well with clinical improvement. STN likely modulates sensorimotor integration (SAI and
LAI) through alteration of corticomotor output in response to peripheral sensory input. We
speculate these effects could be either mediated through orthodromic thalamocortical
pathway or through antidromic activation of the hyperdirect pathway projecting from the
motor cortex to the STN. A future study involving DBS tractography is necessary to shed
further insights.

Although Ruge et al found the PAS plasticity with GPi stimulation did not change despite
DBS turned OFF for nearly two days, we found acute STN stimulation led to a reduced PAS
plasticity. These differences could be attributed to different stimulation target (STN versus
GPi), the underlying phenotype (focal versus generalized DYT1 positive dystonia) and the
duration of DBS OFF (4 hours versus 2 days) STN DBS modulate the pathway mediating
this plasticity howeverl” a lack of clinical correlation suggests that unlike SAl and LA,
sensorimotor plasticity measured with PAS does not appear to drive the acute clinical
improvements with STN DBS. We also did not find any significant effects of STN DBS on
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the motor cortex excitability although a previous study found SICI to normalize after several
months of GPi DBS 18

We speculate that a limitation in the capacity of DBS to modulate all pertinent
pathophysiological features may possibly contribute to the wide range of clinical
improvements We acknowledge the study was limited by a moderate sample size, DBS OFF
time was relatively short and maynot have achieved a complete washout and the study
focusses on acute effects of STN DBS. Nevertheless, our study is unique and enhances the
understanding of the physiology underpinning the clinical effects of STN DBS. Future
studies should longitudinally track the physiology to identify the potential markers of DBS
outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Figure 1 (A) Group average data on short latency afferent inhibition (SAI) in patients with

cervical dystonia during DBS OFF and ON and in healthy controls. Compared with test
pulse, SAl is significant only when single stimulation paradigm is applied. In comparison
with healthy controls, SAI is significantly increased. SAI is found to be increased at
interstimulus interval (I1SI) of 20 and 30 ms in the presence of single median nerve
stimulation when DBS is turned off. The x-axis indicates the groups and the ISIs studied.
The y-axis shows afferent inhibition as ratios of the conditioned (test stimulus with
preceding peripheral nerve stimulation) to the unconditioned (test stimulus alone) MEP
amplitude. Values <1 indicate afferent inhibition. Dark grey bar represents DBS OFF, light
grey represents DBS ON, and white bar represents healthy control subjects. Error bars
represent SEs. Asterisks above the bars indicate significant inhibition compared with test
pulse alone. Asterisks between the bars indicate significant difference between the groups
(factorial ANOVA and post hoc testing). *P<0.05. (B) Group average data on long latency
afferent inhibition (LAI) in patients with cervical dystonia during DBS OFF and ON and in
healthy controls. Compared with test pulse LALI is significant only when single stimulation
paradigm is applied. LAl is found to be reduced at an ISI of 200 ms in the presence of single
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median nerve stimulation when DBS is turned off. LAI does not change with DBS when
dual nerve stimulation is used. The x-axis indicates the groups and the ISls studied. The y-
axis shows afferent inhibition as ratios of the conditioned (test stimulus with preceding
peripheral nerve stimulation) to the unconditioned (test stimulus alone) MEP amplitude.
Values <1 indicate afferent inhibition. Dark grey bar represents DBS OFF, light grey
represents DBS ON, and white bar represents healthy control subjects. Error bars represent
SEs. Asterisks above the bars indicate significant inhibition compared with test pulse alone.
Asterisks between the bars indicate significant difference between the groups (factorial
ANOVA and post hoc testing). *P<0.05. (C) Paired associative stimulation (PAS) MEP
amplitudes are shown. PASmaximal and PASmean (MEP average over three time points)
recorded from the Abductor pollicis brevis (APB) muscle after the PAS protocol is
employed. The data are plotted as a ratio to the baseline MEP amplitude. Ratios higher than
1 indicate facilitation and ratios below 1 indicate inhibition. PASmaximal and PASmean are
seen to increase when DBS is turned off. Error bars represent SEs. Asterisks between the
bars indicate significant difference between the groups (factorial ANOVA and post hoc
testing). *P<0.05, **P<0.01. (D) Group average data on short interval intracortical inhibition
(SICI) and intracortical facilitation (ICF) in patients with cervical dystonia during DBS OFF
and ON and in healthy controls. Compared with test pulse SICI and ICF are significant for
all three groups. SICI significantly increased compared with healthy controls during DBS
OFF. However, there are no effects of DBS on SICI and ICF. The x-axis indicates the groups
and the ISlIs studied. The y-axis shows afferent inhibition as ratios of the conditioned (test
stimulus with preceding peripheral nerve stimulation) to the unconditioned (test stimulus
alone) MEP amplitude. Values <1 indicate inhibition and values >1 indicate facilitation.
Dark grey bar represents DBS OFF, light grey represents DBS ON, and white bar represents
healthy control subjects. Error bars represent SEs. Asterisks above the bars indicate
significant inhibition compared with test pulse alone. *P<0.05. ANOVA, analysis of
variance; DBS, deep brain stimulation; MEP, motor evoked potential.

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2020 September 17.



Page 9

Shukla et al.

Ov0€T
-MdozT 08801
‘ZHGET  Md06 ‘ZHGET
v'8 €'s v'eT G'7¢  Odenoy ‘AT -0+0 ‘AT -0T+D [4 92 Bwg wedazelp  e1uoisAp [e91AI90 99 0T
gt
0UE60T  UBEOT ‘MdOST wedazeuo|d ‘Bwg
€09.€ ‘ZH09 ‘ZHGET ‘ZHO0T 1Ap1uaydAxayLi wsedsoueyds|q +
v'8 G's 8'Te Y1l JSeNny AT'T -T+C AST -T+D T € ‘BwoQt suopozesn eluoisAp [ealnIso 1474 6
06¢¢T 0561
‘Md06 ‘ZHGET  ‘MdO06 ‘ZHGET Bwgz  wsedsoreyds|q +
1°C 1°C Sv el TT'2C  OSenny AT'T -2+€ ‘AT =2+0 z LT IApiuaydAxayin  eluoisAp [ealnisd 69 8
006 0299
‘Md06 ‘ZHGET  ‘MdO06 ‘ZHGET wsedsoureyda|q +
0'v €' €'GET 9°'Gz  OSEBAY  ATT 2T+ AT -€-¢+0 4 € auou  eluoIsSAp [edIAIRD 59 /L
Bwgz
0 0TET 0GE0T |Aipeusq ‘BwQT
‘Md06 ‘ZHOET ‘Md06 ‘ZH06 uajojaoeq‘bug BIUOISAP
¢'L 98 12T 9T 'S¢ ©113|0S AV'C -Z+€ AE -T+2 € eT wedazelp lejuawBas 1. 9
0€98 0992
‘Md09 ‘ZHOYT ~ ‘Md09 ZHOYT eIu0ISAp
0'C v's €'9 6'CT  Od ey NG'T =T+ AG'T -G+ 9 91 [euawiBas 6¢ S
01107 (&) 740
‘Md09 ‘ZHOET ~ ‘Md09 :ZHOET Bwotaunexoniy elu0IsAp
o's T €'0T G'ST  Odenny NTE -E+2 AT -9+G S 6  ‘Bwg/ uoudoidng |ejuswhas 09 v
0086 0868 ‘Md0ST
-Md09 :ZHOET ‘ZHO9T ‘AS'T TIAp ‘elu0ISAp
0'0 T'L 0'0 v'TZ  Odeny N9'T -T+D -0T-6—8+0 € €¢ [euawiBos Sy €
098 006.
‘Md09 ‘ZHSZT  ‘Md09 ‘ZHSZT Bug wejozeidre eIU0ISAp
2's T'L €11 G'TZ  OdBAY  AZ'E:-T-0+C N6'T -TT+D 4 0€ ‘Buig wedszeuo|d [euawibes e} 4
06T.T 0298
‘Md09 :ZHOET ~ ‘Md09 :ZHOET eIu0ISAp
1°C z'L 2t L'TT  OdEenpy NPT +2-1-0 AE -€-T+D 1% 8 auou [euawiBos 0¢ T
ue whry
NO SJeah ul
‘440 NO 440 NO NO 440 sJeak BIUOISAP
ured Aungesip ‘440 ured A1 lonss adAy uisgaq Jjo 10 adAlouayd
SVA SVA SHISML SHISML KBneg sbunes sgq uolreing uolre.ing SuoledIps N eluosAg x5 &by
syuaired Jo ajupoud esiund
:8|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2020 September 17.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	TMS recordings
	Statistical analysis

	RESULTS
	DISCUSSION
	References
	Figure 1:
	Table:



