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Abstract

Despite optimal oral drug treatment, about 90% of patients with Parkinson’s
disease develop motor fluctuation and dyskinesia within 5–10 years from the

diagnosis. Moreover, the patients show non-motor symptoms in different sen-

sory domains. Bilateral deep brain stimulation (DBS) applied to the sub-

thalamic nucleus is considered the most effective treatment in advanced

Parkinson’s disease, and it has been suggested to affect sensorimotor modula-

tion and relate to motor improvement in patients. However, observations on

the relationship between sensorimotor activity and clinical improvement have

remained sparse. Here, we studied the somatosensory evoked magnetic fields

in 13 right-handed patients with advanced Parkinson’s disease before and

7 months after stimulator implantation. Somatosensory processing was

addressed with magnetoencephalography during alternated median nerve

stimulation at both wrists. The strengths and the latencies of the �60-ms

responses at the contralateral primary somatosensory cortices were highly var-

iable but detectable and reliably localized in all patients. The response

strengths did not differ between preoperative and postoperative DBSON mea-

surements. The change in the response strength between preoperative and

postoperative condition in the dominant left hemisphere of our right-handed

patients correlated with the alleviation of their motor symptoms (p = .04).

However, the result did not survive correction for multiple comparisons.

Abbreviations: DBS, deep brain stimulation; ECD, equivalent current dipole; LEDD, levodopa equivalent daily dose; MEG,
magnetoencephalography; MN, median nerve; OTP, oversampled temporal projection; PD, Parkinson’s disease; SEF, somatosensory-evoked magnetic
field; SEM, standard error of the mean; SI, primary somatosensory cortices; SII, secondary somatosensory cortices; STN, subthalamic nucleus; tSSS,
spatiotemporal signal space separation; UPDRS III, Unified Parkinson’s Disease Rating Scale, motor part.
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Magnetoencephalography appears an effective tool to explore non-motor

effects in patients with Parkinson’s disease, and it may help in understanding

the neurophysiological basis of DBS. However, the high interindividual vari-

ability in the somatosensory responses and poor tolerability of DBSOFF condi-

tion warrants larger patient groups and measurements also in non-medicated

patients.

KEYWORD S
deep brain stimulation, magnetoencephalography, non-motor cerebral activity, Parkinson’s
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1 | INTRODUCTION

Parkinson’s disease (PD) is an age-related progressive
neurodegenerative disorder, currently affecting more
than six million people worldwide (Dorsey et al., 2018).
The clinical symptoms of PD include asymmetrical onset
of bradykinesia, rigidity and resting tremor (Groiss
et al., 2009). In the advanced PD, patients typically have
severe daily motor fluctuations and dyskinesia despite
optimal oral medication. Patients may also have severe
cognitive deficits and sometimes even psychotic symp-
toms (Luquin et al., 2017).

Despite optimal oral drug treatment, about 90% of PD
patients develop motor fluctuations and/or dyskinesia
within 5–10 years from the diagnosis (Manson
et al., 2012). The most effective treatment in advanced
PD is bilateral deep brain stimulation (DBS) applied to
the subthalamic nucleus (STN). STN DBS improves
motor symptoms, as assessed by the motor Unified
Parkinson’s Disease Rating Scale (UPDRS III), in more
than 60% of the patients, and reduces dyskinesia and the
dose of dopaminergic medications for half of the patients
(Deuschl et al., 2006; Krack et al., 2003; Limousin
et al., 1998). The physiological basis of the efficacy of
STN DBS has remained elusive. DBS has been suggested
to restore the normal oscillatory activity in the basal
ganglia and thus reduce clinical symptoms (Bergman &
Deuschl, 2002). DBS may also modulate neuronal
inhibition–excitation balance (Benazzouz et al., 2000; Liu
et al., 2008) and cortical networks (Hartmann et al., 2018;
Lozano & Lipsman, 2013). DBS inhibits low beta-band
activity (�11–14 Hz) at STN, and the level of inhibition
correlates with the clinical motor outcome both during
(Oswal et al., 2016) and after the stimulation (Bronte-
Stewart et al., 2009; Kühn et al., 2008). Furthermore, STN
DBS may alleviate PD symptoms by reducing the inter-
play between the subthalamic beta rhythms and broad-
band activity associated with rigidity and akinesia
(Lozano & Lipsman, 2013).

Although motor symptoms are the hallmark of
advanced PD, prominent changes may occur also in vari-
ous non-motor sensory domains (Cao et al., 2011; Conte
et al., 2010; Lee et al., 2005), particularly in propriocep-
tion and sensorimotor integration (Abbruzzese &
Beradelli, 2003). Furthermore, PD patients can have cog-
nitive deficits, for example, in verbal fluency (Højlund
et al., 2017) and neuropsychiatric symptoms (Voon
et al., 2006).

Results of STN DBS on somatosensory processing
have been mixed. Whereas STN DBS has been demon-
strated to worsen somatosensory temporal discrimination
(Conte et al., 2010), it reduces the threshold of two-point
discrimination in PD patients, thus improving somato-
sensory processing (Huzmeli et al., 2020). STN DBS has
been suggested to improve proprioception in PD patients
by initiation of more stable neuronal firing within the
basal ganglia (Aman et al., 2014) and by affecting afferent
information processing within sensory pathways and
thus normalizing functions related to sensorimotor inte-
gration (Sailer et al., 2003; Shukla et al., 2013).

Magnetoencephalography (MEG) provides a non-
invasive and patient-friendly method for characterizing
complex neural functions in space and time. STN DBS
activates the somatosensory cortex within 1 ms after the
electric pulse is applied via the DBS electrode, demon-
strated with both MEG (Hartmann et al., 2018) and EEG
(Walker et al., 2012) recordings. This fast response is
probably mediated via antidromic activation of hyper-
direct cortico-subcortical fibres adjacent to the DBS elec-
trode, succeeded by later orthodromic activations
(Miocinovic et al., 2018). Both experimental PD models
(Gradinaru et al., 2009) and previous MEG studies on PD
patients (Airaksinen et al., 2011; Cao et al., 2017;
Hartmann et al., 2018; Sridharan et al., 2017) have
suggested that STN DBS may modulate sensorimotor
processing in PD patients and, by improving sensorimo-
tor integration, enhance motor performance. However,
observations on correlations between sensorimotor
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activity and clinical improvement have remained sparse.
No data of the long-term effects of DBS on
somatosensory-evoked fields (SEFs) from the primary
somatosensory cortex (SI), in comparison with preopera-
tive SEFs, are available.

Secondary somatosensory cortex (SII) is located in the
parietal operculum of the upper lip of the Sylvian fissure,
and it contributes to sensorimotor integration (for a
recent review, see Bretas et al., 2020). Somatosensory
stimulation elicits MEG responses in SII, and they can
easily be separated from the activation of the SI (for a
review, see Hari & Forss, 1999). Signals recorded directly
from DBS electrodes implanted in STN are coherent with
spontaneous alpha band activity measured by MEG from
the temporoparietal regions (Hirschmann et al., 2011;
Litvak et al., 2011). Thus, DBS may be involved in modu-
lating activity at the SII region. Possible effects of DBS on
SII responses have not been reported previously.

In this exploratory study, we addressed the possible
long-term changes related to STN DBS in the somatosen-
sory cortices of advanced PD patients using MEG.
Median nerve (MN) stimulation at both wrists, a clini-
cally and research-wise well-established and replicable
way to study somatosensory cortex function
(e.g., Nenonen et al., 2010), was used to evoke SEFs. We
studied the SEFs through successive measurements at
�6 months before and at �7 months after DBS implanta-
tion and assessed the possible correlations of SEFs with
the patients’ motor outcome.

2 | MATERIALS AND METHODS

2.1 | Subjects

Sixteen advanced PD patients were studied before
(6 � 0.8 months; mean � SEM) and after
(7 � 0.4 months) the implantation of bilateral STN DBS
(Activa PC, Medtronic) with both DBS on and off. All
patients had electrodes with four contacts, and the space
between the contacts inserted to STN was 0.5 mm. The
timing of the postoperative MEG measurement depended
on the postoperative out-patient visit for check-up and
possible adjustment of DBS stimulus parameters; exact
timing of these assessments varied slightly.

Three patients had to be excluded from further analy-
sis due to inappropriate data quality related to the arte-
facts produced by the DBS stimulation. The age of the
remaining 13 patients (10 men, three women) was
55 � 9 years, and the time from the PD diagnosis to DBS
implementation was 13 � 5 years. All subjects were
right-handed by self-report. The patients are described in
detail in Table 1. All patients were clinically stable and

used their normal anti-Parkinsonian medication during
the MEG measurements.

The motor assessments were based on UPDRS III
scores, conducted independently from the MEG measure-
ments by an experienced movement disorder neurologist
immediately after the MEG sessions.

The experiment was accepted by the Helsinki Univer-
sity Hospital Ethical Committee, and all patients gave
their written informed consent to participate.

2.2 | Measurements

The measurements were conducted with a 306-channel
whole-head Vectorview neuromagnetometer (Elekta Oy,
Finland) in a magnetically shielded room (Euroshield,
Finland). An experienced nurse was present in the
shielded room during measurements to ensure the well-
being of the patient.

In the following notation, preoperative condition
(PRE) will refer to the clinical assessment and MEG mea-
surements done before the DBS implantation, and DBSON
or DBSOFF will refer to the measurements conducted
after the DBS implantation (DBS either on or off). Post-
operative MEG measurements were conducted on the
same day, with DBSON always preceding DBSOFF. In
DBSOFF, positioning of the PD patients under the MEG
device is often uncomfortable due to rigidity; therefore,
the order of recordings (on vs. off) was not
counterbalanced across patients. The recordings were
conducted with a short (10 min) pause between the mea-
surements, as most patients do not tolerate well the
DBSOFF state.

The SEFs were elicited by 200-μs square wave pulses,
delivered alternately to the MN at both wrists with a
stimulation strength that was not painful but produced a
stable and visible thumb twitch. The stimuli were pres-
ented within a multimodal stimulation paradigm con-
sisting of auditory, somatosensory and visual stimuli
applied with mean interstimulus interval of 5.5 s between
stimuli within any single modality. The stimuli were
presented in a random order. This multimodal stimula-
tion has been previously used to study the effects of DBS
on and off on SEFs and auditory evoked fields (AEFs;
Airaksinen et al., 2011). Moreover, SEFs elicited by this
stimulus paradigm have been demonstrated to show
excellent replicability in strength and source location
across multiple MEG recordings over 6 years, although
the exact location of the MN electrodes at wrists may
vary slightly across measurement sessions (Nenonen
et al., 2010). The present follow-up AEF results are publi-
shed elsewhere (Valkonen et al., 2022). The visual stimuli
were added to increase interstimulus interval between

KORSUN ET AL. 3981



T
A
B
L
E

1
C
lin

ic
al

de
ta
il
s
of

pa
ti
en

ts
an

d
th
ei
r
D
B
S
pa

ra
m
et
er
s

№
Se

x,
D
B
S

op
(a
ge

)
H
an

d
ed

n
es
s

P
D

d
u
ra
ti
on

be
fo
re

op
(y
r)

M
E
G
m
ea

su
re
m
en

ts

L
ev

od
op

a
eq

u
iv
al
en

t
d
ai
ly

d
os
e

(L
E
D
D
,m

g)
a

U
P
D
R
S
II
I

to
ta
l
sc
al
e

(m
ed

ic
at
io
n

on
)

D
B
S
se
tt
in
gs

(l
ef
t/
ri
gh

t)

B
ef
or
e
D
B
S

op
(m

o)
A
ft
er

D
B
S

op
(m

o)
P
R
E

D
B
S O

N
P
R
E

D
B
S O

N

V
ol
ta
ge

(V
)

T
yp

e
(b
i-
or

m
on

op
ol
ar
)

F
re
q

(H
z)

P
u
ls
e

w
id
th

(μ
s)

1
F
,6
3

R
24

5
7

96
0

76
0

32
35

3.
6/
1.
6

B
i/
bi

16
0

60
/6
0

2
M
,5
7

R
15

11
6

1,
61
8

1,
31
0

32
21

2.
5/
2.
5

M
on

o/
bi

13
0

60
/6
0

3
M
,6
3

R
8

3
7

92
5

63
9

37
29

2.
5/
2.
5

M
on

o/
m
on

o
16
0

60
/6
0

4
M
,6
2

R
17

8
5

1,
40
8

1,
40
7

37
33

3.
6/
3.
1

M
on

o/
m
on

o
13
0

60
/6
0

5
M
,4
2

R
9

3
6

76
5

1,
49
7

62
32

3.
2/
3.
2

M
on

o/
m
on

o
13
0

60
/6
0

6
M
,4
9

R
14

8
11

1,
26
3

1,
10
5

51
24

3.
5/
3.
1

B
i/
m
on

o
15
0

60
/6
0

7
M
,4
2

R
6

5
6

1,
33
8

1,
36
0

44
20

3.
5/
2.
0

M
on

o/
m
on

o
13
0

60
/6
0

8
M
,6
2

R
18

4
7

1,
15
8

56
0

27
20

2.
9/
3.
0

M
on

o/
m
on

o
13
0

60
/6
0

9
F
,6
3

R
14

9
7

65
8

36
6

23
16

2.
8/
2.
9

M
on

o/
m
on

o
13
0

60
/6
0

10
F
,5
6

R
18

0.
5

7
1,
56
2

1,
38
6

74
34

2.
6/
2.
7

M
on

o/
m
on

o
13
0

60
/6
0

11
M
,6
7

R
9

5
7

1,
67
9

48
0

46
25

2.
6/
2.
9

M
on

o/
m
on

o
15
0

12
0/
60

12
M
,4
5

R
9

5
5

1,
48
1

1,
25
5

31
29

3.
5/
3.
8

B
i/
m
on

o
13
0

60
/6
0

13
M
,4
7

R
8

3
6

65
5

58
0

37
24

2.
3/
2.
5

M
on

o/
m
on

o
18
0

60
/6
0

A
bb

re
vi
at
io
n
s:
D
B
S,

de
ep

br
ai
n
st
im

ul
at
io
n
;D

B
S O

N
,d

ee
p
br
ai
n
st
im

ul
at
io
n
on

;F
,f
em

al
e;
F
re
q.
,f
re
qu

en
cy
;L

E
D
D
,l
ev
od

op
a
eq
ui
va
le
n
t
da

il
y
do

se
;M

,m
al
e;
m
o,

m
on

th
s;
op

,D
B
S
op

er
at
io
n
;P

D
,P

ar
ki
n
so
n
’s
di
se
as
e;

PR
E
,p

re
op

er
at
iv
e
co
n
di
ti
on

;U
PD

R
S
II
I
sc
al
e,
U
n
if
ie
d
Pa

rk
in
so
n
’s
D
is
ea
se

R
at
in
g
Sc
al
e;
yr
,y
ea
rs
.

a
T
o
ca
lc
ul
at
e
th
e
le
vo
do

pa
eq
ui
va
le
n
t
da

ily
do

se
(L
E
D
D
),
th
e
fo
llo

w
in
g
fo
rm

ul
a
w
as

us
ed
:1

00
m
g
l-
do

pa
=

13
0
m
g
co
n
to
ll
ed
-r
el
ea
se

l-
do

pa
=

70
m
g
l-
do

pa
+

C
O
M
T
in
h
ib
it
or

=
1
m
g
pr
am

ip
ex
ol
e
=

5
m
g

ro
pi
n
ir
ol
e
=

4
m
g
ro
ti
go
ti
n
e.

3982 KORSUN ET AL.



SEFs and AEFs and to add variability to the stimulation.
They were not constructed in a manner to be analysed.
In our study, the SEF responses were compared on aver-
age 13 months apart.

The exact head coordinates and their position with
respect to the sensor array were measured before mea-
surements by feeding a short current pulse to four head
position indicator. HPI was measured before the DBSON
condition, and the HPI coil frequencies were adjusted to
avoid possible interference with the DBS; continuous
HPI was not available. For adjustment of MEG and mag-
netic resonance imaging head coordinates, the position of
the coils relative to the head landmarks was determined
with a 3-D digitizer (Fastrak®, Polhemus, Inc., Colches-
ter, Vermont, United States).

2.3 | Data processing

In addition to the artefacts caused by the DBS and its
related harmonics, external artefacts induced by the
impulse generator and implanted wires moving close to
the MEG sensors are present in the MEG raw data. Spa-
tiotemporal signal space separation (tSSS) (Taulu &
Simola, 2006) algorithm, implemented in MaxFilter soft-
ware (Elekta Neuromag), was employed for artefact
removal. In tSSS, the measured signal is first divided into
two subspaces, that is, internal signal from the sensory
array, and external signal originating outside the helmet.
After the division, temporally correlated components
between the subspaces, such as those related to DBS, are
recognized by principal component analysis and removed
from the data (Taulu & Simola, 2006). The original brain
signals are so weak that they do not expand to the exter-
nal source space and thus remain intact (Taulu &
Simola, 2006). The effect of tSSS on the MEG signals used
in averaging the AEFs and SEFs has been visualized and
discussed in Airaksinen et al. (2011) and proven effective
in previous studies (Airaksinen et al., 2011; Cao
et al., 2015).

The tSSS time window was set to 10 s, and the sub-
space correlation limit to .9. To further improve signal-to-
noise ratio, oversampled temporal projection (OTP)
(Larson & Taulu, 2018) was applied before tSSS for
suppressing spatially noncorrelated sensor noise.
Remaining artefacts and spikes were filtered out by
applying low-pass filtering at 90 Hz. For one patient,
additional high-pass filtering at 10 Hz was applied simi-
larly in all experimental conditions due to remaining
low-frequency artefacts, resulting in a typical SEF wave-
form (Airaksinen et al., 2011).

Subsequently, the responses were averaged from
100 ms before stimulus onset to 500 ms after it using the

MNE-Python open-source software package (Gramfort
et al., 2013). Baseline was determined as the interval from
�100 to �5 ms relative to stimulus onset and subtracted
from the response.

2.4 | Source-level analysis

For source-space analysis, the head was modelled as a
homogeneous sphere. The model parameters were opti-
mized for the intracranial space based on individual head
magnetic resonance (MR) images that were available for
all subjects. The sources of the responses were modelled
with equivalent current dipoles (ECDs) (Hämäläinen
et al., 1993), where the model parameters of an ECD rep-
resent the location, orientation and strength of the net
current in an activated brain area.

SEFs at both primary somatosensory cortices (SI) and
secondary somatosensory cortices (SII) were explored in
the current study. Responses at the contralateral primary
somatosensory cortices (SI) were identified using 12–16
gradiometer pairs located in the area of the strongest
response at the time period of 20–85 ms after stimulus
onset, for both left- and right-sided MN stimulations. To
add confidence to the source estimates, we did the SI
source modelling of the 60-ms responses, as they were
the most prominent (and thus least noise sensitive). For
other SEFs (e.g., N20m), it was not always feasible to find
a clear response peak, and we concentrated on responses
that were reliably available in all subjects.

Responses at the secondary somatosensory cortices
(SII) were identified using 12–16 gradiometer pairs
located in the area of the strongest response over the
parietotemporal cortex at the time period 85–140 ms after
the stimulus onset. Contralateral SII responses were
detected in nine out of 13 subjects, resulting in two-
dipole models per hemisphere for fully explaining the
measured magnetic fields to left- and right-sided MN
stimulations. In one patient, a third dipole was needed to
model additional activity at both hemispheres.

The cortical sources underlying the measured SEFs
were first separately found for each experimental condi-
tion (left vs. right stimulation, PRE, DBSON); DBSOFF
condition was not used for source localization as the data
was available only in nine out of 13 patients. We postu-
lated that the locations of the SEFs would not change
among the experimental conditions; that is, DBS does not
change cortical response locations. Thus, in all patients,
the strongest (and thus least noise sensitive) source per
hemisphere was selected over the experimental condi-
tions and applied in the other conditions. The selected
sources were stable in time over tens of milliseconds, and
they explained more than 75% of the local field variance
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during the response peaks at the selected channels. The
ECDs were then fixed in space and allowed to change in
time and amplitude to best explain the signals over all
sensors. The peak latencies and maximum source
strengths were detected from the obtained dipole strength
versus time curves and compared between the
conditions.

To examine the possible relationship between the
SEFs and the clinical outcome in PD patients, the relative
change of source strengths between preoperative and
postoperative MEG measurements and relative change in
patient’s motor performance was calculated as follows:

�
PRE source strengthð Þ �DBSON source strengthð Þ

�
=PRE source strengthð Þ

¼Relative change in source strengths betweenDBSON andPREconditions:

Similarly, the relative change in UPDRS III total
motor score was obtained in the DBSON condition, as the
patients were in medication on state:

PRE total UPDRS III motor scoreð Þ
�

�DBSON total UPDRS III motor scoreÞð
�
=PRE total UPDRS III motor scoreð Þ

2.5 | Statistical analysis

The data were first checked for normal distribution and
equality of variances with Shapiro–Wilk’s and Levene’s
tests. To assess the differences in source strengths and
latencies between the different experimental conditions,
repeated measures analysis of variance (ANOVA) was
applied. For addressing the possible correlations between
changes in the SEFs and clinical outcomes in UPDRS III
total scale, Spearman’s rank correlation (rs) was intro-
duced. Statistical significance level of .025 was considered
significant (corrected over comparisons over two
hemispheres).

3 | RESULTS

Motor symptoms were effectively relieved by DBS in most
patients: the mean scores for UPDRS III total scale
(in absolute values; mean � SEM) reduced from 41 � 4
(PRE) to 26 � 2 (DBSON; p < .05), although the patients
were on medication (average change in UPDRS III
between the two conditions 15 � 4). Simultaneously, the
levodopa equivalent daily dose (LEDD) used by the
patients appeared to reduce from 1,190 � 101 mg (PRE)
to 977 � 116 mg (DBSON), with average change of
201 � 118 mg (n.s.).

The SEFs to right MN stimulation in one PD patient
and the corresponding ECD used to model the SI
responses are shown in Figure 1. The responses were
prominent with small variability at the single-trial level
(see insert, Figure 1). The cortical activity localized in the
SI cortex posterior to the central sulcus, peaked at
28, 38 and 70 ms after the stimulation. At the group level,
the right SI cortical activity across the conditions (to the
left MN stimulation) peaked at (mean � SEM)
36 � 1 ms, at 51 � 2 ms, and at 98 � 3 ms; the
corresponding deflections at the left SI (for right MN
stimulation) were observed at 38 � 2 ms, at 53 � 2 ms,
and at 95 � 3 ms. The strongest SI activity was observed
at 51 � 2 ms in the right hemisphere and at 53 � 2 ms in
the left hemisphere, corresponding to the P60m response
described in the literature (Airaksinen et al., 2011;
Hari & Forss, 1999; Hartmann et al., 2018).

The 60-ms SI responses were reliably localized in both
hemispheres in all patients in preoperative and DBSON
conditions (see Figure S1 for the individual responses in
all subjects). The responses were highly individual but
consistent at the individual level in the successive mea-
surements separated by �7 months.

Table 2 summarizes the maximum source strengths
for SI responses in both hemispheres and for PRE, DBSON
and DBSOFF conditions. As four out of 13 patients did not
tolerate the DBSOFF measurements, and SII response
were detectable in only nine patients, the statistical anal-
ysis were conducted only between the PRE and DBSON
conditions on SI responses. The mean source strengths
and peak latencies of the SII responses are presented in
Table S1. The variation in the source strengths was sub-
stantial between patients and hemispheres, and there
were no statistically significant differences between the
experimental conditions for neither source strengths nor
latencies. The change of UPDRS III total motor score
appeared to correlate negatively with the change of SI
response source strength between PRE and DBSON condi-
tions in the left hemisphere, dominant for handedness
(rs = �.58, p = .04; Figure 2): strong alleviation of motor
symptoms by DBS (reduction of UPDRS III total score)
was related to strong increase in the SI source strength.
However, this result did not survive correction for multi-
ple comparisons. Similar comparison on the right-
hemispheric SI responses remained non-significant
(rs = �.02, p = .96).

4 | DISCUSSION

Our results demonstrate that with careful artefact man-
agement, responses at the primary somatosensory corti-
ces in PD patients with DBS can be reliably addressed
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over several months with MEG, for studying possible
long-term effects of the stimulation. DBS may be involved
in the modulation of sensorimotor integration in
advanced PD patients, with suggestive correlation of the
SI cortex responses of the dominant left hemisphere and
the DBS-induced improvement of motor symptoms as
indexed by UPDRS III assessment. However, additional
studies with larger patient groups are needed.

The clinical improvement of our advanced PD
patients with DBS is consistent with previous findings

(Benabid et al., 2009; Deuschl et al., 2006; Groiss
et al., 2009; Krack et al., 2003; Limousin et al., 1998;
Mostofi et al., 2019; Mueller et al., 2018). The motor

F I GURE 1 Somatosensory

responses induced by the right-

sided median nerve

(MN) stimulation in one

patient. Top: Sensor-level data;

the insert depicts the left

hemisphere channels with

maximum response amplitude

and the single-trial responses at

one channel (red = mean over

166 single-trial responses,

blue = �1 SD). Bottom: The

equivalent current dipole

(ECD) location and orientation

superimposed on the patient’s
magnetic resonance

(MR) image (left) and strength

of the ECD as a function of

time (black = PRE,

red = DBSON). Note: The

stimulus artefacts are present at

the 0-ms time point

TAB L E 2 SI source strengths (mean � SEM)

Condition

Source strengths (nAm)a

Left
hemisphere

Right
hemisphere

PRE (N = 13) 46 � 8 52 � 8

DBSON (N = 13) 36 � 7 52 � 9

DBSOFF (N = 9/LH, 8/RH) 35 � 8 49 � 10

aThe peak strength of the filtered response.
Abbreviations: DBSOFF, deep brain stimulation off; DBSON, deep brain
stimulation on; LH, left hemisphere; PRE, preoperative condition; RH, right
hemisphere.

F I GURE 2 Scatter plot of the relative change of SI source

strength between preoperative and DBSON condition and relative

change of Unified Parkinson’s Disease Rating Scale (UPDRS III)

total motor score (rs[13] = �.58, p = .04)
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system is controlled by continuous somatosensory feed-
back from joints and muscles and pathological changes
in the feedback are likely to deteriorate motor perfor-
mance in PD patients. DBS-induced changes in sensori-
motor integration have earlier been related to motor
improvement in PD patients (Shukla et al., 2018). The
observed suggestive correlation of change in 60-ms SEF
strength with motor improvement in the present study
speaks for a possible link between DBS and sensorimotor
integrative processing even after the thalamocortical
input to sensory cortices at about 20 ms after the stimu-
lus. Our exploratory data of SII responses demonstrate
the feasibility of addressing also these responses with
MEG over time in PD patients, but more data are needed
for evaluating their role in the possible DBS-induced
changes of sensorimotor integration.

PD itself is known to modify somatosensory evoked
responses. The deflection at 30 ms (N30) in
somatosensory-evoked potentials (SEPs) has been
reported to be suppressed in PD (Rossini et al., 1989) and
enhanced by levodopa treatment (Miranda et al., 1996;
Rossini et al., 1989). Furthermore, although the magnetic
20-ms responses (N20m) are similar to controls, the
N60m response has been reported to be significantly del-
ayed in PD (Mäkelä et al., 1993). The earlier reports on
the effects of STN DBS on somatosensory evoked
responses have been variable. STN and globus pallidus
pars interna (GPI) DBS have been reported to both
enhance SEPs at 20 and 30 ms (Insola et al., 2005;
Pierantozzi et al., 1999) and to diminish them (Priori
et al., 2001), whereas earlier MEG recordings did not find
significant changes in the N20m nor P60m responses
(Airaksinen et al., 2011; Sridharan et al., 2017); changes
in the response latencies by DBS have not been reported.
In line with the previous results, we did not observe dif-
ferences in SEF latencies, nor in the absolute source
strengths between DBS on and off conditions despite our
improved artefact management (Larson & Taulu, 2018).

We could not make reliable observations between the
cortical DBSOFF measures and clinical outcome because
we had DBSOFF data only from nine patients. Further-
more, we could not fully exclude the effect of DBS wash-
out period on the DBS off responses, as the patients were
measured after only 10 min since turning the DBS off. At
least 3 h of STN DBS off is required to establish a steady
motor DBS off state for efficacy studies (Temperli
et al., 2003), although 50% of the total change in the
motor scales has been estimated to occur within first
5 min after DBS is turned off (Little et al., 2013). When
the DBS is turned on, tremor and rigidity start to improve
in minutes, whereas improvements in bradykinesia may
take weeks and changes in mood or dystonia take

months (Ashkan et al., 2017). Further studies with larger
patient group and with longer DBSOFF times will be
required to find out the possible long-term cortical reor-
ganization induced by the treatment.

Another limitation of the current study is that all our
patients were on medication during the MEG measure-
ments. However, it is unlikely that our potential correla-
tion of patients’ clinical improvement and increase in the
strength of SI response would be related to anti-
Parkinsonian medication, as there was no significant
change in the LEDDs between preoperative and postop-
erative conditions; LEDDs decreased or remained the
same in 11 out of our 13 patients after the operation. Fur-
ther studies should address medication off patients for
distinguishing the effect of STN DBS and dopaminergic
medication on SEFs.

Our present results support the previous findings
(Airaksinen et al., 2011; Hartmann et al., 2018; Litvak
et al., 2012, 2011) that MEG can be successfully applied
to study the neurophysiological effects of DBS despite the
prominent stimulator-related magnetic artefacts and that
the tSSS method applied to suppress the artefacts does
not appear to affect the actual brain electrophysiological
activity (Boring et al., 2019). In the future, novel direc-
tional electrodes may decrease the measurement artefacts
(Hell et al., 2019; Shao et al., 2019) and thus increase the
usability of MEG in addressing cortical changes in PD
patients. Our results indicate a possible correlation
between change in SI response strength in the dominant
hemisphere (determined by handedness) and clinical out-
come. At the time of the measurements, most patients
had bilateral symptoms, and the hemisphere affected first
by PD was not always clearly defined. In the future stud-
ies on cortical somatosensory processing, the laterality of
the patients’ symptom profile should also be taken into
account.

5 | CONCLUSION

The possible modulations of cortical somatosensory
processing induced by STN DBS can be reliably studied
over months in advanced PD patients with MEG but
require careful artefact removal. Our present results sug-
gest that changes in the source strengths at the dominant
SI cortex between preoperative and DBS conditions may
correlate with the patients’ motor improvement induced
by DBS. However, further studies with larger sample
sizes, in DBSOFF and medication off conditions, as well as
by taking into account the laterality of patients’ symptom
profile, are needed to shed more light on the DBS-
induced changes in advanced PD.
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