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Abstract

Background. Addressing the role of somatosensory impairment, that s, afferent pathway integrity, in poststroke motor recovery
may require neurophysiological assessment. Objective. We investigated the longitudinal construct validity of position-cortical
coherence (PCC), that is, the agreement between mechanically evoked wrist perturbations and electroencephalography
(EEG), as a measure of afferent pathway integrity. Methods. PCC was measured serially in 48 patients after a first-ever
ischemic stroke in addition to Fugl-Meyer motor assessment of the upper extremity (FM-UE) and Nottingham Sensory
Assessment hand-finger subscores (EmNSA-HF, within 3 and at 5, 12, and 26 weeks poststroke. Changes in PCC over time,
represented by percentage presence of PCC (%PCC), mean amplitude of PCC over the affected (Amp-A) and nonaffected
hemisphere (Amp-N) and a lateralization index (L-index), were analyzed, as well as their association with FM-UE and EmNSA-
HF. Patients were retrospectively categorized based on FM-UE score at baseline and 26 weeks poststroke into high- and
low-baseline recoverers and non-recoverers. Results. %PCC increased from baseline to 12 weeks poststroke (3 = 1.6%, Cl
= 0.32% to 2.86%, P = .01), which was no longer significant after adjusting for ENNSA-HF and FM-UE. A significant positive
association was found between %PCC, Amp-A, and EmNSA-HF. Low-baseline recoverers (n = 8) showed longitudinally
significantly higher %PCC than high-baseline recoverers (n = 23). Conclusions. We demonstrated the longitudinal construct
validity of %PCC and Amp-A as a measure of afferent pathway integrity. A high %PCC in low-baseline recoverers suggests
that this measure also contains information on cortical excitability. Use of PCC as an EEG-based measure to address the
role of somatosensory integrity to motor recovery poststroke requires further attention.
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supposed cortical loop.>® Disturbance of afferent pathway
integrity is therefore important to study to understand motor
recovery.” The Erasmus modification of the Nottingham
Sensory Assessment of the upper extremity (EmNSA-UE)
is a common and reliable clinical measure of somatosen-
sory impairment in patients with stroke.® However, it is not
a direct measure of afferent pathway integrity, and is not
very responsive to change.*'’

Finger stimulation evoked somatosensory potentials
could theoretically be an approach to study somatosensory
processing, however, may not be recommend due to the
lack in reliability."" Cortical rebound responses in the beta
band of the affected hemisphere measured with magneto-
encephalography during manual passive finger move-
ments, were found to correlate with the initial severity and
recovery of motor activity as measured with the box and
block test at 1 and 12 months poststroke.'? Joint position
perturbations act as an external excitation signal for the
proprioceptive system, primarily the Golgi tendon organs
and muscle spindles, providing an interesting approach to
study sensorimotor processing in severely affected
patients.'> Coherence between mechanical perturbations
and subsequent cortical responses as measured with EEG,
that is, position-cortical coherence (PCC), represent the
unidirectional information transfer across the afferent path-
ways."™'* A cross-sectional study in stroke patients found
significant differences in the presence of PCC between
groups with poor and good motor function as measured by
FM-UE using this system identification approach.'* A sim-
ilar protocol was used by Vlaar et al,'”” who reported a
reduced amplitude in ipsilesional cortical responses, quan-
tified by a signal-to-noise ratio, in patients with severe
somatosensory impairment (reduced EnMSA-UE score for
more than 2 subtests) in patients in the chronic phase after
stroke.

To address the potential added value of neurophysiologi-
cal measures, prospective studies are required with fixed
moments of measurements poststroke to establish their con-
struct validity.'® These neurophysiological biomarkers
could help to improve the prediction of outcome, and
enhance accurate selection of patients for clinical trials.'”'®

We aimed to evaluate the longitudinal construct validity
of PCC as a measure of afferent pathway integrity and its
relation to poststroke recovery, in a prospective cohort
study with repetitive measurements at fixed time points
within 3 weeks and at 5, 12, and 26 weeks in patients after
a first-ever ischemic stroke. We addressed the following
research questions and corresponding hypotheses:

1. How does PCC change over the first 26 weeks post-
stroke? We expected measures of PCC to show a
significant change over time as a reflection of spon-
taneous neurobiological recovery. Because of these

spontaneous neurobiological processes, we also
expected this association over time to be influenced
by the recovery of motor function, reflected by
FM-UE and somatosensory function, reflected by
EmNSA hand and finger subset (EmNSA-HF).

2. Does PCC relate to clinical somatosensory scores,
and how does this compare with motor recovery?
We expected measures of PCC to represent somato-
sensory integrity, that is, to show a significant asso-
ciation with EmNSA-HF and not with FM-UE
score. We hypothesized that these associations
would be independent of time.

3. How does PCC relate to motor recovery poststroke?
We expected a higher PCC in recoverers compared
with non-recoverers.

Methods

Participants and Design

The present cohort consisted of 48 patients with a first-ever
ischemic stroke who were recruited within three weeks
after stroke onset, between August 2012 and July 2016. A
flowchart is displayed in Figure 1. Inclusion criteria were
(1) first-ever ischemic lesion within 3 weeks after onset,
established with computed tomography, magnetic reso-
nance imaging, or clinically; (2) hemiparesis of the upper
limb, that is, a National Institutes of Health Stroke Scale,
motor arm score of 1 to 4 points at the moment of inclu-
sion; (3) no orthopedic limitations of the upper extremity;
(4) no other neurological condition; (5) aged 18 years or
older; (6) able to sit for 30 minutes with support; (7) no
severe cognitive deficits (Mini Mental State Examination
score =19); and (8) sufficient motivation to participate.
Measurements were performed at baseline, that is, within 3
weeks, and repeated at 5, 12, and 26 weeks poststroke. All
procedures were in accordance with the declaration of
Helsinki and were approved by the Medical Ethics
Committees of Leiden University Medical Center
(NL39323.058.12, for 11 patients measured) and VU
University Medical Center (NL 47079 029 14, for 37
patients measured). All participants gave their written
informed consent.

Experimental Setup

Measurement Van. Eleven patients were measured in a hos-
pital-based setup at Leiden University Medical Center; the
remaining 37 patients, from different stroke units in the
Nether-lands, were measured in a customized measurement
van (Volkswagen Crafter, Wolfsburg, Germany; Figure
2A), certified as a medical room complying with
NEN1010:2007 +C1:2008 +C1/A1 regulations of the VU
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Screened for inclusion (N = 1951)

Excluded (1903)
(93.9%) did not meet inclusion criteria
(3.6%) met inclusion criteria, unwilling/unable to participate

Patients included (N = 48)

Drop-outs (N =4)
2 due to medical reasons (e.g. recurrent stroke)
2 no longer willing to participate

Missing data

Missing (11 measurements)

Insufficient EEG data quality (4 measurements)
Unreliable EMNSA (N = 1)

Included in the EEG analysis (N = 44)

Figure 1. Flow diagram.
Inclusion flow diagram, n = number of patients.

University Medical Center. This measurement van enabled
us to measure patients at their current site of residence, mini-
mizing the burden of traveling.

Mechanical Joint Position Perturbations. Patients were seated
with their affected arm into a wrist manipulator (Wrista-
lyzer, Moog Inc, Nieuw-Vennep, the Netherlands), a
1-degree of freedom actuated rotating device by which
angular perturbations can be imposed in flexion and exten-
sion direction onto the wrist (Figure 2B).

EEG Equipment and Signal Acquisition. A 64-channel EEG
setup with a 2048 Hz sample frequency was used to record
cortical activity (Leiden University Medical Center: Refa,
ANTneuro, Enschede, the Netherlands, measurement van:
Refa, TMSi International, Oldenzaal, the Netherlands).
Electrodes were placed on the skull using a 64-channel
actively shielded EEG cap according to the international
10-20 system (TMSi, Oldenzaal, the Netherlands). Bipolar
pairs of Ag/AgCl electrodes were used to monitor activity
of the wrist muscles (Refa, TMSi International, Oldenzaal,
the Netherlands). The force and position signals from the
manipulator were recorded via optical isolation onto the
same amplifier.

Preparation. An EEG cap was placed over the head of the
subject, after which the electrodes were filled with conduc-
tive gel. EMG electrodes were placed over the muscle bel-
lies of the musculus flexor carpi radialis and the musculus
extensor carpi radialis longus of both the affected and the
nonaffected arm. Before placement, the skin was shaved,
scrubbed, and cleaned with alcohol to ensure a good signal-
to-noise ratio. The height of the manipulator was adjusted to
enable the subject to sit with their affected lower arm in 90°
elbow flexion and approximately 45° shoulder abduction.
The axis of rotation of the wrist manipulator was aligned
with the axis of rotation of the affected wrist.

Measurement Protocol

Relax Task With Multisine Position Perturbations. Subjects
were asked to remain relaxed (monitored by EMG activity)
while a series of perturbations were imposed onto the han-
dle. The trials lasted 300 seconds and were performed 5 to
8 times. The wrist manipulator moved the affected wrist
according to an unpredictable, smooth, periodic pattern
consisting of a sum of sinusoids with power at frequencies
of 5,9, 13, 17, 21, 25, and 29 Hz with a fixed peak to peak
amplitude of 0.03 rad (Figure 2C). More details about the
used perturbation signal can be found in Campfens et al."
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Figure 2. Experimental setup. (Panel A) Experimental setup in the measurement van. (Panel B) The patient’s arm is placed in an arm
rest and the wrist aligned with the axis of rotation of the wrist manipulator; the hand and arm are held in place with Velcro straps.
(Panel C) Two-second segment of the position perturbation. The position perturbation is a sum of sinusoids with a decreasing value of

the power with frequency.

Data Processing. All EEG data processing was performed
in Matlab 2012b (The MathWorks, Inc, Natick, MA,
USA) using the Fieldtrip toolbox for EEG analysis.'® Sta-
tistical comparisons were performed using IBM SPSS
statistics, v22 (IBM Corporation, Armonk, NY, USA).
MLwiN (2.28) was used for the mixed model analysis
(Centre for Multilevel Modelling, University of Bristol,
Bristol, UK).

EEG Signal Preprocessing. EEG signals were filtered with a
high-pass second-order Butterworth filter with a cutoff fre-
quency of 1 Hz to remove the linear trend and inspected
for large artifacts, which were removed from the data. Sub-
sequently the signals were band stop filtered between 49 and
51 Hz and its multiples with a second order Butterworth fil-
ter in both directions. Channels with no or very poor data
quality were interpolated using a weighted method. An inde-
pendent component analysis was applied to remove eye
blink components based on the signal characteristic and
topography. Components with a median frequency =60 Hz
were considered EMG artifacts and removed. Signals were
then manually inspected for remaining artifacts, which were
removed from the data, and were divided into epochs of one
second with 75% overlap.

Position-Cortical Coherence. The EEG segments were multi-
plied with a Hamming window and transformed to the

frequency domain by a fast Fourier transformation. The
power spectral density (PSD,CDxx( f )) and cross spectral
density (CSD,(ny( f )) were estimated.

1 -
(Dxx(f)zﬁ;Xl (f).Xl(f) (1)

1
o ()= 2K (1)) @
Subsequently, the (magnitude-squared) coherence

(ny ( f )) was calculated:
2, (1)
f)= (3)
=5 (e, )

PCC was calculated as the coherence between the measured
perturbation signal and each EEG channel at the perturbed
frequencies. The confidence limit (CL) was determined
using an approximation method for overlapping segments,
in which ¢ was set at .01 to achieve a confidence level of
99%.'*?° The number of frequencies where the PCC ampli-
tude exceeded the 99% confidence interval per electrode
was taken and summed across the electrodes overlapping
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the contralateral (affected) sensorimotor area, which con-
sisted of the electrodes FC1, FC3, FC5, C1, C3, C5, CPI,
CP3, and CPS5 for the left sensorimotor area and its equiva-
lents for the right hemisphere. This sum was expressed as a
percentage of the total number of 63 frequency bins, repre-
senting the percentage presence of PCC (%PCC). The
amplitude of the mean significant PCC was calculated over
the sensorimotor area of the affected (Amp-A) and the non-
affected hemisphere (Amp-N). A lateralization index
(L-index) was calculated to evaluate if the PCC was more
lateralized towards the affected hemisphere (L-index >1)
or towards the nonaffected hemisphere (L-index <1).

L-index = 1 +log10(Amp-A)—1logl0(Amp-N) (4)

Clinical Measurements and Subgrouping of Patients. The Fugl-
Meyer motor assessment of the upper extremity (FM-UE)*!
and the Erasmus modification of the Nottingham Sensory
Assessment (EmNSA)® were used as measures of motor
function and somatosensory function. Since the mechanical
perturbation via the manipulator was applied to the wrist,
only the test items for hand and finger somatosensory func-
tion were used (EmNSA-HF; maximal score of 20 points)
for comparisons.

Patients were classified based on the amount of spon-
taneous neurobiological recovery they showed. The pro-
portional recovery model*** defined as: 0.7 - (66 — initial
score FM-UE) + 0.4, was used to determine the
expected amount of spontaneous neurobiological recov-
ery over time. Based on this expected improvement,
patients who showed and patients who failed to show
spontaneous neurobiological recovery (recoverers and
non-recoverers), were distinguished by means of a hierar-
chical cluster analysis using Mahalanobis distances.* The
categorization into low- and high-baseline was made
based on the FM-UE baseline score, with a cutoff of 18
points, which was found to characterize non-recoverers in
the study by Winters et al.*

Retrospectively, we distinguished 3 motor recovery sub-
groups: (1) patients with an initial score of 18 points or
higher on the FM-UE, who were expected to and showed
spontancous recovery (high-baseline recoverers); (2)
patients with an initial score less than 18 points on the
FM-UE, who nevertheless showed spontaneous recovery
(low-baseline recoverers); and (3) patients with an initial
score less than 18 points on the FM-UE, who fail to show
spontaneous recovery (non-recoverers).

Statistics

Normality was examined by inspecting the histograms,
g-q plots and Z-scores for skewness and kurtosis of the

data, or the residuals when appropriate. A natural log
transformation was applied when these assumptions were
not met. If this transformation was not sufficient, or in the
case of ordinal or nominal data, a nonparametric test was
used. The significance level o was set 2-tailed at .05.

To examine the longitudinal change in the four PCC
parameters over time, a mixed-model analysis was per-
formed. EmNSA-HF and FM-UE were added to the model
as a second step. A 10% change in effect estimates (B-values)
was considered an improvement to the model.?

The longitudinal association of the 4 PCC parameters
with EmNSA and FM-UE was examined using a second
mixed-model analysis. We tested for possible interaction
effects between measurement time point and EmNSA-HF
as well as between time point and FM-UE.

A third association model was used to examine the relation
between the PCC parameters and the different motor recovery
subgroups, that is, high- and low-baseline recoverers and non-
recoverers. EmMNSA-HF and measurement time points were
tested for possible confounding and interaction effects.

In the fourth model, EmNSA-HF was taken as an out-
come variable to examine the fixed effects between motor
recovery subgroups over time and between subjects.

Differences in characteristics and baseline parameters
between motor recovery subgroups were tested with a 1-way
analysis of variance model in the case of continuous normally
distributed data, with a Bonferroni correction for post hoc
analysis. The Kruskal-Wallis test was used for ordinal data,
with a Mann-Whitney U'test for post hoc analysis. Categorical/
nominal variables were tested with Pearson’s chi-square, a 2
X 2 cross table was used for post hoc analysis.

Results

Forty-eight of the 1951 screened patients were included
for this prospective cohort study. During follow-up, 4
patients withdrew from the study. Among the 44 remain-
ing patients, 165 measurements were performed. One
EEG measurement was missing in 11 patients with an
additional missing of clinical measurement in 2 of these
patients. See Figure 1 for a flowchart. EEG data quality
was not sufficient to calculate the parameters for 3 mea-
surements in 1 patient and for 1 measurement in 1 other
patient. In 17 of the 165 measurements, 1 channel, and in
5 measurements, 2 channels were interpolated in the
affected sensorimotor area from which PCC was calcu-
lated. This concerned 13 different patients. In 3 patients,
the same channel was interpolated in 2 measurements. An
example of the measured signals and their quality is dis-
played in Supplementary Figure 1. In 1 patient,
EmNSA-HF could not be measured correctly due to fail-
ure to understand the instructions. Baseline characteristics
of the study population are displayed in Table 1.



Zandvliet et al.

349

Table I. Subject Characteristics at Baseline.”

Number of patients analyzed 44
Time between stroke and baseline 13.4 (5.3)
measurement (days)®
Age (y)° 64.5 (11.9)
Weight (kg)° 82 (17.2)
Height (m)° 1.74 (0.1)
Gender, male/female (n)* 28/16
Affected hemisphere, right/left (n)° 26/18
Bamford classification, LACI/PACI/TACI (n)* 24/16/4
Lesion location, cortical/subcortical/ 36/6/2
unknown (n)°
CIRS 4 (2-6)
NIHSS 5.5 (3-8)
FM-UE at baseline 20.5 (7-2.75)
FM-UE at 6 months poststroke 54.5 (18-62.75)
ARAT at baseline 3 (0-27.75)
ARAT at 6 months poststroke 50 (3-57)
EmNSA-hand and finger at baseline 18 (16-20)
EmNSA-hand and finger at 6 months 20 (19-20)
poststroke
MI-UE at baseline 39 (9-65)
MI-UE at 6 months poststroke 53 (28-80)
MI-LE at baseline 76 (39-89.25)
MI-LE at 6 months poststroke 80 (58-100)

Abbreviations: LACI, lacunar infarct; PACI, partial anterior circulation
infarct; TACI, total anterior circulation infarct; CIRS, Cumulative lliness
Rating Scale; NIHSS, National Institutes of Health Stroke Scale; FM-UE,
Fugl-Meyer motor assessment of the upper extremity; ARAT, Action
Research Arm Test; EMNSA, Erasmus modification of the Nottingham
Sensory Assessment; MI, motricity Index; LE, lower extremity;

UE, upper extremity.

*Characteristics and baseline values of all 44 patients. Unless mentioned
otherwise, median and interquartile range are listed for each variable.
Baseline is the first measurement of each subject within three weeks
poststroke.

®Continuous variable, mean and standard deviation are listed.
“Categorical/nominal variable, number of patients are listed.

Changes in PCC Over Time

The association model for %PCC (Table 2) revealed a sig-
nificantly higher %PCC at the 12-week measurement time
point; mean (M) = 97.4%, standard deviation (SD) =
2.7%, as compared with baseline, M = 95.8%, SD = 3.7%,
95% confidence interval (CI) = 0.32 to 2.86, P = .01.
These differences were no longer significant when the
model was longitudinally corrected for EmNSA-HF and
FM-UE.

No significant differences were found between the
baseline and the other measurement time points, or
between the 12- and 26-week measurements; M = 96.9%,
SD = 2.7, = —0.50, CI = —1.77 t0 0.77, P = .44. Amp-
A, Amp-N, and L-index did not differ significantly
between measurement time points (see Table 2 and
Supplementary Figure 2).

Association of PCC with EmNSA-HF and FM-UE

A significant positive association was found between
%PCC and EmNSA-HF; 3 = 0.14, CI = 0.02 t0 0.26, P =
.02. The fixed effect estimate 3 for EmMNSA-HF changed by
more than 10%, to B = 0.12, CI = 0.00 to 0.25, P = .047,
when measurement time was added to the model (see Table
3). No interaction effects were found between measurement
time points and EmNSA-HF (Figure 4).

A significant positive association was also found between
Amp-A and EmNSA-HF; B = 1.02 (ratio due to log-trans-
formation), CI = 1.00 to 1.03, P = .01. Including measure-
ment time as a covariate did not change this model. No
interaction effects were found between measurement time
points and EmNSA-HF (Figure 4).

%PCC and Amp-A were not associated with FM-UE.
While Amp-N and FM-UE were significantly associated,;
B = 1.00 (ratio due to log-transformation), CI = 1.00 to
1.00, P = .046. This association remained significant when
measurement time was added to the model. The positive
association found between Amp-N and EmNSA-HF; =
1.01 (ratio due to log-transformation), CI = 1.00 to 1.02,
P = .046, did not change when corrected for measurement
time. No interaction effects were found.

No association was found between L-index and FM-UE or
EmNSA-HF (Table 3 and Supplementary Figures 3 and 4).

Subgroups of Motor Recovery Patterns

Of the 44 patients, 31 showed spontaneous recovery and
were classified as recoverers. Eight of these recoverers
started with a FM-UE score lower than 18 and were catego-
rized as low-baseline recoverers. The remaining 23 patients
had a FM-UE score of 18 points or higher at baseline and
were categorized as high-baseline recoverers. Thirteen
patients were classified as non-recoverers, all of them having
a FM-UE score lower than 18 points at baseline (Figure 3).

Baseline Characteristics of Patient Subgroups

Differences between high-baseline recoverers, low-baseline
recoverers and non-recoverers are presented in Table 4. Non-
recoverers and low-baseline recoverers significantly differed
only by their affected hemisphere; non-recoverers: 9 right-
versus 4 left-sided affected; low-baseline recoverers: 1 right-
versus 7 left-sided, P = .01, and on the motricity index of the
lower extremity; non-recoverers: median = 28, interquartile
range (IQR) = 4.5 to 39.5, low-baseline recoverers: median
= 53, IQR = 31.5t0 68.5, P = .05 (Table 4).

Association of EmNSA-HF With Motor Recovery
Subgroups

EmNSA-HF showed a significantly lower value in non-
recoverers: M = 15.37, SD = 6.24 as compared with
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Figure 3. Cluster analysis to distinguish recovery groups.

The proportional recovery model displaying the measured improvement on the Fugl-Meyer motor assessment of the upper extremity (FM-UE) relative
to the predicted improvement of FM-UE at 6 months poststroke = 0.7 X (66-FM-UE_baseline) + 0.4. A cluster analysis was used to distinguish
between recoverers and non-recoverers. Subjects with a baseline score =18 points on the FM-UE were classified as having a high-baseline (HB),
(high-baseline recoverers in green), while subjects with <18 points on the FM-UE were classified as having a low-baseline (LB). Eight of these patients
were classified as recoverers (low-baseline recovers in blue). Thirteen patients were classified as non-recoverers (in red). In of case overlapping data
points, the numbers are indicated. The B panel shows the hierarchical cluster analysis in which green indicates the fitters and red the non-fitters to the

proportional recovery model.

low-baseline recoverers: M = 19.13, SD = 1.65; B =
—3.38, CI = —4.73 to —2.02, P < .001 and compared with
high-baseline recoverers M = 18.75, SD = 2.59; B =
—3.76, CI = =5.51 to —2.01, P < .001.

Association of PCC Measures With Motor
Recovery Subgroups

A significantly higher %PCC was found in the low-baseline,
M = 98.0, SD = 2.2, as compared with the high-baseline
recoverers: M = 96.2, SD = 3.0, = 1.75 CI = 042 to
3.08, P = .01. A nonsignificantly lower %PCC was found in
the non-recoverers: M = 96.7, SD = 3.7, as compared with
low-baseline recoverers; f = —1.25, CI = -2.71 to 0.21,
P = .09. No difference was found between high-baseline
recoverers and non-recoverers. EmNSA-HF as a covariate
improved the model, this correction attenuated the differ-
ence between low-baseline recoverers and non-recoverers
(Table 5 and Figure 4).

A lower Amp-A was found in non-recoverers, median
= 0.11, IQR = 0.09 to 0.14, as compared with low-base-
line recoverers, median = 0.14, IQR = 0.1 to 0.2; B =
0.86 (ratio due to log-transformation), CI = 0.76 to 0.99,

P = .03. A nonsignificantly higher Amp-A was found in
low-baseline recoverers as compared with high-baseline
recoverers: median = 0.11, IQR = 0.10t0 0.14; B = 1.12,
CI =0.99to 1.26, P = .09.

No difference in Amp-A was found between high-base-
line recoverers and non-recoverers. Measurement time as a
covariate did not change the model by 10% or more
(Table 5 and Figure 4). No difference in Amp-N was found
between the subgroups.

A significantly lower L-index was found in non-recov-
erers: M = 0.97, SD = 0.13 as compared with low-base-
line recoverers: M = 1.05, SD = 0.13, B = -0.08, CI =
—0.14 to —0.02, P = .01, as well as among high-baseline
recoverers: M = 0.96, SD = (.14 as compared with low-
baseline recoverers, f = 0.08, CI = 0.03 to 0.14, P =
.003. Adding EmNSA-HF as a covariate did not influence
these differences (Table 5 and Supplementary Figure 3).

Discussion

We conducted a longitudinal cohort study with repetitive
measurements at fixed time points poststroke combining
EEG with clinical measures of sensorimotor function of
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Figure 4. Percentage of significant PCC (%PCC) and amplitude of PCC in the affected hemisphere in the recovery groups, over time
and in relation with EMNSA-HF. (Panel A) %PCC of the electrodes over the affected hemisphere over time. (Panel B) % PCC versus
the EmNSA-HF. (Panel C) Mean amplitude of PCC of all electrodes overlapping the sensorimotor cortex of the affected hemisphere

over time. (Panel D) Amplitude of PCC versus the EmMNSA-HF.

Position cortical coherence (PCC) calculated for the electrodes overlapping the sensorimotor cortex for high-baseline recoverers (HB-recoverers),
low-baseline recoverers (LB-recoverers) and non-recoverers, at baseline and at 5, 12, and 26 weeks poststroke. The Erasmus modification of the
Nottingham Sensory Assessment of the hand and fingers (EmNSA-HF) was measured at the same time points. Error bars indicate the standard error of

the mean.

the upper limb after stroke. We found a significant differ-
ence between percentage of position cortical coherence
(%PCC) at baseline and at 12 weeks poststroke, a differ-
ence that attenuated after correction for level of somato-
sensory and motor impairment. No significant difference
was found between the 12- and 26-week measurements or
between the baseline and 26-week measurements. This
time window of 12 weeks poststroke is in line with mecha-
nisms of spontaneous neurobiological recovery, which is
predominant in the first 5 to 8 weeks poststroke.>** We
therefore confirm our first hypothesis that %PCC changes
over time as a reflection of spontaneous neurobiological
recovery. This result also confirms the need for repetitive
measurements to quantify the nonlinear time-dependent
dynamics of cortical markers in the recovery of upper limb
function after stroke.”® The significant positive longitudi-
nal relation found between %PCC and EmNSA-HF, Amp-
A, and EmNSA-HF and between Amp-N and EmNSA-HF
confirms the longitudinal construct validity of %PCC and
Amp-A as a measure of afferent pathway integrity.

We found a significant association between motor func-
tion in terms of FM-UE score and Amp-N, while the other
measures did not show this association. The present result is
therefore not in line with an earlier cross-sectional study,'
which found a significantly higher %PCC in the group of
patients with FM-UE scores >18 points as compared with
the more severely affected patients. The lower overall
%PCC, ranging from 35% to 95%"* compared with the 85%
to 100% range found in our study may be explained by the
differences in artifact removal, since we used independent
component analysis and interpolated poor data channels.

We found a significant association between Amp-N and
FM-UE, irrespective of the time of assessment poststroke.
Interestingly, we found no difference between motor recov-
ery subgroups (high-baseline recoverers, low-baseline
recoverers, and non-recoverers). Although the L-index
showed no association with FM-UE nor with EmNSA-HF,
the L-index did show significant more lateralization
toward the affected hemisphere in the low-baseline recov-
erers, while the expected and non-recoverers showed
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lateralization toward the nonaffected hemisphere. Unlike
%PCC and Amp-A, these differences could not be explained
by differences in EmNSA-HF. It is therefore unclear what
exactly is represented by the L-index and Amp-N.

A total of 70.5% of the included patients in this study
showed spontaneous neurobiological recovery, including
all patients with a FM-UE score of 18 points or higher at
baseline, which is comparable to previously studies.*** The
longitudinal association between EmNSA-HF and the sub-
groups revealed a significantly higher EmMNSA-HF in both
low and high-baseline recoverers as compared to the non-
recoverers, and no difference between the low and high-
baseline recoverers.

We could not confirm our third hypothesis that PCC
would be lower in non-recoverers compared with recoverers
and would not differ between high- and low-baseline recov-
erers. The expected construct of %PCC, representing solely
the integrity of afferent pathways may therefore be incom-
plete. A possible explanation for the lower values of %PCC
in both the non-recoverers and the high-baseline recoverers
could be that %PCC also reflects enhanced activity of corti-
cal networks next to representing afferent pathway integrity.
A decrease in beta-rebound, that is, an increase in cortical
excitability, in response to tactile finger stimulation and pas-
sive finger movement, has been previously linked to better
functional outcome.'>*® Possibly this increased cortical
excitability may only be needed after stroke when motor
function is severely affected, this compensatory mechanism
might then be failing in the non-recoverers.

Parkkonen et al'? used passive finger movements to
evoke cortical responses, a task comparable to that is used
in our study, in a cohort of 23 patients who were measured
within 1 week and at 1 month and 1 year poststroke. In
addition to a significant positive correlation between corti-
cal excitability (decrease in beta-rebound measured with
magnetoencephalography) and functional outcome, a
decrease in cortical excitability was found over time, which
correlated with functional recovery.'? It is possible that in
our study, a normalization of cortical excitability had
already occurred in the high-baseline recoverers before the
first measurement within 3 weeks, reflected by a lower
%PCC, paralleling their functional recovery.

Nicolo et al’’ suggested that the association between
coherence measures of functional connectivity and clinical
improvement after stroke might reflect neurotransmitter
changes, and that GABAergic processes in particular are
reflected in the beta band. Our perturbation signal was
largely within the beta band range, therefore PCC might
reflect a similar process. Our study provides evidence that
cortical excitability as well as afferent pathway integrity
might be contained in %PCC. Establishing the direct link
between EEG markers and synaptic processes requires fur-
ther research that can bridge the gap between animal mod-
els and early poststroke studies in humans.”®

To the best of our knowledge, this study is the largest
prospectively conducted cohort study on EEG and upper
limb function in stroke so far. The study incurred only a few
dropouts and missing serial EEG measurements. The high
compliance may be attributable to the use of a measurement
van allowing to collect high-quality data. No differences
between the group measured in the hospital and the van for
all 4 PCC parameters were found, and data quality was
comparable. The measurement van could be a promising
way to measure patients in their local community, which
reduces burden and costs. It may be a new way to explore
the longitudinal relationship between derivatives of brain
plasticity, such as EEG, and clinical somatosensory and
motor recovery very early poststroke. Importantly, differ-
ences in timing of assessments could be avoided as was rec-
ommended by the Stroke Recovery and Rehabilitation
Roundtable task force.”

Limitations and Future Directions

Four different outcome parameters of PCC were calculated
for this study and tested in separate mixed-model analysis.
No adjustment for multiple comparisons was made since
most results were obtained from one model and the conclu-
sions of the article were not based on single significant
result. Values displayed in Tables 4 and 5 should be inter-
preted as such.

Our study included significantly more patients with a
subcortical lesion in the high compared to the low-baseline
recoverers, while no significant difference was found
between the non-recoverers and recoverers. We recommend
for future studies to make magnetic resonance imaging
scans several months after stroke to provide detailed infor-
mation with respect to the exact lesion volume and location,
to explain individual differences in recovery. It could be
informative to compare anatomical afferent pathway integ-
rity by diffusion tensor images with functional alternation
measured with EEG."

The presence of PCC and the Amp-A (PCC amplitude of
the affected hemisphere) show generally the same pattern
in the association models. The small range of 16% at base-
line (from 84% to 100%), with 6 out of the 44 patients at
100% PCC, suggests a ceiling effect of %PCC. %PCC
indicates whether or not coherence is detected in specific
electrodes and frequency bins. As such, it may be more a
dichotomous than a continuous measure. In contrast,
Amp-A is more sensitive to changes and not restricted by a
ceiling effect; however, it is more prone to noise than
%PCC. Future studies are needed to improve the reliability
of Amp-A, for example, by converting the signals from an
electrode to a source level. Analyzing Amp-A on a source
level, if successful, would also resolve the multiple com-
parison problem that generally exists when analyses are
performed on an electrode level.
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PCC quantifies only the linear response while Vlaar
et al’® have shown that only about 20% of the cortical
response can be found on the perturbed frequencies and can
therefore be quantified as linear. The perturbation signal was
designed to be able to investigate the nonlinear responses,
yet a linear approach was the first choice to investigate lon-
gitudinal changes of neural pathways. Nonlinear coherence
measures may yield further information on the response to a
wrist joint perturbation in the highly nonlinear closed-loop
afferent pathway system, which would be interesting to
study in patients with a stroke.”!

Other neurophysiological measures to study afferent
pathway integrity poststroke were proposed such as mus-
cle stretch evoked potentials (StrEP).** In a cross-sectional
study, this particular marker was found to be consistent
across conditions and sessions; however, it was found not
to differ significantly between patients with good and poor
motor recovery.'**? While the ultimate marker for afferent
pathway integrity has not yet been found, longitudinal
studies are needed to evaluate possible markers in post-
stroke recovery that have shown good reproducibility.
Potential biomarkers for afferent pathway integrity, like
PCC, StrEP, median nerve stimulation and other emerging
methods, should be compared and evaluated in longitudi-
nal studies.

Patients with an initially mild to moderate impairment,
classified as having a high-baseline on the FM-UE of 18
points or more, all complied with the proportional recovery
model of Prabhakaran et al.”* Note that the variability in this
group is likely to be larger than the proportional recovery
model suggests.”

Of the clinical assessments, only lower extremity func-
tion, expressed in the Motricity Index, was found to differ
significantly between non-recoverers and low-baseline
recoverers, while the EmNSA-HF did not differ between
subgroups at baseline. To show the construct validity of the
%PCC and Amp-A as a measure of afferent pathway integ-
rity, also patients with a maximal score on the EmNSA-HF
(13 out of 44 patients), were included in the current
dataset.

In order for %PCC or Amp-A to be of clinical use, it
needs to be able to correctly predict individual recovery
poststroke, which is not yet feasible at this moment. More
advanced analyses, such as the nonlinear dynamics of the
signal and source localization, need to be explored to better
understand the biological meaning of PCC and differentiate
between the information it contains on afferent pathway
integrity and cortical excitability.

Conclusions

EEG-derived percentage of PCC (%PCC) showed a change
over time in line with processes of spontaneous neurobio-
logical recovery. We demonstrated the longitudinal

construct validity of %PCC and Amp-A as measures of
afferent pathway integrity.

However, a higher %PCC in low-baseline recoverers
compared with non-recoverers and high-baseline recover-
ers suggests that this biomarker may also contain informa-
tion on cortical excitability next to afferent pathway
integrity. More efforts are needed to distinguish these pro-
cesses before %PCC and Amp-A can be used as biomarkers
for predicting poststroke motor recovery.
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