doi: 10.1093/braincomms/fcab097 BRAIN COMMUNICATIONS 2021: Page 1 of 10 | I

Early parietofrontal network upregulation
relates to future persistent deficits after
severe stroke—a prospective cohort study

Winifried Backhaus,T Hanna BraaB,Jr Focko L. Higgen, Christian Gerloff and
Robert Schulz'

1 These authors contributed equally to this work.

Recent brain imaging has evidenced that parietofrontal networks show alterations after stroke which also relate to motor recovery processes.
There is converging evidence for an upregulation of parietofrontal coupling between parietal brain regions and frontal motor cortices. The
majority of studies though have included only moderately to mildly affected patients, particularly in the subacute or chronic stage. Whether
these network alterations will also be present in severely affected patients and early after stroke and whether such information can improve
correlative models to infer motor recovery remains unclear. In this prospective cohort study, 19 severely affected first-ever stroke patients
(mean age 74 years, 12 females) were analysed which underwent resting-state functional MRI and clinical testing during the initial week after
the event. Clinical evaluation of neurological and motor impairment as well as global disability was repeated after three and six months.
Nineteen healthy participants of similar age and gender were also recruited. MRI data were used to calculate functional connectivity values
between the ipsilesional primary motor cortex, the ventral premotor cortex, the supplementary motor area and the anterior and caudal intra-
parietal sulcus of the ipsilesional hemisphere. Linear regression models were estimated to compare parietofrontal functional connectivity be-
tween stroke patients and healthy controls and to relate them to motor recovery. The main finding was a significant increase in ipsilesional
parietofrontal coupling between anterior intraparietal sulcus and the primary motor cortex in severely affected stroke patients (P < 0.003).
This upregulation significantly contributed to correlative models explaining variability in subsequent neurological and global disability as
quantified by National Institute of Health Stroke Scale and modified Rankin Scale, respectively. Patients with increased parietofrontal cou-
pling in the acute stage showed higher levels of persistent deficits in the late subacute stage of recovery (P < 0.05). This study provides novel
insights that parietofrontal networks of the ipsilesional hemisphere undergo neuroplastic alteration already very early after severe motor
stroke. The association between early parietofrontal upregulation and future levels of persistent functional deficits and dependence from help
in daily living might be useful in models to enhance clinical neurorehabilitative decision making.
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Future deficits
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Increased Functional Connectivity
After Stroke between Primary Motor Cortex (M1) and
Anterior Intraparietal Sulcus (AIPS)

Introduction

Neuroimaging studies have significantly enhanced our
understanding of time- and recovery-dependent alterations
of local brain activation and inter-regional connectivity
after ischaemic stroke. Earlier work has
focussed on key areas of the frontal motor network,
including the primary motor cortex (M1), the dorsal and
ventral premotor cortices (PMC), and the supplementary
motor area (SMA).1?

Compared to this network, there is still limited know-
ledge of the extent to which posterior parietal cortices
(PPC) and their interactions, particularly with frontal
motor regions, might be altered after stroke and influence
recovery processes. Studies in healthy participants had al-
ready evidenced that the PPC and its pathways linking
different secondary motor areas, e.g. along the anterior
intraparietal sulcus (AIPS) and caudal intraparietal sulcus
(CIPS), with PMC and M1 influence cortical excitability
of key motor areas™ and mediate skilled voluntary
movements, such as reaching and grasping and using
objects and tools.>® Several functional MRI and EEG
analyses have aimed to explore stroke-related alterations
of parietofrontal networks and their influence on residual
motor functioning, recovery processes and training gains
after stroke.”'” For instance, in terms of resting-state
functional MRI, Wang et al. observed a gradually
increasing functional connectivity (FC) between the ipsile-
sional M1 and the contralesional superior parietal lob-
ule."' Later, Park et al. reported on the temporal patterns
of parietofrontal FC alterations after stroke.'> A seed-
based analysis from ipsilesional M1 revealed decreased
FC to contralesional PPC areas at onset, but increased
coupling estimates for ipsilesional PPC after one and six
months.'? An increased parietofrontal coupling between
PPC and ipsilesional M1 has also been reported in chron-
ic stroke patients.'”> However, significant associations

primarily

with behavioural aspects were not detected. More recent
functional MRI' and EEG analyses'> on movement-
related brain activation in chronic well-recovered stroke
patients have similarly indicated an upregulation of parie-
tofrontal coupling. Specifically, the data indicated that
increased FC was particularly found in more impaired
patients, potentially reflecting the brain’s attempt to re-
cruit additional parietal brain regions to compensate for
motor network disruption.

Importantly, the majority of studies on parietofrontal
network alterations after stroke were based on moderate
to mildly affected patients, particularly in the subacute or
chronic recovery stage. To what extent the previous find-
ings will hold true at all in severely affected patients and
whether such changes in parietofrontal coupling might be
already detectable in the first days after stroke remains
unclear. Moreover, particularly concerning more recent
findings of task-related connectivity analyses,'®'® the
question arises whether parietofrontal upregulation is
solely found under specific visuomotor grip task condi-
tions in active brain states or whether it will already be
present in the resting brain. Ultimately, whether early
parietofrontal coupling information can improve correla-
tive models to infer subsequent motor recovery awaits
further investigation.

The present study was designed to explore stroke-related
alterations of parietofrontal connectivity further. First-ever
ischaemic stroke patients with severe motor deficits under-
went early resting-state functional MRI to address FC of
the ipsilesional parietofrontal motor network comprising
M1, PMV, SMA, AIPS and CIPS'* and longitudinal clinic-
al testing up to sixmonths after stroke. Inter-regional FC
was compared to healthy participants of similar age and
gender and related to clinical measures of motor recovery.
We hypothesized to detect significant alterations of parieto-
frontal network connectivity early after stroke and that the
connectivity measures would relate to future deficits.



Parietofrontal upregulation after severe stroke

Materials and methods

In total, thirty severely affected first-ever stroke patients
admitted to the University Medical Center Hamburg-
Eppendorf were consecutively recruited between 10/2017
and 02/2020 and enrolled in this prospective cohort
study. The study was approved by the local ethical com-
mission (PV5442). Acute stroke patients (3—14 days after
the incident), either still treated on the stroke unit or al-
ready relocated to the neurological ward, were included
according to the following criteria: first-ever ischaemic
stroke causing a severe motor deficit involving hand func-
tion, modified Rankin Scale (MRS) > 3 or Barthel index
(BI) < 30 or ‘early rehabilitation’ Barthel Index'® <30
and age >18years. They provided informed consent
themselves or via a legal guardian, following the ethical
Declaration of Helsinki. Patients with pre-existing clinical-
ly silent brain lesions >1cm?>, pre-existing motor deficits,
contraindications for MRI, psychiatric disease or drug
abuse, or when German language skills were non-suffi-
cient to understand the goal and implications of the
study could not participate. A flow diagram of patient re-
cruitment and study participation is given in
Supplementary material. The patients underwent extensive
longitudinal behavioural evaluation during the initial hos-
pitalization (day 4-14) and the late sub-acute phase,'”
after three and six months. Standardized tests included
the National Institutes of Health Stroke Scale (NIHSS),
the Fugl Meyer Assessment of the upper extremity
(UEFM), the MRS and the BL Structural and resting-state
functional MRI was also performed during the initial
hospitalization. All patients were matched with healthy
control participants, without any neurological damage
unrelated to healthy ageing, according to age and sex.
All patients and controls were right-handed.

A 3T Skyra MRI scanner (Siemens, Erlangen, Germany)
and a 32-channel head coil were used to acquire multi-
modal imaging data, including structural high-resolution
Ti-weighted images and functional resting-state images.
For the T;-weighted sequence, a three-dimensional mag-
netization-prepared rapid gradient echo (3 D-MPRAGE)
sequence was used with the following parameters: repeti-
tion time (TR) = 2500ms, echo time (TE) = 2.12ms,
flip angle 9°, 256 coronal slices with a voxel size of 0.8
x 0.8 x 0.9mm?, field of view (FOV) = 240 mm. The
resting-state fMRI parameters for blood oxygenation level
dependent (BOLD) contrasts were FOV=260mm,
TR=2s, TE=30ms, a 72 x 72 x 32 matrix, voxel size
3 x 3 x 3mm’, flip angle 90°, and 210 images. Before
the resting-state scans, the participants were asked to
focus on a black cross located behind the scanner, which
could be viewed via a mirror. For the T,-weighted
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images, a fluid attenuated inversion recovery sequence
was used with the following parameters: TR =9000 ms,
TE=86 ms, TI=2500 ms, flip angle 150°, 43 transversal
slices with a voxel size of 0.7 x 0.7 x 3.0mm°,
FOV =230mm. For the T,*-weighted images, the follow-
ing parameters were used: TR =4700 ms, TE =392 ms,
TI=1800 ms, 192 sagittal slices with a voxel size of 0.8

x 0.8 x 0.9mm?>, FOV =240 mm.

Stroke lesions were masked in a semiautomatic fashion'®

onto native T;-weighted images utilizing the lesion infor-
mation from the Tj-weighted, the T2star, and T2w
images, if available. All resting-state fMRI- and T,-images
with right-sided stroke lesions were flipped to the left
hemisphere in a first step. This hemispheric flip was per-
formed in the respective matched controls to account for
the distribution of stroke lesions to the dominant and
non-dominant hemispheres, in line with our previous
studies."”

The default pre-processing pipeline for volume-based
analysis within the CONN-toolbox v19.2 (SPM 12) was
used for resting state fMRI images.”’ The first ten vol-
umes were discarded to account for magnetization equi-
librium effects. During the initial pre-processing, all
functional images were realigned (motion corrected), cen-
tred, slice time corrected, corrected for motion artefacts
using the artefact detection tools (ART), and co-registered
to their corresponding Ti-weighted images. Images were
identified as outliers if the head movement (in direction
x, y, g) was more than five standard deviations from the
mean intensity of the entire run or outside a 97th per-
centile threshold. All structural images were then centred
and segmented into cerebrospinal fluid, grey and white
matter, and spatially normalized to the Montreal
Neurological Institute (MNI) template. Functional images
were then normalized to MNI space using the deform-
ation field from the corresponding structural images and
spatially smoothed to allow for better registration and re-
duction of noise using a 6 mm full width at half max-
imum (FWHM) Gaussian kernel. After registration, every
image was visually checked for possible registration
errors due to the large stroke lesions. After pre-process-
ing, motion parameters were derived from rigid-body re-
alignment and their derivatives. Five potential noise
components (average BOLD signal and the first four
components in a principle component analysis of the co-
variance within the subspace orthogonal to the average
BOLD signal) derived from cerebrospinal fluid and white
matter using the aCompCor (anatomical component-
based noise correction) procedure’’ were regressed from
the signal. The analyses did not include global signal re-
gression to avoid potential false anti-correlations.**

The selected ipsilesional motor network,'*'* consisted
of five central nodes. These were included as regions of
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interest (ROI) using spherical seeds with a radius of
Smm, defined in MNI, for M1 (=38, —22, 54), SMA
(—6, —4, 57), PMV (=54, 6, 32), AIPS (—38, —43, 52)
and CIPS (—21, —64, 55). The mean BOLD signal time
course, extracted from every ROI, was band-pass filtered
between 0.008 Hz and 0.1Hz to focus on slow-frequency
fluctuations”>** and used within an ROI-to-ROI analysis.
For ROI-to-ROI analysis, the Fisher-transformed bivariate
correlation coefficients (FC values) between each pair of
ROI-BOLD-signals were calculated and used for further
analysis.

Statistical analyses of FC values and behavioural data
were performed in R*° (version 3.6.2). For within-group
analyses, the null-hypothesis for each connection was
tested per group by applying one-sample #-tests against
zero. For between-group analysis, linear models were esti-
mated with FC values as the dependent variable (DV),
GROUP as factor of interest and AGE as a covariate. P-
values were corrected for multiple comparisons applying
the false-discovery rate (FDR) correction.”® To describe
time-dependent changes of clinical parameters (NIHSS,
UEFM, MRS and BI), linear-mixed effects models with
repeated measures were fitted with TIME as the factor of
interest, ID as random effect. If available, the 3 months’
follow-up point was used, otherwise clinical data after
6 months were used. To relate FC values to clinical data,
we constructed individual linear models with NIHSS/
UEFM/MRS/BI at follow-up (T,/3) as the DV and the ini-
tial deficit at Ty, FC as the predictor or interest and FU-
TIME and AGE as covariates to adjust the target effects.
Stepwise backward model simplification based on
Akaike-Information-Criterion (AIC) was used to simplify
the final correlative models. Model results are presented
by predictor coefficients with their significances and over-
all explained variance of the final models. Statistical sig-
nificance was set to a P-value of <0.05.

Although there are data sharing restrictions imposed by
the ethical review board, data will be made available
upon reasonable request, which includes submitting an
analysis plan for a secondary project.

Results

Of the initial thirty patients, eleven patients had to be
excluded due to lack of functional MRI data or insuffi-
cient data quality. Nineteen patients (12 females, all
right-handed, aged 75.3 £7.3years, mean = SD) were
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finally included in the analysis. Clinical characteristics are
given in Table 1. Early clinical examination was con-
ducted on average on day 7 (mode day 5, range 3-13)
after stroke, LSA follow-up data were derived from clin-
ical examination after 128 days on average (mode 89,
range 86-217, for T, and T; contributing to LSA see
Table 1). Linear mixed-effects models evidenced signifi-
cant functional improvements over time in NIHSS
(P<0.001), UEFM (P <0.001), MRS (P <0.001) and BI
(P <0.001). Figure 1 gives a topographic map of the dis-
tribution of stroke lesions. This figure also illustrates the
ROIs of the ipsilesional parietofrontal motor network
investigated in relation to the stroke lesions.

Within-group analysis showed a significant coupling
in the connections PMV-M1, SMA-M1, AIPS-M1 and
CIPS-AIPS in stroke patients and healthy controls (Table
2, Fig. 2). Additionally, stroke patients exhibited signifi-
cant coupling estimates for SMA-PMV, AIPS-PMV, and
CIPS-PMV and control subjects for CIPS-M1. However,
between-group analyses did not reveal a significant
group difference for these connections. For ipsilesional
AIPS-M1, there was a significant increase in FC in the
acute stroke patients (mean 0.35) compared to healthy
controls [mean 0.14, F(1,35) = 10.4, P=0.003]. This
finding remained stable when excluding three patients
with less severe motor deficits [UEFM >15; F(1,32) =
8.71, P=0.006], when excluding three patients with
missing MRS values at follow-up [F(1,32) = 6.59,
P=0.015], when excluding five patients with missing BI
values at follow-up [F(1,30) = 7.83, P=0.009], when
excluding one patient with a complete lesion overlap of
M1 and AIPS [F(1,34) = 10.65, P=0.003, for overlap
distribution with ROI masks see Supplementary Table 1]
or when excluding four patients with at least partial le-
sion overlaps of AIPS or M1 [F(1,31) = 9.54,
P=0.004].

Linear models were estimated to associate acute AIPS-M1
FC at T, with consecutive functional scores at follow-up.
We found a significant relationship between AIPS-M1 FC
and global disability and neurological impairment, opera-
tionalized by means of MRS [F(1,13) = 6.83, P=0.021]
and NIHSS at T,; [F(1,8) = 9.22, P=0.016, Table 3,
Fig. 3], respectively. Specifically, higher FC values early
after stroke were positively associated with higher MRS
and NIHSS values in the late subacute stage of recovery.
Importantly, these associations were independent from the
initial scores for MRS and NIHSS. Herein, the addition
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Figure | Stroke lesions and motor network ROIs. All masks of stroke lesions are displayed on the left hemisphere, overlayinga T |-
weighted template in MNI space (z-coordinates below each slice). The colour intensity indicates the number of subjects of whom lesion voxels
lay within the coloured region. Motor ROIs (M1, PMV, SMA, AIPS and CIPS) are displayed respective to the stroke lesions.

Table 2 Parietofrontal network connectivity in patients and controls

Stroke Control Stroke vs.
control
95% Conf. 95% Conf.
FC Mean Lower Upper P-value Mean Lower Upper P-value P-value
PMV-MI 0.16 0.08 0.24 0.001" 0.14 0.04 0.23 0.009" 0.648
SMA-MI 0.13 0.03 0.24 0.016" 0.21 0.13 0.29 0.001" 0.238
AIPS-M| 0.35 0.26 0.44 0.001" 0.14 0.05 0.23 0.004" 0.003"
CIPS-MI 0.17 0.07 0.28 0.003" 0.04 —0.06 0.14 0.430 0.053
SMA-PMV 0.05 —0.04 0.15 0.254 0.10 0.02 0.17 0.015" 0.459
AIPS-PMV 0.14 0.04 0.23 0.008 0.20 0.09 0.31 0.002" 0.389
CIPS-PMV 0.04 —0.06 0.14 0.428 0.20 0.06 0.34 0.009" 0.065
AIPS-SMA 0.03 —0.05 0.12 0.437 0.02 —0.06 0.10 0.588 0.840
CIPS-SMA 0.03 —0.07 0.12 0.556 0.00 —0.09 0.09 0.967 0.693
CIPS-alPS 0.44 0.30 0.58 0.001" 041 031 0.50 0.001" 0.695

Mean values of functional connectivity (FC) are given with 95% confidence intervals for stroke patients and healthy controls. Raw P-values are given derived from student’s t-tests
against 0.
*Significant values after FDR-correction for 20 tests across both groups. For group comparison, linear models were calculated across both groups and raw P-values of the main ef-
fect GROUP are given with 1 indicating significant values after FDR-correction for 10 tests.

Stroke Control Difference
« e O
0.4
0.3
0.2

0.1
n.s.

Figure 2 Functional connectivity of the ipsilesional hemisphere. Coloured lines indicate significant coupling estimates for each group
(left; P < 0.05, FDR-corrected for 20 tests over both groups) or significant absolute group difference for AIPS-M1 (right; P < 0.05, FDR corrected
for 10 tests).
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of AIPS-M1 FC to the initial behavioural
explained additional variance by 21% in MRS and even
48% in NIHSS at follow-up. Achieved statistical power
for the detection of AIPS-M1 contributing to MRS and
NIHSS was 0.60 and 0.74, respectively. For motor im-
pairment and activity-disability, assessed by UEFM and
BI, we did not detect similar FC-behaviour associations
[UEEM F(1,9) = 0.19, P=0.670; BI F(1,10) = 0.36,
P=0.561, Table 3, Fig. 3]. Of note, AIPS-M1 FC did
not correlate alone with initial functional scores at Ty for
NIHSS, UEFM and MRS (all P>0.34 for all three
scores) but BI [F(1,17) = 4.74, P=0.044]. Additional ex-
ploratory regression analyses for the other parietofrontal
connections revealed a similar result for CIPS-M1 at T,
relating to follow-up MRS [F(1,13) = 5.64, P=0.034]
and NIHSS [F(1,7) = 16.21, P=0.005], but not for

scores

Table 3 Influence of AIPS-MI FC on motor recovery
after stroke

AIPS-MI
Predictor Model summary

Outcome

Coef. P R?

NIHSS T,/3 AIPS-M| 24.00 0.016" 0.59"
NIHSS T, 0.45 0.208

UEFM Tyt AIPS-M| —21.55 0.670 0.54"
UEFM T, 1.06 0.011"

MRS T3 AIPS-M| 331 0.021" 0.59"
MRS T, 1.48 0.009"

Bl T3t AIPS-M| 37.03 0.561 0.46"
BIT, 1.59 0.036"
Age —2.16 0.078"

Coefficients are given incl. their P-values (within regression model) for individual
models for the four outcome variables (dependent variable) and AIPS-MI FC at T, as
the main predictor of interest.

*Significant predictors or overall model fit. R? shows multiple R2.

For completeness, model results are given including AIPS-M| predictor although
stepwise backward model simplification resulted in a simple model with UEFM at T, as
the only relevant variable.

0.5

P=0.016* P=0.670
15 60
= 10 a0
A = \
=z 8 i
= = 20
0
: : ; 01 i
0.2 0.4 0.6 0.1 03
FC AIPS-M1 FC AIPS-M1
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UEFM [F(1,9) = 1.45, P=0.259], or BI [F(1,9) = 0.12,
P=0.737].

Discussion

The main finding of the present report was a significant
increase in ipsilesional parietofrontal coupling between
the AIPS and M1 early after a first-ever ischaemic stroke
resulting in severe motor deficits. This upregulation sig-
nificantly contributed to correlative models explaining
variability in subsequent neurological deficits and global
disability: Patients with increased parietofrontal coupling
in the acute stage showed higher levels of deficits in the
late subacute stage of recovery, independent from the ini-
tial level of deficits.

Our data extend numerous previous reports showing
that posterior parietal brain regions of the ipsilesional
hemisphere exhibit regional activation changes and altera-
tions of inter-regional coupling with key motor areas of
the frontal lobe. Repeatedly, these key motor areas, par-
ticularly M1, SMA and PMC have been set the focus of
brain activation studies. Across studies, it has been
shown that increased bilateral brain activation, particular-
ly in more severely affected patients, is a common finding
after stroke. The reinstatement of lateralized and localized
activation patterns has been associated with motor recov-
ery.” Brain activation in ipsilesional M1 and PMC has
been positively related to residual motor functioning,
both in the acute and chronic stages of recovery.”” To
what extent posterior parietal brain regions contribute to
recovery processes is still not fully understood. So far,
consistent activation changes have not been detected in
these locations by meta-analyses® or reported by system-
atic reviews.”” One longitudinal task-related functional
MRI study has reported an increase in ipsilesional super-
ior parietal lobe brain activation in 11 moderately
affected stroke patients compared to controls. Notably,
more severely impaired patients were reported to show a
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Figure 3 Influence of ipsilesional AIPS-M| functional connectivity on future persistent deficits after stroke. Effect plots are
shown for AIPS-MI functional connectivity (FC) of the ipsilesional hemisphere contributing to the explanation of variability in follow-up NIHSS,
UEFM, MRS and Bl in severe stroke patients. P-value of FC AIPS-MI as the predictor of interest (within-model) is given (uncorrected). There
were significant associations between AIPS-M| FC at T, and MRS and NIHSS at T3 with higher FC values early after stroke found in patients
which are likely to show more severe persistent deficits in follow-up, independent from the initial impairment level. A similar correlation was not

detected for UEFM or BI.
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more pronounced upregulation than mildly impaired
patients.*® From a FC perspective, data supporting a rele-
vant role of the PPC for motor recovery are still limited.
Simulation studies have indicated that lesions along the
cortical midline comprising frontal and parietal regions
and the temporo-parietal junction are likely to result in
largest disturbances in simulated whole-brain FC.* Park
et al. used resting-state functional MRI and investigated
younger and less severely affected patients. The authors
found a reduced parietofrontal coupling between contrale-
sional PPC and ipsilesional M1 at onset, and an FC in-
crease between bilateral PPC and M1 1 month after the
event. After 3 months, consistent alterations were not
detected anymore. After 6 months, FC between ipsile-
sional PPC and ipsilesional M1 coupling was enhanced
again while contralesional PPC showed an FC reduction.
However, an association between these alterations and
behavioural aspects was not detected.'? Another study in
chronic stroke patients reported that increased FC be-
tween ipsilesional M1 and parietal operculum predicted
functional gains under a structured motor training:
Patients with increased parietofrontal coupling showed
less motor improvement than patients with lower cou-
pling estimates.'® More recently, two task-based function-
al MRI'* and EEG" studies found enhanced couplings
between ipsilesional AIPS and M1 in late subacute, well-
recovered stroke patients. The increase in coupling was
found to be positively related to the extent of functional
impairment."’

The present analyses now evidence a similar positive
association between an enhanced ipsilesional parietofron-
tal connectivity and the level of subsequent persistent
neurological deficits and global disability after severe is-
chaemic stroke. Moreover, the data show that this upre-
gulation is already present within the first two weeks
after stroke and not related to a slow and gradual evolu-
tion over time across several weeks or months. Amongst
severely affected stroke patients of the present cohort, the
potential of further recovery seems to be limited particu-
larly in patients with early parietofrontal network upregu-
lation. Or, in other words, patients with most severe
deficits show strongest recruitment of parietofrontal net-
work resources to promote recovery—an attempt which
appears to be largely insufficient in the end. On a specu-
lative note and relating to possible underlying patho-
physiological mechanisms, parietal cortices might be
recruited to improve M1 cortical excitability to drive the
environment of excitability and neuroplasticity that ac-
company motor recovery after stroke. Studies in healthy
participants had already shown that M1 and AIPS are
functionally connected: Focal PPC stimulation was found
to be capable of increasing corticospinal excitability of ip-
silateral M1.>*  Furthermore, diffusion-imaging-based
analyses have successfully reconstructed direct cortico-cor-
tical long-range fibres connecting AIPS with M1, herewith
providing the structural bases for these concepts.**’
Another possible way how the PPC might contribute to
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motor functioning might emerge from its contribution to
corticofugal motor pathways which could potentially help
to bypass the disrupted corticospinal tract (CST). Indeed,
it is well known that the CST does not only originate
from M1 but also from multiple secondary motor areas
of the frontal and parietal lobe.?'™*® For instance, micro-
simulation experiments have shown that complex move-
ments can be elicited from M1 and the parietal lobe.** It
has also been reported that parietal brain regions could
indirectly influence movement production through inter-
neurons in the spinal cord.*> More recently, diffusion-
based tractography could reconstruct corticofugal trajec-
tories in monkeys originating from AIPS traversing the
internal capsule more posteriorly than the CST from M1
or frontal premotor areas.’® However, the existence of
such connections in humans remains relatively vague.®”

These two concepts would consider early parietofrontal
upregulation after severe stroke as an adaptive but insuf-
ficient attempt to support future motor recovery.
Alternatively, an upregulation could also lead to mal-
adaptive neuroplastic alterations after stroke and impede
recovery processes. Concerning the motor domain, there
is only very few data which might provide further
insights: For instance, Tscherpel et al. used transcranial
magnetic stimulation (TMS) to focally disturb ongoing
contralesional parietal brain activity during motor tasks
of varying complexity. Interestingly, they found that this
inference improved motor functions already early after
stroke, a finding which was stable up to 3 months. The
authors argued that this finding might be mediated by an
improvement of the balance of both parietal cortices
helping to ameliorate neglect-related symptoms*® and
thereby built on previous reports on neglect after
stroke.””*® Whether disruption of ipsilesional parietal
brain activity in areas along the intraparietal sulcus
would lead to similar findings or whether an upregula-
tion by non-invasive brain stimulation*' would exert
beneficial effects clearly remains a topic for future pro-
spective and systematic investigations. However, based on
available previous functional®** and structural data in
stroke patients®®*® supporting the view that better parie-
tofrontal network integrity positively associates with bet-
ter behaviour after stroke, we argue that parietofrontal
upregulation would constitute an adaptive helpful attempt
to promote recovery: Thus, further enhancing parietofron-
tal connectivity—particularly in more impaired patients—
might be a reasonable way to promote recovery after
stroke. Interestingly, one animal study has already evi-
denced that sensory-parietal cortical stimulation might
support recovery processes after severe capsular stroke in
a rodent stroke model.**

There are a number of critical limitations to note. First,
apart from the limited number of severely affected acute
stroke patients included, we monitored oxygen saturation
and heart rate during resting-state fMRI. However, we
did not record any physiological measures, such as car-
diac and respiratory cycle, which could potentially correct
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FC measures for these effects. Second, as in most stroke
studies, stroke symptoms, lesion locations, and sizes were
highly heterogeneous. Patients were all classified as severe
stroke patients based on MRS or (early rehabilitation) BI
in the acute stage. Most patients were not able to give
written informed consent on their own. This was given
by official legal guardians, in most cases carrying rela-
tives. Also, the monocentric design of the study may have
introduced a selection bias. In addition to severe motor
deficits, attentional and executive functions were also
highly restricted, possibly explaining discrepancies be-
tween our results and previous studies. '

Third, based on clear a-priori hypotheses,
focussed on a relatively small parietofrontal network in
the ipsilesional hemisphere. To what extent the main
finding of the increase in FC between ipsilesional AIPS
and M1 is direct in nature or mediated by hidden nodes,
such as contralesional cortical or subcortical brain
regions, unclear. The consideration of an
extended network including contralesional brain areas or
subcortical structures such as the putamen might extend
the present findings.*> Fourth, the group comparisons for
FC data directed to achieve high specificity by means of
correction for multiple testing at the cost of reduced sen-
sitivity. Hence, the present findings for AIPS-M1 do not
exclude that other connections of the parietofrontal net-
work might undergo stroke-related changes and might
also contribute to recovery processes after severe stroke.
Fifth, for BI we found a significant positive association
between AIPS-M1 FC and activity-related disability at T;.
This collinearity might explain why we could not detect
any relation with BI at T,,;. Hence, this negative finding
should be interpreted with caution.

With respect to clinical application, decision making
can be delicate and intricate in patients with severe
stroke, especially in the early acute phase, when patients
are bedridden and limited in all domains of life. The cur-
rent study found an association between network proper-
ties of the parietofrontal motor network during the first
days after stroke and future levels of neurological deficits
and global dependence from help in daily living.
Upcoming studies will have to evaluate whether this asso-
ciation might be found in larger clinical cohorts and
whether they might be applicable in clinical decision-
making.
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