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Altered microstructure of the contralesional 
ventral premotor cortex and motor output 
after stroke
Paweł P. Wróbel,1 Stephanie Guder,1 Jan F. Feldheim,1 José A. Graterol Pérez,1 
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and Robert Schulz1

Cortical thickness analyses have provided valuable insights into changes in cortical brain structure after stroke and their association 
with recovery. Across studies though, relationships between cortical structure and function show inconsistent results. Recent devel
opments in diffusion-weighted imaging of the cortex have paved the way to uncover hidden aspects of stroke-related alterations in 
cortical microstructure, going beyond cortical thickness as a surrogate for cortical macrostructure. We re-analysed clinical and im
aging data of 42 well-recovered chronic stroke patients from 2 independent cohorts (mean age 64 years, 4 left-handed, 71% male, 
16 right-sided strokes) and 33 healthy controls of similar age and gender. Cortical fractional anisotropy and cortical thickness values 
were obtained for six key sensorimotor areas of the contralesional hemisphere. The regions included the primary motor cortex, dorsal 
and ventral premotor cortex, supplementary and pre-supplementary motor areas, and primary somatosensory cortex. Linear models 
were estimated for group comparisons between patients and controls and for correlations between cortical fractional anisotropy and 
cortical thickness and clinical scores. Compared with controls, stroke patients exhibited a reduction in fractional anisotropy in the 
contralesional ventral premotor cortex (P = 0.005). Fractional anisotropy of the other regions and cortical thickness did not show 
a comparable group difference. Higher fractional anisotropy of the ventral premotor cortex, but not cortical thickness, was positively 
associated with residual grip force in the stroke patients. These data provide novel evidence that the contralesional ventral premotor 
cortex might constitute a key sensorimotor area particularly susceptible to stroke-related alterations in cortical microstructure as mea
sured by diffusion MRI and they suggest a link between these changes and residual motor output after stroke.
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Introduction
The assessment of macrostructural cortical changes after is
chaemic stroke by means of volumetric or surface-based cor
tical thickness (CT) analyses has significantly enhanced our 
current understanding of how acute stroke lesions lead to 
widespread changes in brain structure and how these may in
fluence recovery processes.1 Most studies have reported 
stroke-related cortical thinning in primary and secondary 
motor- and non-motor areas not only of the ipsilesional but 
also of the contralesional hemisphere.2-9 Some studies have 
also shown increases in CT or grey-matter volume and argued 
that such findings might parallel neuroplastic brain changes, 
potentially promoting recovery after stroke.10-13 However, 
studies exhibit a large variability in such results for group 
comparisons and particularly for correlational analyses be
tween CT and residual function as well.1 Recent develop
ments have focused on layer-specific CT changes and their 
associations with clinical scores,14 which suggests that, in 
addition to CT as a surrogate for macrostructure, measures 
of cortical microstructure might carry important information 
of stroke-related changes in brain structure with the potential 
to improve our current recovery models.

Over the last 25 years, diffusion-weighted imaging (DWI) 
has provided invaluable insights into changes in brain net
works and microstructure after stroke.15 Diffusion proper
ties such as fractional anisotropy (FA), among others, have 
evolved as surrogate parameters for white-matter integrity. 
Technical limitations, such as free water (FW) contamin
ation of DWI signals due to partial volume effects, have 
largely limited the application of DWI to cerebral white mat
ter or deep subcortical grey matter.16-20 Recently developed 
methods such as FW correction21 or multi-shell DWI16 have 
extended the possibilities for cortical DWI. The cortex is not 
only organized in different layers but also consists of capil
laries, a variety of glia cells and neurons, which, in turn, dis
play an intricate shape with the soma, axons, dendrites and 
synapses.22 Diffusion tensor imaging (DTI) has demon
strated that the main diffusion direction, i.e. the orientation 
of the diffusion tensor, was oriented perpendicularly to the 
pial surface and highly corresponded with tensor informa
tion derived from brain histology.23 Neuronal cell bodies, 
as well as the axons and apical dendrites of the neurons, 
were found to primarily contribute to this orientation. 
Together with other structures aligned orthogonally to the 
neurons, and parallel to the pial surface, these were also 
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reported to modulate anisotropy of the cortex. Dendritic ar
borization has been inversely correlated with the amount of 
anisotropy.24,25 Dendrogenesis and synaptogenesis have 
been shown to reduce cortical FA over time during matur
ation.26,27 In addition to FA, measures of regional variability 
of diffusion properties in the cortex have been related to clin
ical scores during aging processes.28 These findings illustrate 
that cortical DWI might serve as an innovative tool to un
cover yet hidden aspects of cortical microstructural changes 
and their relevance for recovery after stroke.

The aim of this retrospective study was to explore cortical 
diffusion properties in a large number of well-recovered 
chronic stroke patients. We re-analysed clinical and imaging 
data of patients with first-ever ischaemic stroke in the chronic 
stage of recovery, taken from two independent studies.29-31

Following a region-of-interest approach, cortical FA was cal
culated for six key sensorimotor brain regions obtained from 
the human motor atlas template (HMAT).32 CT was also es
timated for these brain regions in order to compare micro
structural findings with cortical macrostructure. The 
analyses were restricted to the contralesional hemisphere to 
exclude any direct lesion effects. Linear regression models 
were fit (i) to conduct group comparisons for cortical FA 
and CT between stroke patients and controls and (ii) to relate 
these measures to clinical scores of residual motor output.

Materials and methods
Participants and clinical data
Imaging and clinical data from chronic stroke patients and 
data from healthy controls of similar age and gender were re- 
analysed from two independent cohorts. Details of inclusion 
and exclusion criteria are given in the original reports.29,33 In 
brief, patients had experienced a first-ever unilateral ischae
mic stroke at least 6 months ago. A motor deficit of the upper 
limb was present, or it had been documented in the acute 
stage after stroke with subsequent improvement. Patients 
were at least 18 years old. Serious neurological or psychiatric 
comorbidities, contraindications against MRI or evidence 
for a recurrent stroke were exclusion criteria. All partici
pants gave informed written consent, compliant with the 
Declaration of Helsinki. The studies were approved by the 
ethics committee at the Physicians’ Chamber in Hamburg 
(PV3777 and PV5357). Figure 1 gives an overview of partici
pant inclusion. Mean age of the stroke patients was 64 years, 
71% were males and 38 were right-handed. Clinical testing 
included the National Institutes of Health Stroke Scale 
(NIHSS), the upper extremity Fugl-Meyer assessment 
(UEFM), grip strength (in kg, given as absolute and relative 
values: more affected/unaffected hand) and performance in 
the nine-hole-peg test (NHP, given as absolute values in 
pegs/s and as relative values). For group comparison, 42 pa
tients and 33 healthy participants were analysed. Analyses 
for structure–outcome correlations were conducted primar
ily in a subset of patients with persistent motor deficits, 

operationalized by UEFM < 66. The rational for this ap
proach was that previous studies have found that patients 
with complete or almost complete recovery were found to 
exhibit much weaker relationships between brain structure 
and outcome34,35 and that structure–outcome relationships 
might be particularly driven by more impaired patients and 
might not generalize to patients with minor deficits.36

Table 1 summarizes the demographic and clinical data.

Brain imaging: data acquisition, 
pre-processing and FW correction
Brain imaging was performed on a 3 T Siemens Skyra 
Scanner (Siemens Medical Solutions, Erlangen, Germany) 
with a 32-channel head coil. T1-weighted imaging was 
based on a magnetization-prepared, rapid acquisition 
gradient-echo sequence (repetition time = 2.500 ms, echo 
time = 2.12 ms, 256 slices with a field of view = 240 ×  
192 mm and voxel size of 0.94 × 0.94 × 0.94 mm). DWI 
data sets consisted of 75 slices with 64 non-collinear gradient 
directions with a b-value of 1500 s/mm2 as well as one b0 im
age (echo time of 82 ms, repetition time 10 000 ms and voxel 
size of 2 × 2 × 2 mm). Pre-processing of DWI data sets in
cluded eddy current correction using the FSL (6.0.1)-based 
dwifslpreproc tool from MRtrix3 software (3.0.2) and cor
recting for phase encoding distortion by applying data 
from registration of the b0 to the T1 image using the 
antsRegistration tool from the advanced normalization tools 
(ANTs) package.37-39 A custom-written MATLAB script 
(ran on Version R2020a; The Mathworks, Natick, MA, 
USA) was used to perform FW correction following the ap
proach of Pasternak et al.21 In brief, a bi-tensor model is cal
culated to predict the signal attenuation in the presence of 
FW contamination. The model includes two different com
partments: The first compartment estimates the fractional 
volume of FW, which is modelled as an isotropic tensor 
with a fixed diffusivity. The other compartment uses a diffu
sion tensor to model water molecule diffusion in the vicinity 
of tissue membranes, from which eigenvalue maps corrected 
for FW are calculated. T1-weighted images were processed 
using an ANT-based brain extraction tool as well as the 
recon-all tool from the FreeSurfer software (version 6.0.1).40

Brain imaging: diffusion properties of 
key sensorimotor areas and CT
The HMAT was used to identify six cortical key areas of the 
human sensorimotor network of the contralesional hemi
sphere, that are the primary motor cortex (M1), the primary 
somatosensory cortex (S1), the ventral and dorsal premotor 
cortex (PMV, PMD) as well as the pre-supplementary 
(preSMA) and the supplementary motor area (SMA).32

HMAT atlas labels in Montreal Neurological Institute space 
were transformed non-linearly to the individual DWI space 
using the flirt and fnirt tools from FSL. The delineation of 
the final cortical labels was performed by the multiplication 
of each label with a binary cortex mask derived from the 
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FreeSurfer-generated wmparc file by merging all cortical la
bels into a cortex mask using fslmaths. HMAT labels were 
then multiplied with a binary mask of the label-specific 
lobe to avoid inclusion of voxels from other lobes. 
Regional mean CT of the six areas was estimated by register
ing the HMAT atlas data to the individual subject segmenta
tion output using FreeSurfer’s vol2surf and finally collected 
via mri_segstats. Mean values for cortical FA for each of 
the six areas were derived from the DTI volume consisting 
of the tensor eigenvalues using a custom-written MATLAB 
script (ran on Version R2020a; The Mathworks, Natick, 
MA, USA) as previously described.28

Statistical analysis
Statistics were performed using R software version 4.0.2. For 
group comparisons of cortical FA and CT, we estimated linear 
regression models with the cortical measures of interests as the 
dependent variable (DV) and GROUP (patients, controls) as 
the independent variable (IV) of interest. Separate models 
were calculated for all six regions of interest (ROIs), for cortical 
diffusion properties (six models) and CT values (six models). 
Target effects of the models were adjusted for the nuisance 

variables age, study, sex and lesion side (dominant or non- 
dominant hemisphere). In order to account for the distribution 
of affected hemispheres in the patients (dominant or non- 
dominant), the assignment of hemispheres in controls was pseu
dorandomized into pseudo-affected and a pseudo-unaffected 
hemisphere in line with previous studies.41 In order to further 
explore the extent of Wallerian degeneration of inter- 
hemispheric transcallosal motor fibres originating in the ipsile
sional hemisphere and projecting to contralesional sensori
motor areas as a potential influential factor for alterations in 
cortical FA, we estimated the FA of central segment of the cor
pus callosum (CC). This segment has been found to carry inter- 
hemispheric sensorimotor trajectories.42-45 To this end, we 
used the FreeSurfer wmparc file already registered to the diffu
sion data. A linear model with cortical FA as DV and CC FA as 
IV was used and included age, affected hemisphere and study as 
nuisance variables. For structure–outcome inference, linear re
gression models were fit for relative grip force and NHP per
formance, NIHSS and UEFM as DV. These analyses were 
conducted in a subset of patients with persistent motor deficits 
as operationalized by UEFM < 66 (n = 17). Age, study and side 
of the lesion were included as nuisance variables to adjust the 
target effects. Statistical significance was assumed at P < 0.05. 

Figure 1 Flow chart of participant inclusions and exclusions. UEFM, upper extremity Fugl-Meyer.
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Results are presented uncorrected (P) and corrected for multiple 
comparisons using the FDR method (PFDR).46 Robustness of 
the findings was further assessed by leave-one-out model ana
lyses. Further details are given in the relevant sections.

Results
Cortical diffusion properties and 
thickness after stroke
Table 2 summarizes the results of the group comparison for 
regional FA and CT. We found a significant reduction in 

mean FA in the contralesional PMV (P < 0.001, PFDR =  
0.005). Relative average FA reduction was achieved 12% 
in patients, compared with controls. For CT of PMV, a nu
merical group difference with lower CT in patients (4% com
pared with controls) did not survive correction for multiple 
comparisons (P = 0.035, PFDR = 0.21, Table 2, Fig. 2). The 
other regions did not show any significant group differences, 
neither in FA nor in CT. FA of the central segment of the CC 
was integrated with PMV FA to explore the influence of sec
ondary Wallerian degeneration. We found a significant asso
ciation [coefficient 0.300, 95% confidence interval (CI): 
0.152–0.447, P = 0.001] with CC FA explaining 21% in 
PMV FA variability.

Table 1 Demographic and clinical data of the patients

ID Age Gender Dom Side Localization NIHSS UEFM

Grip force 
(kg)  

AH|UH

NHP 
(pegs/s) 
AH|UH Grip force (rel.) NHP (rel.)

01 56 Male Left Right IC, BG 5 6
02 69 Male Left Right MCA-C 6 5
03 62 Male Left Left IC, BG 0 66 33.4 42.3 0.8 0.8 0.8 1.0
04 69 Male Right Right MCA-C 0 66 47.7 53.3 0.6 0.8 0.9 0.8
05 68 Female Left Right BS 0 66 23.2 21.8 0.8 0.9 1.1 0.9
06 71 Male Left Right IC 0 66 37.3 37.7 0.6 0.7 1.0 0.8
07 65 Male Left Left IC, BG 0 66 30.8 33.8 0.8 0.7 0.9 1.1
08 73 Female Left Right MCA-C 0 66 25.7 28.5 0.6 0.9 0.9 0.7
09 58 Male Left Right BS 2 58 23.7 45.0 0.7 0.9 0.5 0.7
10 73 Female Left Left IC, BG 6 6 7.9
11 56 Female Left Right MCA-C 0 66 32.7 36.0 0.9 1.0 0.9 0.9
12 72 Female Left Left BS 0 65 25.7 24.7 0.8 0.8 1.0 1.0
13 49 Male Left Left MCA-C 0 66 49.3 48.3 1.0 1.1 1.0 1.0
14 63 Male Left Left IC, BG 0 66 38.7 43.7 0.8 0.9 0.9 0.9
15 70 Female Left Right MCA-C 1 65 19.0 26.0 0.6 0.8 0.7 0.7
16 65 Male Right Left MCA-C 5 13 54.7 0.6
17 85 Female Left Right MCA-C 3 50 8.7 21.0 0.5 0.4
18 81 Male Left Left BS 0 66 41.0 40.0 0.5 0.5 1.0 1.0
19 44 Male Right Left MCA-C 1 66 37.7 45.7 0.9 1.0 0.8 0.8
20 78 Female Left Left IC, BG 0 66 26.3 24.0 0.9 0.9 1.1 1.0
21 47 Female Left Right MCA-C 2 64 18.7 23.7 0.5 0.9 0.8 0.6
22 81 Male Left Left MCA-C 3 63 24.7 28.0 0.4 0.5 0.9 0.8
23 76 Male Left Left BS 0 66 42.0 41.0 0.6 0.7 1.0 0.9
24 55 Male Left Left IC, BG 0 66 32.0 25.0 0.9 0.8 1.3 1.2
25 48 Male Left Left A-/MCA-C 2 66 53.3 48.0 0.8 0.5 1.1 1.3
26 66 Male Right Right MCA-C 2 66 54.6 52.7 0.6 0.9 1.0 0.7
27 47 Male Left Right IC, BG 2 44 7.6 34.0 0.8 0.2
28 77 Male Left Left IC, BG 3 60 36.3 40.3 0.4 0.6 0.9 0.6
29 78 Female Left Left IC, BG 0 66 19.3 24.0 0.8 0.8 0.8 1.0
30 74 Male Left Left IC 0 66 42.0 34.7 0.6 0.5 1.2 1.0
31 73 Female Left Right MCA-C 4 52 9.7 19.3 0.3 0.7 0.5 0.4
32 61 Male Left Right MCA-C 0 66 28.7 45.3 0.7 0.7 0.6 0.9
33 55 Male Left Left IC, BG 3 66 46.3 45.3 0.7 0.9 1.0 0.7
34 54 Male Left Left IC 2 59 17.3 42.0 0.6 0.7 0.4 0.8
35 61 Male Left Left IC, BG 3 47 31.0 42.7 0.5 0.9 0.7 0.6
36 76 Male Left Left IC, BG 2 50 24.3 31.7 0.4 0.8 0.8 0.6
37 61 Male Left Left PLIC 0 64 31.0 34.7 0.7 0.7 0.9 1.0
38 60 Male Left Left IC, BG 2 55 35.3 43.3 0.6 0.8 0.8 0.8
39 58 Male Left Left IC, BG 0 66 24.0 22.3 0.9 0.9 1.0 1.1
40 64 Male Left Right IC, BG 4 52 4.3 21.3 0.5 0.8 0.2 0.6
41 63 Male Left Left IC, BG 4 51 20.3 46.0 0.5 1.0 0.4 0.5
42 84 Female Left Left IC, BG 2 39 9.3 15.0 0.4 0.7 0.6 0.6

Mean age in years: stroke group—63.86 (SD: 10.86), control group—66. (SD: 11.56), P = 0.279 (t-test) (median age: stroke group—65 years, healthy controls—69 years). Gender ratio 
(♂:♀) stroke group 71%:29%; control group 65%:35%, P = 0.621 (Fisher’s exact test). Handedness ratio (r:l): stroke group—38:4, control group—41:1, P = 0.315 (Fisher’s exact test). 
Median NIHSS in stroke patients: 1; median UEFM: 65; median relative grip force: 0.92; median NHP: 0.88. AH, affected hand; BG, basal ganglia; BS, brainstem; IC, internal capsule; Dom, 
dominant hemisphere; MCA-C, arteria cerebri media ischaemia with cortical and subcortical lesions; Rel, relative; Side, affected hemisphere; UH, unaffected hand.
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Structure–outcome relationships
We explored structure–outcome relationships for FA/CT of 
contralesional PMV. We detected a linear positive associ
ation between FA of PMV and relative grip force (P =  
0.004, PFDR = 0.032). In the models, the inclusion of FA re
duced the unexplained variance by 47%. In comparison, CT 
of PMV did not show any associations with grip force (P =  
0.302, PFDR = 0.459, Table 3, Fig. 3). For NHP, NIHSS and 
UEFM, neither FA nor CT of PMV did show any structure– 
outcome relationships.

Discussion
The main finding of the present work was that chronic stroke 
patients exhibit significant alterations in diffusion measures 
as surrogate parameters for the cortical microstructure of 
the contralesional PMV. These changes were related to re
sidual grip force. CT as the more widely established marker 
was not able to capture these changes after stroke, nor was it 

associated with grip force. These data provide novel evidence 
that contralesional PMV might constitute a key motor area 
which seems to be specifically susceptible to stroke-related 
changes in cortical microstructural which may be directly 
linked with residual motor output.

Studies in animals and stroke patients have provided valu
able insights into processes of functional and structural re
organization in contralesional premotor cortices which 
relate to recovery after stroke. For instance, studies in mon
keys have reported increased contralesional PMV activation 
as measured by near-infrared spectroscopy47 or by c-fos la
belling for neuronal activity after stem cell treatment to pro
mote recovery.48 Regarding structural reorganization, other 
studies have highlighted lesion-size-dependent alterations of 
distal forelimb representations in ipsilesional PMV after M1 
lesioning.49,50 In stroke patients, a comparable upregulation 
of contralesional PMV activity, particularly in more im
paired patients, has been reported across studies and 
meta-analyses.51-53 Data for structural changes in contrale
sional brain areas underlying PMV is sparse. Some reports 
did not find any significant alterations,4,8,11 others showed 

Table 2 Cortical diffusion properties and thickness after stroke

Variable Controls (95% CI) Stroke (95% CI) P PFDR

FA M1 0.108 (0.099–0.117) 0.104 (0.096–0.113) 0.498 0.501
FA PMD 0.097 (0.097–0.111) 0.098 (0.092–0.105) 0.245 0.490
FA PMV 0.207 (0.196–0.218) 0.182 (0.171–0.193) <0.001* 0.005*
FA preSMA 0.106 (0.097–0.116) 0.095 (0.086–0.105) 0.087 0.261
FA SMA 0.112 (0.101–0.122) 0.107 (0.097–0.117) 0.501 0.501
FA S1 0.119 (0.108–0.131) 0.112 (0.101–0.123) 0.333 0.499
CT M1 1.94 (1.89–2.00) 1.91 (1.86–1.96) 0.365 0.743
CT PMD 2.33 (2.26–2.40) 2.29 (2.22–2.35) 0.380 0.743
CT PMV 2.41 (2.35–2.48) 2.32 (2.26–2.39) 0.035 0.210
CT preSMA 2.67 (2.57–2.76) 2.63 (2.53–2.72) 0.522 0.743
CT SMA 2.47 (2.38–2.57) 2.45 (2.33–2.58) 0.759 0.759
CT S1 1.89 (1.84–1.93) 1.87 (1.83–1.92) 0.619 0.743

Estimated mean values (with 95% CI) are given for cortical FA and CT for stroke patients (n = 42) and controls (n = 33). Level of significance is given for the main effect GROUP without 
(P) and with correction for six comparisons for FA and CT each (PFDR). * indicates a significant finding with P-value <0.05.

Figure 2 (A) FA and (B) CT of contralesional PMV in patients and controls. Estimated mean values from linear regression models of FA 
and CT for the contralesional PMV are illustrated by boxplots for stroke patients (n = 42) and controls (n = 33). While the group was the IV, 
additional nuissance variables included age, dominance of the affected hemisphere, study and gender. Dots indicate individual estimates.
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increases in CT.10 Likewise, also the association between CT 
of ipsilesional and contralesional brain regions and motor 
functions is still under debate given positive6,11,12,14 and 
negative2,4,5,9,10 study results.

The present analyses provide novel insights into altera
tions of surrogate parameters for cortical microstructure in 
the contralesional PMV by showing significant reductions 
in FA in stroke patients. How can these findings be inter
preted? Previous diffusion studies have reported that cortical 
anisotropy is influenced not only by principal neuronal cell 
bodies including axons and apical dendrites, but also by 
structures aligned orthogonally to the neurons, and parallel 
to the pial surface which contribute to dendritic arboriza
tion.24,25 On one hand, this might be due to stroke-related 
dendrogenesis and synaptogenesis, which could lead to an 
increase in the amount of dendritic arborization. On the 
other hand, the decrease in cortical FA might also be the con
sequence of secondary Wallerian degeneration of principal 
neurons due to the stroke lesion as PMV neurons exhibit 
strong transcallosal inter-hemispheric connections.54-56

Indeed, cortical degeneration in spared brain areas has al
ready been linked to the extent of their connectivity to the 
stroke lesion.4 It might follow secondary degeneration of 
principal neurons. Given consistent evidence of PMV upre
gulation in functional imaging, one could speculate that 

the FA reduction observed in the present cohort is likely to 
be the consequence of a combined process of Wallerian de
generation and compensational increasing arborization. 
However, as the amount of degeneration of transcallosal mo
tor fibres, assessed by means of CC FA, only accounted for 
21% of PMV FA variability, we would argue that mere 
Wallerian degenerative processes of PMV principal neurons 
are unlikely to explain our findings, but non-degenerative, 
potentially plastic cortical processes are likely to contribute 
as well. Such changes might parallel the contralesional brain’s 
attempt to compensate for the motor deficits, an attempt that 
seems to be insufficient in the end. Discrepancies from previ
ous reports showing increases in cortical FA in contralesional 
M1 and premotor areas might be due to the abdication of FW 
correction for FA estimation, differences in the time after 
stroke or the small sample size.16

We explored six key sensorimotor areas of the contrale
sional hemisphere. Absent changes in diffusion properties 
or significant structure–outcome relationships in these alter
native areas, particularly in M1 or PMD, were intriguing. 
Like PMV, studies have shown that these motor areas of 
the contralesional hemisphere significantly contribute to 
residual motor functioning and recovery processes after 
stroke as well.51,57,58 If true negative, this result would indi
cate that contralesional PMV was specifically susceptible to 

Table 3 Structure–outcome relationships in stroke patients

Outcome Variable Coef.
95% CI 

Lower|upper Adj. R2 P PFDR

Grip force FA PMV 7.43 × 103 3.67 × 103 to 11.18 × 103 0.501 0.004* 0.032*
CT PMV 0.38 −0.25 to 1.02 0.073 0.302 0.483

NHP FA PMV −2.30 × 103 −8.81 × 103 to 4.20 × 103 0.407 0.536 0.536
CT PMV 0.28 −0.44 to 1.01 0.411 0.501 0.536

NIHSS FA PMV 4.19 × 103 −2.94 × 103 to 8.68 × 103 0.202 0.122 0.246
CT PMV −5.93 −12.28 to 0.42 0.202 0.123 0.246

UEFM FA PMV −319 × 103 −631 × 103 to −73.68 × 103 0.082 0.093 0.246
CT PMV 23.20 −24.14 to 70.54 0.052 0.405 0.536

Influence of FA and CT of contralesional PMV on relative grip force, relative NHP performance, NIHSS and UEFM in stroke patients (n = 17). Coefficients (Coef.) are given with their 
95% CIs. Level of significance is given for the main effect GROUP without (P) and with correction for eight tests (PFDR). Explained variance of the complete model is given as adjusted R2. 
* indicates a significant finding with P-value<0.05. 

Figure 3 (A) Relationship between FA and (B) CT of contralesional PMV and relative grip force after stroke. Effect plots (including 
95% CIs) are given for the linear regression models on relative grip force and FA and CT of contralesional PMV in stroke patients (n = 17), 
accounting for nuissance variables age, dominance status and study. Dots indicate individual estimates.
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microstructural changes which can be captured by cortical 
DWI. This view would be corroborated by reports showing 
that primary sensory/auditory/visual cortices show different 
maturation patterns compared with non-primary cortices27

or that cortices differ in their microstructural characteristics 
such as the amount of neuropil.59

The diffusion parameter findings were contrasted with CT 
as an established macrostructural measure of cortical integ
rity which did not show comparably strong alterations in 
stroke patients, nor did CT exhibit any associations with re
sidual motor output in the present cohort. Since neuronal de
generation and dendrogenesis and synaptogenesis occurs on 
the microscopic scale and the cortex consists of >50% of 
cells other than neurons,22,59 the analysis of cortical diffu
sion might serve as a valuable novel tool with synergistic po
tential in addition to layer-specific thickness analyses14 for 
stroke recovery research.

There are several limitations to note. First, across both 
groups, FA in PMV was higher when compared with other re
gions. This might be due to PMV-specific cortical architec
ture59 with cortical FA values ranging between 0.1 and 0.3 in 
different cortices.23 Alternatively, this finding might be ex
plained by white-matter partial volume effects or differences 
in the size of the HMAT label masks. However, mean sizes 
for the masks were 437 voxels for PMV, but 374 voxels for 
M1 and 734 voxels for PMD. Hence, this factor is unlikely 
to cause any systematic error. Second, the cohort consisted of 
relatively well-recovered stroke patients with heterogeneous 
stroke locations in the chronic stage of recovery. To what ex
tent the present findings will generalize to more severely im
paired patients and more heterogeneous lesion topography 
remains a topic for upcoming studies. Third, the analyses 
were limited to the contralesional hemisphere in order to ex
clude direct lesion effects on the cortex. The existence of similar 
group differences and structure–outcome relationships for ipsi
lesional cortices cannot be excluded. Analyses in specific sub
groups, e.g. patients with isolated subcortical strokes, would 
be needed to allow valid assessments of cortical microstructure 
of the ipsilesional hemisphere. Finally, aspects of the interpret
ation regarding the underlying pathophysiology and histology 
of our findings remain speculative. Prospective studies in inde
pendent cohorts are necessary to verify our results and transla
tional longitudinal work is needed combining cortical DWI 
and histology in animal stroke models.
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