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ARTICLE INFO ABSTRACT
Keywords: From a cohort of 36 patients presenting apperceptive tactile agnosia after first cortical ischemic stroke, 14
Ischemic stroke showed temporary impairment at admission. A previous multi-voxel analysis of the cortical lesions, using as
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explanatory variable the course of tactile object recognition performance over the recovery period of 9 months,
partitioned the cohort into three subgroups. Of the 14 patients constituting two of the subgroups, 7 recovered
from their impairment whereas 7 did not. These two subgroups could not be distinguished at admission. The
primary aim of the present study is to present two assessments that can do so.

The first assessment comprises a pattern of behavioral measures, determined via principal component analysis,
encoded in three tests: picking small objects, macrogeometrical discrimination and tactile object recognition. The
receiver operating characteristic curve derived from permutation of the behavioral test scores yielded an 80%
probability of correct identification of the patient subgroup and an 8% probability for false identification. As
done with the permuted scores, the pattern could predict the persistence of affliction of new stroke patients with
tactile agnosia.

The second predictive assessment extends our previous evaluation of cortical MRI lesion maps to include
subcortical regions. Confirming our previous study, the lesions of the persistently impaired subgroup disrupted
significantly the anterior arcuatus fasciculus and associated superior longitudinal fasciculus III in the ipsilesional
hemisphere, impeding reciprocal information transfer between supramarginal gyrus and both the ventral pre-
motor cortex and Brodmann area 44. Due to the importance of interhemispheric information transfer in tactile
agnosia, we performed a supplementary analysis of tactile object recognition scores. It showed that haptic in-
formation transfer from the non-affected to the affected hands in the persistent cases partly restored function
during the nine months, possibly following restoration of functional interhemispheric haptic information transfer
at the border of posterior corpus callosum and splenium.

In conclusion, the combined findings of the cortical lesion at subarea PFt of the inferior parietal lobule and the
associated subcortical tract lesions permit almost perfect prediction of persistent impairment of tactile object
recognition. The study substantiates the need for combined analysis of both cortical lesions and white matter
tract disconnections.

1. Introduction skills should be distinguished explicitly from elementary body functions
(Miller et al. 2010). Partial dexterity and perceived participation after

An important consequence of the residual hemiparesis suffered by up moderate and mild stroke have been shown by Ekstrand and colleagues

to 50 percent of stroke survivors older than 65 years of age is limitation to be specifically important resources for rehabilitation of the upper
of activity, e.g. disturbed daily sensori-motor hand skills. These complex extremity (Ekstrand et al., 2016). In particular, manual dexterity
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involves motor control during active touch, such as the grasping of ob-
jects, in which finger movements are both partly independent and
temporally synchronized (Ekstrand et al., 2016; Térémetz et al., 2015).
Specific tasks required to discriminate macroscopic somatosensory
stimuli seem to be very vulnerable, causing particular activity limita-
tions (Carey & Matyas, 2011; Kim & Choi-Kwon, 1996; Han et al., 2002;
Smith et al., 1983; Tyson et al., 2008; Welmer et al., 2008). In the case of
object shape recognition, the limitations are due to mechanisms un-
derlying the dynamic exploratory finger movements (Krammer et al.
2020). The disruption of tactile object recognition (TOR) can be due to
either apperceptive or associative disorders, and affects the recognition
of macroscopic and microscopic object features or qualities like hard-
ness or softness amongst others. Investigations of these disorders have
been limited until now to reports of single cases or small cohorts
(Bohlhalter et al., 2002; Caselli, 1991; Homke et al., 2009; Kitada et al.,
2019; Nakamura et al., 1998; Platz, 1996; Reed et al., 1996; Saetti et al.,
1999; Schendel et al., 2021; Veronelli et al., 2014).

Moreover, marked variability in long-term sensori-motor outcomes
hinders accurate individual predictions, particularly in severely affected
individuals (Stinear, 2010; Stinear et al., 2017). Differences in brain
structures and associated functions, as assessed by lesional and func-
tional neuroimaging studies, might provide insight into heterogeneity in
recovery and lead to refined predictive models (Marshall et al., 2009;
Rehme et al., 2015; Stinear et al., 2017).

In a prospective and longitudinal study over 9 months of 36 patients
with stroke of the sensori-motor cortices (Abela et al., 2019), we eval-
uated behavioral measures and derived lesion maps from T1-weighted
(T1w) MRIs. The seven measures included age, NIH score, the subset
of the Jebsen-Taylor Hand Function test denoted picking small objects
(PSO), cutaneous pressure perception threshold (PPT), micro- and
macrogeometrical discrimination (MIC and MAC), and tactile object
recognition (TOR).

The performance of 22 patients, denoted TN, i.e. TOR normal, did
not deviate significantly from healthy controls whereas the remaining
14 patients presented marked apperceptive tactile agnosia, exhibiting
consistently disrupted haptic object recognition during dynamic finger
exploration caused by distinct anteroparietal lesions (Binkofski et al.
2001). After nine months, 7 of these 14 patients, the recovered sub-
group, performed the task satisfactorily whereas the remaining 7 pa-
tients, the persistently impaired subgroup, could not. The recovered
subgroup will be hence denoted RTI, i.e. recovered from TOR impair-
ment, and the persistently impaired subgroup PTI, i.e. persistent TOR
impairment.

We observed in the study of Abela et al. (Abela et al., 2019) that a
multi-voxel pattern analysis of the cortical lesion pattern, using as target
variable the course of TOR performance over the recovery period of 9
months, could replicate with high significance the patient TOR perfor-
mance trajectories and distinguish between TN and PTI subgroups. A
meta-analysis of tactile activation in healthy subjects revealed six areas
involved in the lesion network common to the entire patient cohort.
These areas included a subarea of the inferior posterior frontal cortex
(Clos, Amunts, Laird, Fox, and Eickhoff 2013), Area 4a of the precentral
gyrus, Area 1 of the postcentral gyrus, area hIP2 of the intraparietal
sulcus, area PFt of the supramarginal gyrus and Area OP1 (SII) of the
parietal operculum. Specific to the PTI subgroup was involvement of the
tactile network containing PFt, suggesting disruption by the ischemic
lesion of the motor mirror network between area PFt and the target area
of inferior posterior frontal cortex. Two mechanisms of permanent
impairment may be inferred: (1) a direct ischemic tract lesion within the
white matter and (2) a secondary axonal tract lesion due to neuronal loss
in the seed structure of PFt subarea. These considerations suggested our
working hypothesis that subcortical lesions affecting the anterior
arcuate fascicle and superior longitudinal fascicle III might be decisive
components of the permanent impairment in the PTI subgroup.

The two subgroups, RTI and PTI, could not be distinguished at
admission. As our primary aim, we intended to demonstrate on the basis
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of the behavioral measures and MRI lesion maps of the two subgroups a
means of predicting at admission which patients will remain impaired:
(1) Reassessment of the behavioral measures via principal component
analysis, PCA, yielded a pattern encoded in PSO, MAC and TOR per-
formance scores that distinguished the two patient subgroups. To test
the statistical reliability of the pattern, we derived a test set by permu-
tation of the scores consistent with the respective degree of impairment.
(2) Reevaluation of the lesion maps consisted of determining subcortical
regions that, in addition to the cortical sites explored in our previous
study, distinguish the PTI and RTI patient subgroups. In light of the
cortical pattern, we expected disruption of tracts connecting supra-
marginal gyrus with ventral premotor cortex, vPMC, and Brodmann area
44, BA 44, mainly in the PTI subgroup.

Since trans-hemispherical tactile information transfer is known to be
dysfunctional after ischemic stroke (Bohlhalter et al. 2002; Homke et al.
2009; Schendel et al., 2021), we also performed as secondary aim an
exploratory analysis of TOR scores in haptic information transfer from
the non-affected to the affected hands and vice versa in all patient
subgroups during the nine months. This analysis of matching, a typical
feature of haptic information processing (Reed et al., 1996), could
contribute to the understanding of prevailing physiological conditions
within the two subgroups and be of significance for rehabilitation.
Specifically, we investigated behavioral interaction between hemi-
spheres and associated affection of corpus callosum.

2. Participants and methods
2.1. Participants

As described in our previous study (Abela et al., 2019), we recruited
stroke patients from two comprehensive stroke centres in Switzerland
(Department of Neurology, Kantonsspital St. Gallen, and University
Department of Neurology, Inselspital, Bern). Inclusion criteria were: (1)
first ever ischemic stroke, (2) clinically significant hand plegia or paresis
as leading symptom, and (3) involvement of the pre- and/or postcentral
gyri confirmed on diffusion-weighted (DWI) and fluid attenuated
inversion recovery (FLAIR) MRI. Additional involvement of frontal,
parietal and opercular regions was accepted but not selected for.
Exclusion criteria were: (1) aphasia or cognitive deficits severe enough
to preclude understanding the study purposes or task instructions, (2)
prior cerebrovascular events, (3) occlusion of the carotid arteries on
MR-angiography, (4) purely subcortical stroke b/c not directly related
to cortical functions, and (5) other medical or neurological conditions
interfering with task performance. According to the Edinburgh Hand-
edness Questionnaire, 33 patients were right-handed with laterality
quotients (LQ = (R-L)/(R + L) * 100) ranging between 43 and 100 and
median 89; three were ambidextrous with laterality quotients ranging
between 30 and 40 (Oldfield, 1971). The study received ethical approval
from the institutional review boards of both research sites. All partici-
pants gave written informed consent before enrolment, according to the
Declaration of Helsinki (World Medical Association, 2013). Of the
cohort of 36 patients, 22 performed as well as the healthy controls on a
test of tactile object recognition (TOR) within three months after
admission. The 14 remaining patients, of which 7 did not recover
significantly even after nine months, are the main subject of this study.
For detailed demographic and clinical characteristics see (Abela et al.,
2019).

2.2. Methods

The longitudinal study of the entire cohort consisted of three main
visits: an examination at admission within the first two weeks after
stroke and follow-up examinations at 3 and 9 months. We additionally
performed monthly control visits to monitor recovery of hand function,
including a specific sensori-motor task according to Jebsen et al. (1969).
For the present analysis, we used behavioral and neuroimaging data



J.H. Missimer et al.
acquired at admission.

2.2.1. Predictive assessment of behavioral data

The assessment of behavioral measures seeks a pattern of measures,
determined via PCA, which distinguishes between the RTI and PTI
subgroups.

The behavioral data submitted to PCA included age, NIH score, the
subset of the Jebsen-Taylor Hand Function test denoted picking small
objects (PSO), cutaneous pressure perception threshold (PPT), micro-
and macrogeometrical discrimination (MIC and MAC), and tactile object
recognition (TOR).

As described in (Abela et al., 2019), we assessed stroke severity using
the NIH Stroke Scale (Brott et al., 1989). Sensori-motor functions of both
hands were assessed. Fine motor skill was evaluated using the Jebsen-
Taylor Hand Function test (Jebsen et al., 1969): On the basis of previ-
ous analyses showing the picking small objects (PSO) subtest to be the
most informative with respect to motor skill recovery (Abela et al.,
2012), we focused on this test. PSO requires the patient to pick six small
objects consisting of 2 paper clips, 2 bottle caps and 2 coins with one
hand, and drop them as fast as possible into an empty can in front of
them. Performance is measured in seconds. We quantified cutaneous
pressure perception threshold (PPT) with graded monofilaments as
described in (Dyck et al., 1993) and measured micro- and macrogeo-
metrical discrimination (MIC and MAC, respectively), as previously re-
ported (Bohlhalter et al., 2002; Homke et al., 2009; Weder et al., 1998).
MIC was determined by requiring the blindfolded subject to choose
which of two grated plastic surfaces differing in roughness was rougher;
synthetic surfaces with different grating profiles of alternating grooves
and ridges having spatial periods of 1.0 mm and 1.1 mm were presented
sequentially. For MAC, we required the subject to choose which of two
aluminium parallelepipeds of identical volumes (11.5 cm®) but differing
oblongness was longer; pairs of parallelepipeds with a difference of 3.97
mm in the long axes were presented sequentially. For both tasks, we
presented 24 counterbalanced pairs of objects and quantified perfor-
mance as the proportion of correct decisions. The differences in rough-
ness and oblongness were fixed at a threshold that yielded 90% correct
decisions in healthy controls (Weder et al., 1998, Homke et al., 2009).
Healthy volunteers are able to discriminate differing oblongness with a
probability of 0.95 and 95% confidence level interval between 0.92 and
0.97, and differing roughness via scanning movements with a proba-
bility of 0.9 and 95% confidence level interval between of 0.88 — 0.92.

To evaluate TOR performance, we presented participants with 30
common everyday objects which they explored with one hand while
blindfolded (Bohlhalter et al., 2002). Objects were empirically chosen
from household items that could be easily grasped, held and explored
with one hand. The objects used are listed in Supplementary Material.
We sequentially presented each object to the patient’s hand, allowing a
maximum of 10 s for manual exploration and object recognition and 5 s
pause after each presentation. One run was performed per hand. Object
presentations and order of hands were pseudorandomized over subjects
and visits. The TOR performance data are summarized in Table 1. The
objects are identified in Table S1.

In (Abela et al., 2019), we classified patients into subgroups based on
the number of correctly identified objects at the end of the study. The TN
subgroup included patients who attained TOR performance at admission
within the limits of healthy controls, i.e., 26-30 objects. The RTI sub-
group included patients who achieved after nine months at least 50%
correct recognition (n > 15) and the PTI subgroup consisted of patients
who achieved <50% (n < 15). At admission, the ranges of performance
scores for the two subgroups overlapped. One patient classified in Abela
et al. (2019) as TN according to its nine-month recovery trajectory was
reclassified as RTI in this analysis due his TOR score at admission. Dis-
tinguishing the seven patients of the RTI subgroup from the seven of the
PTI subgroup using data acquired at admission is the object of this
investigation. The clinical and behavioral data for the three patient
subgroups are summarized in Table 2.

Neurolmage: Clinical 36 (2022) 103193

Table 1

Tactile object recognition (TOR) after first ischemic stroke. Shown are the per-
formance scores for tactile object recognition: the number of correctly identified
out of 30 household objects within 10 s with affected hand (aH) and unaffected
hand (uH). The results are displayed for admission and after 3 and 9 months. The
first entry is the median of correct identification for the group; in parentheses is
the range. Statistical comparison of two sequences were performed with the
Mann-Whitney 2-tailed test and all sequences with the Kruskal-Wallis H test.
Only p-values surviving after correction for multiple comparisons are indicated.

UH AH AH vs UH
Group time Median Median (range) M-W 2-tail
(range)
TOR 0
TN (n = 22) admission 30 (28-30) 30 (24-30) n.s.
RTI (n =7) 30 (6-30) 4 (0-20) z2=27,p<
0.011
PTI (n =7) 26 (10-30) 0(0-3) z=31,p<
0.002
Kruskal- n.s. H=26.6,p <
Wallis 0.0001
TOR 3
TN 3 months 30 (28-30) 30 (28-30) n.s.
RTI 28 (22-30) 15 (18-28) n.s.
PTI 29 (22-30) 4 (0-6) z=31,p<
0.002
Kruskal- H=73,p< H=264,p<
Wallis 0.05 0.0001
TOR 9
TN 9 months 30 (30-30) 30 (27-30) n.s.
RTI 29 (28-30) 25 (19-30) n.s.
PTI 30 (23-30) 3(0-10) z=31,p<
0.002
Kruskal- n.s. H=237,p<
Wallis 0.0001

As predictors of TOR impairment nine months after stroke, eight
measures derived from behavioral data acquired at admission of the
fourteen patients were submitted to a sequence of PCAs constituting an
Occam’s rasor. As summarized in Table 1, the initial measures included
age, lesion volume, NIH, MIC, MAC, PPT, PSO and TOR. Before PCA, the
data, with the exception of age, lesion volume and NIH were converted
to z-scores using gender and hand-matched data from the healthy con-
trol group described in Abela et al. (2012), such that more negative
scores indicated increased impairment. Z-scores for age and lesion vol-
ume were computed from the patient cohort; the original NIH scores
were used since they are comparable to the z-scores. Three of the four-
teen patients exhibited plegic fingers at admission and were unable to
explore the objects by active touch as required by PSO. They could
complete the task after one month; the intercepts of their recovery tra-
jectories determined in Abela et al., (2012) were used to model times for
PSO at admission in these patients. These are conservative estimates
compared to the longest times measured for PSO in the remaining pa-
tients or any longer (infinite) time. With the MATLAB function pca.m,
PCAs of the behavioral measures were computed. Each PCA yielded a
number of components equal to the number of measures analyzed,
percent of variance explained by a component, expression coefficients
describing the degree to which a behavioral measure contributes to the
component, and 14 patient scores describing the degree to which each
patient contributes to the component. The expression coefficients pro-
vide an orthonormal basis for the measures, implying that patient scores
of other patients can be computed by projection. The principal compo-
nents were ordered according to the percentage of variance explained;
components contributing to a cumulative percentage of 80%, usually the
first two, were admitted to further analysis. To be considered salient, the
principal component must have exhibited significant correlation, p <
0.05, between the patient PC scores and the TOR performance scores
measured at nine months. The Matlab function kruskal-wallis.m, a
nonparametric one-way analysis of variance appropriate for small
sample sizes, evaluated the significance of discrimination between RTI
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Table 2
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Clinical and behavioral data for the three patient groups. The distribution comprises total number of patients in the group, followed by the number of males and
females. Age, lesion volume and the six behavioral scores were used in the principal component analysis. In these, the suffix 0 denotes score at admission. The entries in

the first row are the medians, in the second row are the ranges.

group distribution age lesvol NIHSS PPT O MIC 0 MAC 0 PSO 0 TOR 0
[years] [cc] score g/mm? number number [sec] number
N 22/18/4 66.5 4.5 4 10.0 20.5 23 10.6 30
41-80 0.5-61 1-7 7.0-59.2 10-24 19-24 5.3-26.9 24-39
RTI 7/5/2 75 18.5 4 59.2 10.0 14 22 4
51-82 3.4-44.1 3-6 9.0-178 0-22 0-20 10.9-76.1 0-20
PTI 7/6/1 54 44.1 6 158.2 0 0 33.1 0
49-70 22-272.3 3-14 37.3-177 0-13 0-15 12.3-67.1 0-3

and PTI patient PC scores. Further analysis of the patient score distri-
bution estimated the discrimination threshold.

The application of Occam’s razor utilized the component expression
coefficients. Behavioral measures contributing dominant expression
coefficients were retained in the succeeding analysis. As presented in
Results, the PCA of the original eight measures showed the dominance of
MIC, MAC, PSO, and TOR. The PCA of those four measures showed a less
clear pattern, indicating two further PCAs of MIC, PSO and TOR and
MAC, PSO and TOR, respectively. The last PCA will be the focus of
Results.

In order to generate data to validate the most discriminating PCA, we
performed permutation testing. The validation consisted of refining the
estimates of the discrimination threshold and the rates of false positives
and negatives. The set of behavioral measures: MAC, PSO and TOR, were
permuted separately for each RTI and PTI subgroup, yielding 7° = 343
combinations of measures for each subgroup. To avoid extreme combi-
nations, only those were included in further analysis that yielded
Mahalanobis distances - computed using the MATLAB function mahal. m
as the Euclidean distances from the mean of the TOR normal subgroup in
the three-dimensional space of MAC, PSO and TOR performance scores -
lying within the range of distances determined by the original set of
measures. From each accepted permutation was computed a simulated
patient score by projection of the expression coefficients. By applying
the MATLAB function perfcurve.m, the combined distributions of simu-
lated patient scores generated a receiver operating characteristic (ROC)
curve that determined the optimal operating point, ie threshold, for
discrimination and the rates of true and false positives. These could then
be compared with the original patient score distribution.

2.2.2. Predictive assessment of neuroimaging data

The assessment of neuroimaging data seeks a neuroanatomical lesion
pattern, which distinguishes between the RTI and PTI subgroups. The
disruption of white matter tracts implied by the cortical lesions plays an
essential role in the pattern.

Acquisitions at admission were carried out of the 36 patients in the
first 9 cases with 1.5 Tesla on a clinical whole-body MR scanner
(SIEMENS Magnetom Vision) using the standard head coil. MRI studies
were performed in the remaining cases with 3 Tesla on a clinical whole
body MR scanner (SIEMENS Trio). All follow-up scans were carried out
with 3 Tesla on the latter scanner as described in (Abela et al., 2019).
The T1-weighted, T1w, and diffusion-weighted images, DWI, of both
centers were processed as described below. The DWI data of one patient
belonging to the TN subgroup were corrupted and could not be recov-
ered. This patient was excluded from the lesion analyses, reducing the
number patients in the neuroimaging analysis to 35.

As described (Abela et al., 2019), cortical lesions were manually
traced by one author (EA) on DWI scans using MRIcron (https://www.
nitrc.org/projects/mricron/), yielding binary lesion masks in individ-
ual anatomical space. To avoid bias, lesion tracing was performed
without knowledge of the results of the behavioral data analysis. DWI
images and binary lesion masks were co-registered to the T1w images
using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/)
for MATLAB (R2016b, The MathWorks, Inc., Natick,Massachusetts,

United States). We then segmented and normalized the T1w images into
Montreal Neurological Institute (MNI) space by means of unified
segmentation-normalisation (Ashburner & Friston, 2005). Using the
Clinical Toolbox for SPM12 (Rorden et al., 2012), cost-function masking
was applied to exclude damaged areas from the calculation of the nor-
malisation parameters (Andersen et al., 2010; Brett et al., 2001). These
parameters permitted the lesion masks to be warped into MNI space.
Lesion masks were finally smoothed with an isotropic 4 mm? Gaussian
kernel to compensate for interpolation errors (Abela et al., 2012).
Cortical lesion overlap masks were generated using MRIcron. Neuro-
anatomical localisation was done with the SPM Anatomy Toolbox
(Version 2c.c, http://www.fil.ion.ucl.ac.uk/spm/ext/#Anatomy). This
toolbox relies on the probabilistic cytoarchitectonical Jiilich atlas of
Eickhoff et al., 2005.

2.2.2.1. Tractography. Following registration to MNI152 space, dis-
connectome maps of all 35 patients were calculated from the cortical
lesion maps using the BCBtoolkit (Foulon et al. 2018; http://www.
toolkit.bcblab.com). Based on the diffusion weighted imaging data sets
for 10 healthy controls (Rojkova et al., 2016), the tractography for each
lesion could be estimated and transformed to visitation maps (Thiebaut
de Schotten et al., 2011). An overlap map derived from the normalized
visitation map of each healthy subject resulted in the disconnectome
map, in which each voxel accounts for the inter-individual variability of
the controls yielding a probability of disconnection (Thiebaut De
Schotten et al., 2015). Of the 35 patients, the majority: 11 TN and 5 each
of PTI and RTI subgroups, presented cortical lesions in the right hemi-
sphere. The disconnectome maps of these patients were submitted to
statistical analysis using the threshold-free cluster enhancement
toolbox, TFCE (http://www.neuro.uni-jena.de/tfce/) of SPM-12. Con-
trasts between PTI and TN subgroups and between RTI and TN sub-
groups were computed using the permutation-based non-parametric T-
test and the requirement pFDR < 0.05 corrected across contrasts
(Nichols and Holmes, 2001).

Using Tractotron software included in the BCBtoolkit, we also
determined for all 35 patients the severity of the disconnection of the
tract damaged by the lesion (Thiebaut De Schotten et al., 2015). For
statistical analysis, the tracts of the 21 patients presenting lesions in the
right hemisphere and those of the 14 patients with lesions of the left
hemisphere were classified together as affected hemisphere, AH. For a
given lesion, Tractotron provides a probability and proportion of
disconnection for almost all known tracts (Foulon et al., 2018). The
probability relates the voxels of a lesion to the atlas of white matter
tracts defined by the healthy controls. The voxels of the lesion with the
highest degree of overlap define the probability of disconnection. It is
assigned a value of one if a voxel of the lesion is common to all white
matter tracts in the atlas. By assumption, a probability >0.5 indicates
disconnection. The proportion expresses the number of damaged voxels
in the tract divided by the total volume of the tract. We regarded it as the
measure more clearly reflecting the extent of damage to the entire tract,
and performed one- way ANOVAs and t-tests of the proportions to
evaluate the differences between patient groups.
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2.2.2.2. Cortical lesions. In (Abela et al., 2019) we calculated the tactile
network performing a meta-analysis as related to functional MRI data
using the Neurosynth database (http://www.neurosynth.org) (Yarkoni
et al.,, 2011). Submitting the search term “tactile” and excluding all
studies that did not use 3 T MRI, did not investigate somatosensory
processes, or reported results of patient populations yielded 45 studies.
Synthesis of these studies yielded a bi-hemispheric map of activations
uniquely associated with the term “tactile” (Abela et al., 2019). The
significance threshold of this map was z = 3.89, corresponding to a
false-discovery rate (FDR) of q < 0.01. The results are available at htt
ps://osf.io/n97cb/. Our motivation for using Neurosynth was solely to
derive regions-of-interest (ROI) that would meaningfully constrain the
voxel-space used for multi-voxel pattern analysis (MVPA) - in essence, to
design a spatial filter driven by a priori knowledge of fMRI activations
associated with tactile object recognition (TOR). Selecting only studies
that reported results from healthy populations, we found a normative set
of ROIs that avoided the biases inherent in a diseased population such as
alterations in the BOLD response, alternative cognitive strategies during
task performance, and other mechanisms such as plasticity or diaschisis.
Our pragmatic goal was the delineation of regions specific to TOR by
excluding functionally irrelevant areas of the complete lesion map.
Applying permutation tests and Leave One Subject Out cross-validation,
we found that MVPA achieved a highly significant reproduction of the
individual TOR performance recovery scores (Abela et al., 2019).

In analogy with Abela et al. (2919), we performed using this map a
standard univariate voxel-behavior analysis of the lesioned areas of the
RTI and PTI subgroups, comparing them with the TN subgroup, by
means of the Liebermeister measures (Bates et al. 2003, Rorden et al.,
2007) as implemented in NiiStat (https://www.nitrc.org/projects/
niistat).

2.2.3. Analysis of tactile matching tasks

We also performed as secondary aim an exploratory analysis of TOR
scores in haptic information transfer from the non-affected to the
affected hands and vice versa in all patient subgroups during the nine
months.

To investigate tactile information transfer, two types of matching
tasks were performed additionally in RTI and PTI patient groups: tactile-
tactile matching with the affected (i) and non-affected hand (ii), tactile
matching of objects involving the non-affected hand after presentation
of objects to the affected hand (iii), and reverse (iv). In each of these
tasks, the replica for 10 objects had to be identified from among five
different objects. A period of 10 s was allowed for tactile exploration and
object identification. The matching tasks were performed also at
admission, three and nine months. Mann Whitney and Friedman sta-
tistical tests were performed to assess differences between non-affected
and affected hands for each group and changes of each hand with time.

3. Results

3.1. Predictive assessment of behavioral data: Principal component
analysis

Applying Occam’s razor, an hierarchy of principal component ana-
lyses determined a pattern of PSO, MAC and TOR expression coefficients
that distinguished between RTI and PTI patient subgroups as determined
by the correlation of patient scores with TOR task performance at nine
months. Including the eight behavioral measures of Table 2: age, lesion
volume, NIH score, MAC, MIC, PPT, PSO and TOR, at admission, the first
PCA found a component with significant correlation in which the
expression coefficients for MAC, MIC, PSO, and TOR were clearly
dominant and the patient score distributions showed marked overlap.
The PCA of the dominant four measures yielded a second component
significantly correlated with TOR 9, but again marked overlap of the PTI
and RTI subgroup patient scores. This PCA exhibited a dominance of
MIC, PSO and TOR and the Kruskal-Wallis analysis showed improved
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discrimination, but overlap of the distributions was also evident. The
PCA of these three dominant measures yielded improved statistical
discrimination between the two patient groups, with ¥ = 9.0 corre-
sponding to p < 0.01, but markedly overlapping subgroup patient
scores. Moreover, the multiple linear regression of TOR recovery tra-
jectories versus seven of the eight behavioral measures, excluding only
PPT, of Abela et al. (2019) showed that MAC and PSO were the signif-
icant measures explaining almost 90% of the variance. We thus per-
formed a PCA including only MAC 0, PSO 0 and TOR 0. The second
principal component explained 30% of the variance and yielded a sig-
nificant correlation, p < 0.008, with TOR performance nine months after
admission. As indicated in Fig. 1, the overlap of patient scores was
minimal. The Kruskall-Wallis nonparametric test indicated significant
discrimination between the two patient groups, with x2 =9.8andp <
0.002; a threshold of —3 yielded perfect discrimination. Table 3 sum-
marizes the hierarchy of analyses and Supplementary Material presents
additional details concerning the PCA. As Table S5 shows, the dominant
expression coefficient of the 1st PC is provided by PSO, which is asso-
ciated with lateralized fine motor skill, whereas TOR, associated with
shape and texture recognition, yielded the dominant expression co-
efficients of the 2nd PC. This is also true for the PCA comprising PSO,
MIC and TOR (not shown).

Regarding the test measures generated by permutation, we required
that the permuted sets of three measures yield Mahalanobis distances
that fall within the limits of the original sets. These limits were [32 429]
for the RTI group and [293 448] for the PTI group, implying 319 and 252
sets of the total of 343, respectively. The mid graph of Fig. 2 shows the
distribution of Mahalanobis distances computed for the test data; these
are the distances from the mean of the TOR normal subgroup in the
three-dimensional space of MAC, PSO and TOR measures. The lower
panel shows the cumulative probability with respect to distance and
comparison with the original patient scores. The cumulative probabili-
ties showed good agreement, indicating that the permuted test measures
yielded a realistic representation of Mahalanobis distances. The mid
panel of Fig. 1 shows the distribution of patient scores derived from the
permuted performance scores; the distribution reflects well the distri-
bution of original behavioral scores shown on the left panel of Fig. 1 but
displays a realistic overlap of RTI and PTI patient scores. The right panel
of Fig. 1 shows the receiver operating characteristic curve (ROC) for the
computed patient scores. The optimal operating point implies that the
optimal threshold for distinguishing RTI from PTI subgroups — shown by
dotted line in the panel - is achieved with the PC patient score, —1.09,
yielding a true positive rate of 0.803 and a false positive rate of 0.079,
implying a Youden Index, J = 0.723. These rates imply 256 of 319 true
occurrences and 20 of 252 false occurrences in the range above the
threshold; the balanced accuracy for discrimination is 0.9. For the
original data of seven patients in each category, this optimal threshold
yields 1 false positive and 6 true positives, corresponding to a false
positive rate of 0.125 and a true positive rate of 1. Including all the
permuted patient scores without restriction reproduces the optimal
threshold, but yields a true positive rate of 0.767 and a false positive rate
of 0.169.

3.2. Predictive assessment of neuroimaging data: Lesion analysis and
tractography

A neuroanatomical pattern, consisting of a cortical lesion at subarea
PFt and significant disruption of the subcortical anterior arcuate
fasciculus and associated superior longitudinal fasciculus III in the
ipsilesional hemisphere permits almost perfect prediction of persistent
tactile impairment and distinguishes the two subgroups at admission.

Because the MRI data were acquired at different magnetic field
strengths (see Methods), we controlled for a confounding influence of
scanner type on the results. We visually confirmed that lesion maps of
patients scanned at 1.5 T overlapped the chronic infarct cores seen on
follow-up 3 T MRIs. We determined that the lesion volumes were not
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Fig. 1. Distributions of patient scores for PC2 of the PCA of MAC, PSO and TOR for the original patient scores (left panel) and the permuted behavioral scores (mid
panel). Red denotes the PTI subgroup and blue the RTI subgroup. The right panel shows the receiver operating characteristic curve (ROC) for the PC patient scores
derived by permutation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

Summary of PCA analyses. The first column identifies the PCA, the second the salient component correlating significantly with TOR 9, the following eight columns
show the expression coefficients computed in the PCA, the last two columns summarize the Kruskal-Wallis one-way ANOVA distinguishing RTI from PTI.

PC age Les vol NIH pso mac mic ppt tor KW > Kw
p
PC8 3 0.054 -0.117 —0.149 —0.473 0.384 0.406 —-0.213 0.616 3.92 0.048
PC4 2 0.695 —0.195 —0.423 —0.547 6.86 0.009
PC3 mic 2 —0.434 0.570 0.698 9.02 0.003
PC3 mac 2 —0.505 0.383 0.774 9.8 0.002

systematically different between the 9 patients scanned with 1.5 T and
the 26 with 3 T: U = 89.5 yielding p < 0.25. Finally, a multi-voxel
pattern analysis failed to identify scanner type from lesion maps
alone: AUC = 0.5, balanced accuracy 53.4%, p < 0.29 (Abela et al.,
2019).

In Fig. 3 are shown representative planes of lesion conjunction maps
reconstructed from baseline diffusion weighted imaging for all three
patient groups. According to the probabilistic cytoarchitectonical Jiilich
atlas (Eickhoff et al., 2005), the lesion core for the TN subgroup was
located in the motor Area 4p. The lesion cores of the PTI and the RTI
group had in common the motor Area 4p, PSC2 and PSC3a/b; the core of
the PTI group also included IPL PF and PFcm as well as OP1, PSC1. Of
these, OP1 and IPL PF are essential elements of the tactile network.

Table S9 displays complete results of white matter tract lesions using
the BCBtoolkit. Affecting only the ipsilesional hemisphere, 25 tracts of
the PTI subgroup and 22 tracts of the RTI subgroup contain voxels
surpassing the critical probability threshold of P > 0.5. The proportion
of overlap with white matter tracts in PTI and RTI subgroups yielded a
significant higher lesion load in the former (2-tailed t-test, p < 0.01). The
anterior arcuate fasciculus, superior longitudinal fasciculus (SLF III) and
corpus callosum of the PTI subgroup, a focus of our study, exhibited
maximal voxel probablilities, P = 1. The contralesional hemisphere
showed no indication of disconnection: P = 0. This contrast confirms the
association of the specifically affected white matter tracts with the
stroke and belies the premise of unspecific white matter lesions.

Fig. 4 elaborates the effects of the lesions on associated neuronal
networks and white matter tracts. In the representative planes of the
upper panels, the red denotes voxels determined by the Liebermeister
comparison of the PTI with the TN subgroups to exceed a significance
threshold, z > 3.98, corresponding to p < 0.05 per permutation testing.
The color blue represents three clusters of the meta-analytic map of 45

functional magnetic resonance imaging (fMRI) studies associated with
the term “tactile” and intersecting the lesion maps in red. This meta-
analysis revealed in total eight clusters that attained significant voxel-
wise z-scores exceeding 3.89, corresponding to a false-discovery rate,
q < 0.01, per permutation testing. As discussed in Introduction and
Methods, six of these clusters contributed essentially to prediction of
TOR performance over the course of the study (Abela et al, 2019). They
comprised the inferior posterior Broca subarea of BA44 described by
(Clos et al., 2013) with center-of gravity MNI coordinates x = 59,y =11,
z = 23; Area 4a of the primary motor cortex with coordinates (34,-
31,71); Area 1 of the primary sensory cortex (36,-43,64); Area 1 of the
primary sensory cortex and PFt of the inferior parietal lobule (52,-
24,57); area hIP2 of the intraparietal area (40,-41,44); and area OP1
(SI) of the parietal operculum (55,19,19). The two areas not contrib-
uting to this lesional neural network were regions of the dorsal premotor
and insular cortex.

The middle panels show composite disconnectome maps represent-
ing contrasts between the PTI and TN subgroups and between the RTI
and TN subgroups. Computed using the BCB Toolkit for each of the
patients, the 35 individual disconnectome maps were submitted to
univariate SPM analysis of the contrasts between the 5 patients of the
PTI or RTI subgroups and the 11 patients of the TN subgroup, respec-
tively. A permutation-based analysis with threshold-free cluster
enhancement (Nichols and Holmes, 2001) with significance threshold p
< 0.05 and pFDR < 0.025 corrected across contrasts yields the areas
shown for the PTI and RTI contrasts. Note that the more extensive white
matter tract disconnection in the PTI contrast affects severely the gap
between the PFt subarea and the vPMC/BA44. In addition, the coronal
slice indicates a disconnection of the crossing fibre tracts within the
paracallosal zone and corpus callosum that is mainly discernible in the
PTI contrast. This disconnection lays at the border of the posterior
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Fig. 2. In the upper panel are plotted the distributions of Mahalanobis dis-
tances, i.e. the distances from the mean of the TN subgroup in the three-
dimensional space of MAC, PSO and TOR scores, for the PC patient scores of
the RTI and PTI subgroups. In the middle panel are the analogous distributions
for the PC patient scores derived by permutation. In the lower panel are dis-
played the cumulative probability of the distance distributions for the original
and derived scores for the two subgroups. Red denotes the PTI subgroup and
blue the RTI subgroup. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

corpus callosum and splenium, a crucial region for haptic information
transfer (Fabri and Polonara, 2013).

Finally, the lower panels of Fig. 4 show the spatial extension of the
anterior arcuate fasciculus, as represented in the BCB Toolkit, in relation
to the meta-analytic clusters. It indicates the severity of the white matter
tract disconnection effected by the lesions of the PTI subgroup. In
summary, Fig. 4 shows that the lesions of the PTI subgroup impact
severely the anterior arcuate fasciculus, implicating the anterior
supramarginal gyrus and disrupting the connection to the ventral PMC
and posterior BA 44. Extending from the posterior supramarginal gyrus
to more anterior cortical fields than the anterior arcuate fasciculus, the
SLF III is also affected by the white matter disconnections in the PTI
subgroup. Hardly discriminable at the macroscopic level, the interlacing
of this tract with the anterior arcuate fasciculus is addressed in Figure S3
of Supplementary Material. Computed as fractional overlaps of lesion
with white matter tracts with the Tractotron function of the BBC Toolkit,
a quantitative comparison of the disconnections between the PTI and
RTI subgroups is shown in Table 4. The comparison shows that the
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essential distinction between the two subgroups stems from the differing
overlaps of the anterior arcuate fasciculus and superior longitudinal
fasciculus (SLF III). The overlaps with the corpus callosum are quanti-
tatively minor (Table 4), but interfering with a site critical for haptic
information transfer between hemispheres, ie at the border of the pos-
terior corpus callosum and splenium (Fabri and Polonara, 2013).The
functional significance is substantiated by the matching task data pre-
sented in Table 4. For individual overlaps, see Supplementary Material.

A graphical representation of the preceding assessments from patient
subgroups to results is shown in Fig. 5.

3.3. Analysis of tactile matching task

The supplementary analysis of the matching task showed differential
transfer of haptic information between affected and non-affected hands
in RTI and PTI subgroups.

The matching tasks involving sequential explorations with the same
hand, column 1 and 2 in Table 5, required information processing in
only one cerebral hemisphere, whereas the explorations with alternative
hands, column 3 and 4 in Table 5, required information processing in
both hemispheres and haptic information transfer between them. The
unilateral aH — aH exploration sequence served as reference for the
alternated hand tasks in each subject at each visit in order to assess the
contribution of interhemispheric information transfer to and from the
affected hand. (1) Exploring with the same hand, the matching tasks
involving the unaffected hand were unremarkable in both the PTI and
RTI subgroups. The matching tasks involving the affected hand showed
poor performance across the entire time course in the PTI patients, with
neither explicit nor implicit identification of the replica, while signifi-
cantly improving with time in RTI patients. (2) Exploring with sequen-
tially alternated hands, the matching task showed improved
performance at each assessment in the RTI patients while using the
unaffected hand after presentation of objects to the affected hand,
ameliorating over time from admission to the end of observation at 9
months; in the reverse direction haptic information was functional from
admission. Thus, the haptic information transfer was effective in both
directions of interhemispheric pathway at the end of the study. In the
PTI subgroup haptic information was significantly ameliorating and
effective only unidirectional across the interhemispheric path from the
unaffected to the affected hand at the end of observation at month 9,
whereas the implicated cortex was still unable to provide a recognizable
haptic information for interhemispheric transfer. This increasing
improvement in TOR performance, mediated by information transfer
from the contralateral, non-affected hand, suggests functional recovery
with time of the crossing interhemispheric pathway while haptic infor-
mation processing in the affected IPL remained poor.

4. Discussion

The primary aim of this study was to investigate indicators to predict
the course of recovery from tactile agnosia after first ischemic sensori-
motor stroke in two subgroups of seven patients each out of a cohort
of 36 post-stroke patients: those recovering from impairment (RTI) and
those persistently impaired (PTI) after nine months.

The behavioral measure of tactile object recognition, TOR, is related
to a natural manual skill of active touch in the macroscopic domain,
acquired in early childhood (Jones & Lederman, 2006). The underlying
motor control is present in everyday multifinger tasks involving spe-
cifically tactile object manipulation and object exploration (Abela et al.,
2019; Weder et al., 1998). Their functionality is especially vulnerable to
ischemic lesions and can lead to serious activity limitations in daily life
(Miller et al., 2010; Veerbeek et al., 2011). This vulnerability is due to
the complex sequential motor acts adapted to the explored objects,
which requires temporally synchronous dynamic movements as well as
concomitant asynchronous dynamic movements across distinct groups
of finger joints. This motor sequence is termed finger gaiting and secures
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Fig. 3. Lesion conjunction maps. Maps show voxels for which lesion maps of at least 71.4% of patients overlap: 15 of 21 for the N subgroup in the left panel (A), 5 of
7 for the RTI subgroup in the mid panel (B) and 7 of 7 for the PTI subgroup in the right panel (C). Images are in neurological convention: left side of the image
corresponds to left side of the brain. The lesion core (25/35 patients) was located in the depth of central sulcus; in the N and RTI subgroups the overlap is not maximal

due to the greater spatial variance of smaller lesions.

objects within the hand during exploration as has been verified using
digital data gloves (Krammer et al., 2020). Roland and Mortensen
detailed this type of human somatosensory exploration in the form of a
model with input-output relationships during tactile exploration,
encompassing kinesthesia, macrogeometry, size and shape (Roland &
Mortensen, 1987).

The patients of the two groups exhibited apperceptive tactile agnosia
at admission; they constituted subgroups of a cohort of 36 patients
suffering first ischemic sensori-motor stroke. As shown in Table 1, the
TOR performance scores measured at three and nine months showed no
significant change in the unaffected hand, whereas the affected hands of
the RTI and PTI subgroups show significant impairment at admission in
both subgroups but after nine months only in PTL In the study of this
cohort using MVPA of the cortical lesion maps derived from DWI MRIs,
we were able to distinguish the 22 TOR normal patients who did not
suffer tactile agnosia from the PTI subgroup (Abela et al., 2019; Bro-
dersen et al., 2010) regarding the recovery of tactile object recognition
performance over nine months. However, the TOR recovery courses of
the RTI subgroup overlapped those of both the TN and the PTI subgroup,
preventing the use of the MVPA analysis to distinguish the RTI and PTI
subgroups. Moreover, the TOR recovery courses that served as targets of
the MVPA are derived from TOR performance during nine months,
whereas only distinguishing RTI from PTI patients at admission could be
clinically relevant. Thus, the purpose of the present study was to
distinguish the TOR performance of two subgroups after nine months
using only behavioral and neuroimaging data available at admission. As
shown in Table 2, the behavioral measured included clinical data: age,
lesion volume and NIH, as well as somatosensory behavioral scores:
MIC_0, MAC_0, PPT 0, PSO_0 and TOR 0O determined at admission,
where “ 0” denotes score at admission. A hierarchy of PCAs yielded PC
patient scores that correlated with TOR performance after nine months,
TORY. The set of measures yielding clear discrimination between RTI
and PTI subgroups was composed of MAC_0, PSO_0 and TOR_0. The
second component of the PCA explained 30% of the variance and yiel-
ded a significant correlation, p < 0.01, with TOR9. The discrimination
was significant at the level, p < 0.002, and PC patient score threshold of
—3 yielded perfect discrimination. A test set derived by permuting the
three behavioral scores within the patient subgroups indicated the
reliability of the results. As shown in Figs. 1 and 2, comparisons of PCA
patient scores and Mahalanobis distance distributions derived from the
permuted behavioral scores showed good agreement. The receiver
operating characteristic curve derived from the permutation testing
yielded an 80% probability of correct identifications, an 8% probability
for false identifications and a balanced accuracy of 90% for discrimi-
nation of the two subgroups. It yielded a second PC patient score

threshold of —1.09.

The importance of PSO and MAC behavioral scores was indicated in
our regression analysis of the same patient cohort relating TOR recovery
courses to clinical and behavioral measures (Abela et al. 2019), in which
these two scores were the most significant predictors. In that study, we
also showed that the Mahalanobis distances derived from the 3-dimen-
sional space of PSO9, MAC9 and TOR9 clearly distinguished among
the TN, RTI and PTI subgroups. A Gaussian Mixture model confirmed the
discrimination. For details, see Supplementary Material. In the current
study, we show in Fig. 2 the considerable overlap of analogous Maha-
lanobis distances determined at admission for RTI and PTI subgroups, an
additional indication of the reliability of the permutation testing.
Behaviorally, PSO reflects the capability of adapting grasp configura-
tions to familiar objects and MAC the ability to discriminate object size
differences (Bohlhalter et al., 2002; Homke et al., 2009). Together they
reflect interdependence of exploratory action and perception (Dijker-
man & de Haan, 2007). Notably, PSO, associated with the lateralized
fine motor skill, exhibited the greatest expression coefficient in the first
PC, whereas TOR, associated with shape and texture recognition showed
the largest expression coefficient in the second PC. Concerning TOR_0,
the importance of an initial test score in predicting the development of
the test score over time has been observed also in other studies, e.g. in
recovering the ability to swallow (Galovic et al., 2019). The applied
exploration mode of spatial multifinger exploration, specific for
macroscopic spatial object recognition, has been shown to be disrupted
predominantly by the lesion of the supramarginal gyrus in the PTI
subjects (Abela et al., 2019), whereas recognition of microscopic texture
features, dependent on scanning movements (Morley et al., 1983), was
less effected.

The impairment of MIC and other material features is most likely due
to the combined SI and SII (OP1) lesions (Kitada et al., 2019; Sathian
et al., 2011; Stilla & Sathian, 2008). However, despite the evidence
based on the cortical lesion pattern, the pattern consisting of MIC, PSO
and TOR did discriminate between the PTI and RTI subgroups, but at a
lower level of significance than the pattern of MAC, PSO and TOR.

The clinical relevance of this procedure for analyzing behavioral
data lies in the possible predictive use of the component expression
coefficients. Just as projection of the PC expression coefficients onto the
permuted behavioral measures yielded simulated patient scores, so
could the measures of patients assessed at admission be used to predict
those who would probably remain permanently impaired. Moreover, as
more TOR assessments after nine months become available, the
component expression coefficients could be refined.

With regard to the neuroimaging data, our previous study of the
same patient cohort evidenced in the lesion maps of the PTI subgroup
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complete segregation at the cortical level of the anterior parietal lobule,
mainly subarea PFt, and parietal operculum, subarea OP1 (Abela et al.,
2019). The patients presenting no tactile agnosia evidenced no such
lesions. Motivated by the goal of distinguishing the RTI and PTI sub-
groups in order to improve predictability of TOR recovery after nine
months, we investigated disruptions of the white matter tracts impacted
by the primary lesion area. The analysis should lead to a superior
assignment of the related lesion pattern (Kessner et al. 2021). A sec-
ondary aim was the identification of the interhemispheric white matter
pathway between the crucial lesion in the parietal cortex and the
homotopic cortical area in the contralateral hemisphere, which might
play a role in the recovery of TOR function.

Using the Tractotron and Disconnectome maps functions of the Brain
Connectivity and Behavior Toolkit (Foulon et al., 2018), we found se-
vere white matter disintegration in the anterior arcuate fasciculus in the
PTI subgroup, but only slight disintegration in the same tract of the the
RTI subgroup as shown in Table 4. The compact and contiguous SLF III,
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Fig. 4. Synopsis of cortical and white matter lesions
for PTI and RTI subgroups. In the panel A is shown in
red the cortical lesion of the PTI subgroup deter-
mined to be significant compared to the TN subgroup
using the Liebermeister test for binary data. The blue
areas depict constituents of the meta-analytic tactile
network disrupted by the lesion; subareas PFt and
OP1 as well as the inferior posterior BA44 at the
junction to the ventral PMC. These latter areas are
also shown in panels B, C and D. In panel B are
delineated the disconnectome maps derived from
contrasts of the PTI with the N subgroups in warm
colors and of the RTI with the N subgroups in cool
colors. The threshold level, pFDR < 0.05, is corrected
across contrasts. In panel C a lesion of the crossing
fibre tracts in the right paracallosal area, entering
corpus callosum (coronal slice) is discernible in the
PTI subgroup at the border between the posterior
corpus callosum and splenium. In panel D are shown
the constituents of the damaged meta-analytic
network juxtaposed with the anterior arcuate
fasciculus, depicted as a circumscribed white ROI, as
represented by the BBC Toolkit. (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this article.)

seems to be also affected, but is hardly discernible at the site of the
fronto-parietal operculum by patho-anatomical means (Martino et al.,
2011). In fact, there is a recent debate about equivalence of the SLF III to
the arcuate fasciculus in its anterior or horizontal segment (Nakajima
et al., 2020). This white matter disintegration is a new finding, shown in
Table 4 and Fig. 4, concerning the tactile object recognition tasks, and
confirms the need for differential evaluation of both grey and white
matter possibly underlying somatosensory deficits after ischemic stroke.

According to both the common lesional network and its pattern in
the PTI subgroup, the focus of the lesion lies in the mirror network
(Caspers et al., 2006). A severely lesioned node of the cortical network
delineated in a meta-analysis of 45 studies (Abela et al., 2019), the
rostral IPL is reciprocally connected to Broca’s area (BA 44) and to the
neighbouring vPMC in humans and macaque monkey homologue areas
(Catani et al., 2005; Gregoriou et al., 2006). However, Kelly et al. (2010)
found evidence for distinct resting state functional connectivity (RSCF)
between the rostral supramarginal gyrus and ventral area 6, the latter
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Table 4

Proportional overlap of lesions with white matter tracts. Listed are the fractional overlap of the lesions of the persistently impaired (PTI) and the recovered (RTI) groups
with the arcuate and superior longitudinal fasciculi and corpus callosum. P* denotes the probability of lesion voxel values within a tract. The proportions for each tract
were submitted to a one-way ANOVA and to 2-tailed t-tests, denoted by **. After Bonferroni correction for multiple comparisons, the significant t-tests retained

significance at level, p < 0.05.

Subgroup PTI RTI TN RTI vs RTI vs PTI vs
n= n= PTI N TN
7) 7)
Tract p* Proportionof p* Proportionof p* Proportionof p** p** p**
lesion mean (SD) lesion mean (SD) lesion mean (SD)
2-tailed 2-tailed 2-tailed
t-test t-test t-test
t p< t p< t p<
Anterior 1 0.68 (0.21) 0.95 0.27 (0.24) 0.72  0.1(0.15) 3.4 0.01** 2.1 0.04 7.9 0.0001**
Arcuate
Fasc.
SLF III 1 0.52 (0.22) 0.94 0.21 (0.19) 0.84  0.09 (0.13) 2.8 0.02 1.2 0.06 6.4 0.0001**
Corpus 1 0.08 (0.05) 0.94 0.04 (0.02) 0.99  0.02(0.02) 2.0 0.07 1.8 0.09 4.5 0.0001**
Callosum
ANOVA Anterior Arcuate SLF III Corpus
Fasc Callosum
F p< F p< F p<
24.6 0.0001 17.9 0.0001 9.52 0.001

TOR course of 22 TN, 7 RTl and 7 PTI patients over 9

Behavioral parameters at admission:
age, lesion volume, NIH, MIC, MAC, PPT, PSO and TOR
Table 2

s

If no significant correlation of PC patient scores with
patient TOR 9 scores and clear distinction between
scores of RTl and PTI patients, reject parameters with
small expression coefficients and perform PCA of
remaining parameters

7

PSO, MAC, TOR are discriminating predictors of TOR 9

Permutation testing of PSO, MAC and TOR patient
scores to validate distributions of patient scores

J

Distributions of patient scores and ROC curve: Figure 1
Mahalanobis distance distributions: Figure 2

months 21 TN, 7 RTland 7 PTI patients
Table 1 Figure 3
U |2
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12
Comparison of
proportion of overlap
and disconnection
probability between
RTIvs PTI
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@ 2 contrasts:
TN vs RTI , TN vs PTI

1

Delineation of white matter
lesions for RTl and PTI
subgroups with relation to
cortical lesions
Figure 4

Fig. 5. Depicted is a diagram of the analyses of behavioral data on the left and neuroimaging data on the right and the relationship to tables and figures, indicated

by italics.

distinct from that in Brodmann area 44. This may be due to differential
connections from compartments of Brodmann area 44 to the posterior
IPL, the latter providing semantic information with respect to control of
motor actions (Frey et al., 2008), and from vPMC to rostral IPL. We posit
the anterior arcuate fasciculus and associated SLF III as the most likely
structural pathway underlying the related differential information
transfer. Clos et al. (Clos et al., 2013) have characterized compartments
in BA 44 involved in non-language related functions, e.g. in execution of
action and perception as part of the mirror-neuron system and in higher
cognitive functions. In fact, the posterior inferior sub-area in the frontal
gyrus (pars opercularis), a conjectured target zone as well as exhibiting a
diversity of motor functions, is also a part of the meta-analytic neuronal
network elaborated above. In our previous study, we supposed that
dysfunctional reciprocal linkage between anterior IPL and frontal motor
areas disturbs combined processing of actions, like grasping, and
perception underlying tactile object recognition (Fogassi & Luppino,

10

2005; Rizzolatti & Fogassi, 2014). Specific motor functions of posterior
inferior Broca area encompass learning of motor finger sequences (Seitz
& Roland, 1992); visual motor learning (Toni et al., 2001); precision
grip (Ehrsson et al., 2001); matching of hand posture configurations in
accordance with visual and functional demands (Vingerhoets et al.,
2013); and observation and imitation of actions as well as imagination
or observation of motions (Binkofski & Buccino, 2004). The role of the
lesioned OP1 may be related do a decay in complex information pro-
cessing during tactile working memory as part of the mirror neuron
system as well as in processing of rather microscopical texture features
(Caspers et al., 2010).

We suggest that, combined with the lesions in the anterior IPL and
OP1, axonal damage to anterior arcuate fasciculus in PTI subjects
interrupted completely transfer of haptic information from the anterior
IPL to premotor cortices in the inferior frontal gyrus and possibly
recursive feedback tracts from them. In contrast, the isolated tract
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Table 5

Neurolmage: Clinical 36 (2022) 103193

Tactile matching tasks involving affected (aH) and unaffected (uH) hands. Tactile matching tasks were separated in (1) matching by two sequential explorations with
the same hand (i.e. affected hand, aH, or unaffected hand, uH) and (2) matching by two sequential explorations with alternated hands (aH followed by uH or uH
followed by aH). Each specific test consisted of the identification of 10 objects by finding the replica out of 5 alternative objects while the subjects were blinded. The
results are displayed for admission and after 3 and 9 months. The first entry is the median of correct identification for the group; in parentheses is the range. Statistical
analyses of all sequences were performed with the Friedmann test and comparisons of two sequences with the Mann-Whitney 2-tailed test. In these comparisons only p-
values surviving correction for multiple comparisons according to Bonferroni were listed.

sequence 1 uH: uH 2 aH: aH lvs2 3 aH: uH 3vs2 4 uH: aH 4vs 2 All:1234
group visit M-W M-W M-W Friedmann
PTIn=7 admission 8 (5-10) 0 (0-0) z =231 3 (0-4) n.s. 5(1-8) z=231 Xz =16.0
p < 0.005 p < 0.005 p < 0.002
3 10 (5-10) 0 (0-5) z=3.0 4 (0-6) n.s. 5 (5-10) z=28 ¥’ =16.6
p < 0.005 p < 0.005 p < 0.001
9 10 (9-10) 6 (0-8) z=23.1 5(0-9) n.s. 9 (7-10) z=238 X2 =15.0
p < 0.005 p < 0.005 p < 0.002
Friedmann over 9 months n.s. n.s. n.s ¥>=10.5
p<0.01
RTIn=7 admission 9 (4-10) 1 (0-8) z = 2.56 3(0-8) n.s. 8 (5-10) z=25 x?=12.0
p < 0.02 p < 0.05 p <0.01
3 9 (5-10) 6 (0-10) n.s. 6 (0-9) n.s 9 (5-10) n.s. =97
p<0.05
9 10 (5-10) 8 (7-10) <0.02 9 (4-10) n.s. 10 (9-10) n.s. x? = 8.01
0 < 0.05
Friedmann over 9 months n.s. ¥ =112 ¥ =112 n.s.
p < 0.005 p < 0.005

lesions of arcuate fasciculus in RTI subjects were not severe enough to
prevent recovery of function in the affected hand, as indicated by the
significantly improving TOR performance shown in Table 1.

Insight into the inter-hemispheric transfer of haptic information was
also provided by the supplementary analysis of the matching task. The
matching task with the affected hand showed in the PTI subgroup severe
impairment over the entire nine months, whereas the RTI subgroup
showed significant improvement. The matching task with sequentially
alternated hands showed additional discrimination. The PTI group
showed improvement only in matching from the non-affected hand to
the affected hand, whereas the RTI group regained normal bidirectional
function of haptic information transfer. The unidirectional haptic in-
formation transfer from the unaffected to the affected hand in the PTI
subgroup indicates functional restoration of the lesioned inter-
hemispheric path at the border of the posterior corpus callosum and
splenium (Fabri & Polonara, 2013). On the contrary, the severely
dysfunctional and segregated anterior IPL remained incapable of
providing a discernible haptic information to the homotopic area of the
contralateral hemisphere. This observation may have a potential impact
on rehabilitation strategies.

Limitations are the rather small sample size of both the recovered
and persistently impaired TOR subgroups. Despite the small sample size,
a typical issue for rare disorders like tactile agnosia, the PCA identified a
pattern of sensitive sensori-motoric measures. Moreover, the results of
the PCA were validated by a test set based on permutation of patient
behavioral scores, leading us to expect that the model generalises to
larger patient cohorts. This procedure thus represents an approach to
cope with the small sample size. Another possible limitation is the in-
direct determination of the affected tracts based on 10 healthy in-
dividuals of a different age range. However, previous studies have
established this method, and submitting patients at admission to the
lengthy DWI acquisitions required for direct determination would be a
serious imposition. The findings reported here are valid for apperceptive
tactile agnosia due to an elementary sensori-motor disorder, but not for
associative tactile agnosia, which may dependent rather on a lateralized
neuronal network to the right hemisphere (Balsamo et al., 2008; Platz,
1996; Veronelli et al., 2014). The elementary multifinger task underly-
ing extraction of somatosensory information is independent of fast and
dynamic exploration and of brain lateralization (Krammer et al., 2020;
Craddock and Lawson, 2009; Yamashita, 2015). In contrast, tool use
involves similar anterior parietal areas, but predominantly in the left
hemisphere (Orban and Caruana, 2014).
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5. Conclusion

Our study has found two patterns that can be used to predict at
admission if a patient can be expected to recover from apperceptive
tactile agnosia after first ischemic stroke. The behavioral pattern con-
sists of the PCA expression coefficients derived from three measures of
daily tactile functionality: PSO_0. MAC_0 and TOR 0. A test set derived
from permutation of behavioral scores indicated 90% accuracy of the
discrimination between permanently impaired and recovering sub-
groups. The neuroimaging pattern relies on the combined analysis of
both cortical lesions and implicated white matter tracts. The dis-
tinguishing feature is the overlap of the lesions with the anterior arcuate
and associated the superior longitudinal fasciculus. Our evaluation
implied a probability for correct discrimination between RTI and PTI
subgroups of better than 98%. The combined analysis improved the
balanced accuracy of distinguishing NT from RTI and PTI subgroups
from 86% in our MVPA analysis to essentially 100%. The supplementary
analysis evaluated the possible role of haptic information transfer be-
tween hemispheres in supporting the recovery from tactile agnosia.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgement

This work was funded by Swiss National Science Foundation (SNSF)
grants 3118018 and 160107.

We thank Prof. Dr. Alex Keel from the University of St. Gallen for
advice concerning the statistical analyses.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nicl.2022.103193.


https://doi.org/10.1016/j.nicl.2022.103193
https://doi.org/10.1016/j.nicl.2022.103193

J.H. Missimer et al.
References

Abela, E., Missimer, J., Wiest, R., Federspiel, A., Hess, C., Sturzenegger, M., Weder, B.,
2012. Lesions to primary sensory and posterior parietal cortices impair recovery
from hand paresis after stroke. PLoS ONE 7 (2), e31275. https://doi.org/10.1371/
journal.pone.0031275.

Abela, E., Missimer, J.H., Pastore-Wapp, M., Krammer, W., Wiest, R., Weder, B.J., 2019.
Early prediction of long-term tactile object recognition performance after
sensorimotor stroke. Cortex 115, 264-279.

Andersen, S.M., Rapcsak, S.Z., Beeson, P.M., 2010. Cost function masking during
normalization of brains with focal lesions: still a necessity? Neurolmage 53 (1),
78-84. https://doi.org/10.1016/j.neuroimage.2010.06.003.

Ashburner, J., Friston, K.J., 2005. Unified segmentation. Neurolmage 26 (3), 839-851.
https://doi.org/10.1016/j.neuroimage.2005.02.018.

Balsamo, M., Trojano, L., Giamundo, A., Grossi, D., 2008. Left hand tactile agnosia after
posterior callosal lesion. Cortex 44 (8), 1030-1036. https://doi.org/10.1016/j.
cortex.2008.01.003.

Bates, E., Wilson, S.M., Saygin, A.P., Dick, F., Sereno, M.I., Knight, R.T., Dronkers, N.F.,
2003. Voxel-based lesion-symptom mapping. Nat. Neurosci. 6 (5), 448-450.

Binkofski, F., Buccino, G., 2004. Motor functions of the Broca’s region. Brain Lang. 89
(2), 362-369. https://doi.org/10.1016/50093-934X(03)00358-4.

Binkofski, F., Kunesch, E., Classen, J., Seitz, R.J., Freud, H.-J., 2001. Tactile Apraxia.
Unimodal apractic disorder of tactile object exploration associated with parietal lobe
lesions. Brain 124, 132-144.

Bohlhalter, S., Fretz, C., Weder, B., 2002. Hierarchical versus parallel processing in
tactile object recognition: A behavioural-neuroanatomical study of aperceptive
tactile agnosia. Brain 125 (11), 2537-2548.

Brett, M., Leff, A.P., Rorden, C., Ashburner, J., 2001. Spatial Normalization of Brain
Images with Focal Lesions Using Cost Function Masking. Neurolmage 14 (2),
486-500.

Brodersen, K.H., Ong, C.S., Stephan, K.E., Buhmann, J.M., 2010. The balanced accuracy
and its posterior distribution. Proc. Internat. Conf. Pattern Recog. 3121-3124
https://doi.org/10.1109/ICPR.2010.764.

Brott, T., Adams, H.P., Olinger, C.P., Marler, J.R., Barsan, W.G., Biller, J., Spilker, J.,
Holleran, R., Eberle, R., Hertzberg, V., 1989. Measurements of acute cerebral
infarction: a clinical examination scale. Stroke 20 (7), 864-870.

Carey, L.M., Matyas, T.A., 2011. Frequency of discriminative sensory loss in the hand
after stroke in a rehabilitation setting. J. Rehabil. Med. 43 (3), 257-263. https://doi.
0rg/10.2340/16501977-0662.

Caselli, R.J., 1991. Rediscovering tactile agnosia. Mayo Clin. Proc. 66 (2), 129-142.

Caspers, S., Geyer, S., Schleicher, A., Mohlberg, H., Amunts, K., Zilles, K., 2006. The
human inferior parietal cortex: Cytoarchitectonic parcellation and interindividual
variability. Neurolmage 33 (2), 430-448.

Caspers, S., Zilles, K., Laird, A.R., Eickhoff, S.B., 2010. ALE meta-analysis of action
observation and imitation in the human brain. Neurolmage 50 (3), 1148-1167.
https://doi.org/10.1016/j.neuroimage.2009.12.112.

Catani, M., Jones, D.K., Ffytche, D.H., 2005. Perisylvian language networks of the human
brain. Ann. Neurol. 57 (1), 8-16. https://doi.org/10.1002/ana.20319.

Clos, M., Amunts, K., Laird, A.R., Fox, P.T., Eickhoff, S.B., 2013. Tackling the
multifunctional nature of Broca’s region meta-analytically: Co-activation-based
parcellation of area 44. Neurolmage 83, 174-188.

Craddock, M., Lawson, R., 2009. Do left and right matter for haptic recognition of
familiar objects? Perception 38 (9), 1355e1376. https://doi.org/10.1068/p6312.

Dijkerman, H.C., de Haan, E.H.F., 2007. Somatosensory processes subserving perception
and action. Behav. Brain Sci. 30 (02), 189. https://doi.org/10.1017/
S0140525X07001392.

Dyck, P.J., O’Brien, P.C., Kosanke, J.L., Gillen, D.A., Karnes, J.L., 1993. A 4, 2, and 1
stepping algorithm for quick and accurate estimation of cutaneous sensation
threshold. Neurology 43, 1508-1512. https://doi.org/10.1212/WNL.43.8.1508.

Ehrsson, H.H., Fagergren, E., Forssberg, H., 2001. Differential fronto-parietal activation
depending on force used in a precision grip task: an fMRI study. J. Neurophysiol. 85
(6), 2613-2623. http://www.ncbi.nlm.nih.gov/pubmed/11387405.

Eickhoff, S.B., Stephan, K.E., Mohlberg, H., Grefkes, C., Fink, G.R., Amunts, K., Zilles, K.,
2005. A new SPM toolbox for combining probabilistic cytoarchitectonic maps and
functional imaging data. Neuroimage 25 (4), 1325-1335.

Ekstrand, E., Rylander, L., Lexell, J., Brogardh, C., 2016. Perceived ability to perform
daily hand activities after stroke and associated factors: A cross-sectional study. BMC
Neurol. 16 (1), 1-9. https://doi.org/10.1186/512883-016-0733-x.

Fabri, M., Polonara, G., 2013. Functional topography of human corpus callosum: an
FMRI mapping study. Neural Plast. 2013 https://doi.org/10.1155/2013/251308,
251308.

Fogassi, L., Luppino, G., 2005. Motor functions of the parietal lobe. Curr. Opin.
Neurobiol. 15 (6), 626-631.

Foulon, C., Cerliani, L., Kinkingnéhun, S., Levy, R., Rosso, C., Urbanski, M., et al., 2018.
Advanced lesion symptom mapping analyses and implementation as BCBtoolkit. In:
GigaScience. Oxford University Press, pp. 1-17, 10.1093/gigascience/giy004 (Vol.
7, Issue 3).

Frey, S., Campbell, J.S.W., Pike, G.B., Petrides, M., 2008. Dissociating the human
language pathways with high angular resolution diffusion fiber tractography.

J. Neurosci. 28 (45), 11435-11444. https://doi.org/10.1523/JNEUROSCI.2388-
08.2008.

Galovic, M., Stauber, A.J., Leisi, N., Krammer, W., Brugger, F., Vehoff, J., Balcerak, P.,
Miiller, A., Miiller, M., Rosenfeld, J., Polymeris, A., Thilemann, S., De Marchis, G.M.,
Niemann, T., Leifke, M., Lyrer, P., Saladin, P., Kahles, T., Nedeltchev, K.,

Sarikaya, H., Jung, S., Fischer, U., Manno, C., Cereda, C.W., Sander, J.W.,
Tettenborn, B., Weder, B.J., Stoeckli, S.J., Arnold, M., Kagi, G., 2019. Development

Neurolmage: Clinical 36 (2022) 103193

and validation of a prognostic model of swallowing recovery and enteral tube
feeding after ischemic stroke. JAMA Neurol. 76 (5), 561.

Gregoriou, G.G., Borra, E., Matelli, M., Luppino, G., 2006. Architectonic organization of
the inferior parietal convexity of the macaque monkey. J. Comp. Neurol. 496 (3),
422-451. https://doi.org/10.1002/cne.20933.

Han, L., Law-Gibson, D., Reding, M., 2002. Key neurological impairments influence
function-related group outcomes after stroke. Stroke 33 (7), 1920-1924. https://doi.
org/10.1161/01.STR.0000019792.59599.CC.

Homke, L., Amunts, K., Bonig, L., Fretz, C., Binkofski, F., Zilles, K., Weder, B., 2009.
Analysis of lesions in patients with unilateral tactile agnosia using cytoarchitectonic
probabilistic maps. Hum. Brain Mapp. 30 (5), 1444-1456. https://doi.org/10.1002/
hbm.20617.

Jebsen, R.H., Taylor, N., Trieschmann, R.B., Trotter, M.J., Howard, L.A., 1969. An
objective and standardized test of hand function. Arch. Phys. Med. Rehabil. 50,
311-319.

Jones, L. A., & Lederman, S. J. (2006). Human Hand Function. https://books.google.com/
books?hl=de&lr=&id=NRI8n90eAsUC&pgis=1.

Kelly, C., Uddin, L.Q., Shehzad, Z., Margulies, D.S., Castellanos, F.X., Milham, M.P.,
Petrides, M., 2010. Broca’s region: linking human brain functional connectivity data
and non-human primate tracing anatomy studies. Eur. J. Neurosci. 32 (3), 383-398.
https://doi.org/10.1111/j.1460-9568.2010.07279.x.

Kessner, S.S., Eckhard, S., Gerloff, C., Gotz, T., Cheng, B., 2021. Grey and white matter
network disruption is associated with sensory deficits after stroke. Neuroimage Clin.
31, 102698 https://doi.org/10.1016/j.nicl.2021.102698.

Kim, J.S., Choi-Kwon, S., 1996. Discriminative sensory dysfunction after unilateral
stroke. Stroke 27 (4), 677-682. https://doi.org/10.1161/01.STR.27.4.677.

Kitada, R., Doizaki, R., Kwon, J., Tanigawa, T., Nakagawa, E., Kochiyama, T.,
Kajimoto, H., Sakamoto, M., Sadato, N., 2019. Brain networks underlying tactile
softness perception: A functional magnetic resonance imaging study. Neurolmage
197, 156-166.

Krammer, W., Missimer, J.H., Habegger, S., Pastore-Wapp, M., Wiest, R., Weder, B.J.,
2020. Sensing form - Finger gaiting as key to tactile object exploration - A data glove
analysis of a prototypical daily task. J. NeuroEng. Rehabil. 17 (1) https://doi.org/
10.1186/512984-020-00755-6.

Marshall, R.S., Zarahn, E., Alon, L., Minzer, B., Lazar, R.M., Krakauer, J.W., 2009. Early
imaging correlates of subsequent motor recovery after stroke. Ann. Neurol. 65 (5),
596-602. https://doi.org/10.1002/ana.21636.

Martino, J., De Witt Hamer, P.C., Vergani, F., Brogna, C., de Lucas, E.M., Vazquez-
Barquero, A., Garcia-Porrero, J.A., Duffau, H., 2011. Cortex-sparing fiber dissection:
An improved method for the study of white matter anatomy in the human brain.
J. Anat. 219 (4), 531-541.

Miller, E.L., Murray, L., Richards, L., Zorowitz, R.D., Bakas, T., Clark, P., Billinger, S.A.,
2010. Comprehensive overview of nursing and interdisciplinary rehabilitation care
of the stroke patient: A scientific statement from the American heart association.
Stroke 41 (10), 2402-2448. https://doi.org/10.1161/STR.0b013e3181e7512b.

Morley, J.W., Goodwin, A.W., Darian-Smith, 1., 1983. Tactile discrimination of gratings.
Exp. Brain Res. 49, 291-299.

Nakajima, R., Kinoshita, M., Shinohara, H., Nakada, M., 2020. The superior longitudinal
fascicle: reconsidering the fronto-parietal neural network based on anatomy and
function. Brain Imaging and Behavior 14 (6), 2817-2830.

Nakamura, J., Endo, K., Sumida, T., Hasegawa, T., 1998. Bilateral tactile agnosia: a case
report. Cortex 34 (3), 375-388. http://www.ncbi.nlm.nih.gov/pubmed/9669103.

Nichols, T.E., Holmes, A.P., 2001. Nonparametric permutation tests for functional
neuroimaging: a primer with examples. Hum. Brain Mapp. 15, 1-25. https://pubm
ed.ncbi.nlm.nih.gov/18501637/.

Oldfield, R.C., 1971. The assessment and analysis of handedness: The Edinburgh
inventory. Neuropsychologia 9, 97-113. https://doi.org/10.1016/0028-3932(71)
90067-4.

Orban, G.A., Caruana, F., 2014. The neural basis of human tool use. Front. Psychol. 5,
310. https://doi.org/10.3389/fpsyg.2014.003 10.

Platz, T., 1996. Tactile agnosia Casuistic evidence and theoretical remarks on modality-
specific meaning representations and sensorimotor integration. Brain 119 (5),
1565-1574.

Reed, C.L., Caselli, R.J., Farah, M.J., 1996. Tactile agnosia. Underlying impairment and
implications for normal tactile object recognition. Brain 875-888. http://www.ncbi.
nlm.nih.gov/pubmed/8673499.

Rehme, A.K., Volz, L.J., Feis, D.L., Eickhoff, S.B., Fink, G.R., Grefkes, C., 2015. Individual
prediction of chronic motor outcome in the acute post-stroke stage: Behavioral
parameters versus functional imaging. Hum. Brain Mapp. 36 (11), 4553-4565.
https://doi.org/10.1002/hbm.22936.

Rizzolatti, G., Fogassi, L., 2014. The mirror mechanism: recent findings and perspectives.
Philos. Trans. Royal Soc. B: Biol. Sci. 369 (1644), 20130420. https://doi.org/
10.1098/rstb.2013.0420.

Rojkova, K., Volle, E., Urbanski, M., Humbert, F., Dell’Acqua, F., Thiebaut de
Schotten, M., 2016. Atlasing the frontal lobe connections and their variability due to
age and education: a spherical deconvolution tractography study. Brain Struct.
Funct. 221 (3), 1751-1766. https://doi.org/10.1007/500429-015-1001-3.

Roland, P.E., Mortensen, E., 1987. Somatosensory detection of microgeometry,
macrogeometry and kinesthesia in man. Brain Res. Rev. Elsevier Sci. 12 (1), 1-42.

Rorden, C., Karnath, H.O., Bonilha, L., 2007. Improving lesion-symptom mapping.

J. Cogn. Neurosci. 19 (7), 1081-1088. https://doi.org/10.1162/
jocn.2007.19.7.1081.

Rorden, C., Bonilha, L., Fridriksson, J., Bender, B., Karnath, H.-O., 2012. Age-specific CT
and MRI templates for spatial normalization. NeuroIlmage 61 (4), 957-965. https://
doi.org/10.1016/j.neuroimage.2012.03.020.

12


https://doi.org/10.1371/journal.pone.0031275
https://doi.org/10.1371/journal.pone.0031275
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0010
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0010
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0010
https://doi.org/10.1016/j.neuroimage.2010.06.003
https://doi.org/10.1016/j.neuroimage.2005.02.018
https://doi.org/10.1016/j.cortex.2008.01.003
https://doi.org/10.1016/j.cortex.2008.01.003
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0030
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0030
https://doi.org/10.1016/S0093-934X(03)00358-4
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0040
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0040
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0040
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0045
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0045
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0045
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0050
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0050
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0050
https://doi.org/10.1109/ICPR.2010.764
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0060
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0060
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0060
https://doi.org/10.2340/16501977-0662
https://doi.org/10.2340/16501977-0662
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0070
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0075
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0075
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0075
https://doi.org/10.1016/j.neuroimage.2009.12.112
https://doi.org/10.1002/ana.20319
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0080
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0080
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0080
https://doi.org/10.1068/p6312
https://doi.org/10.1017/S0140525X07001392
https://doi.org/10.1017/S0140525X07001392
https://doi.org/10.1212/WNL.43.8.1508
http://www.ncbi.nlm.nih.gov/pubmed/11387405
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0100
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0100
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0100
https://doi.org/10.1186/s12883-016-0733-x
https://doi.org/10.1155/2013/251308
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0115
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0115
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0120
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0120
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0120
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0120
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
https://doi.org/10.1523/JNEUROSCI.2388-08.2008
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0130
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0130
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0130
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0130
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0130
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0130
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0130
https://doi.org/10.1002/cne.20933
https://doi.org/10.1161/01.STR.0000019792.59599.CC
https://doi.org/10.1161/01.STR.0000019792.59599.CC
https://doi.org/10.1002/hbm.20617
https://doi.org/10.1002/hbm.20617
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0150
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0150
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0150
https://doi.org/10.1111/j.1460-9568.2010.07279.x
https://doi.org/10.1016/j.nicl.2021.102698
https://doi.org/10.1161/01.STR.27.4.677
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0175
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0175
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0175
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0175
https://doi.org/10.1186/s12984-020-00755-6
https://doi.org/10.1186/s12984-020-00755-6
https://doi.org/10.1002/ana.21636
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0195
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0195
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0195
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0195
https://doi.org/10.1161/STR.0b013e3181e7512b
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0205
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0205
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0210
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0210
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0210
http://www.ncbi.nlm.nih.gov/pubmed/9669103
https://pubmed.ncbi.nlm.nih.gov/18501637/
https://pubmed.ncbi.nlm.nih.gov/18501637/
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.3389/fpsyg.2014.003 10
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0235
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0235
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0235
http://www.ncbi.nlm.nih.gov/pubmed/8673499
http://www.ncbi.nlm.nih.gov/pubmed/8673499
https://doi.org/10.1002/hbm.22936
https://doi.org/10.1098/rstb.2013.0420
https://doi.org/10.1098/rstb.2013.0420
https://doi.org/10.1007/s00429-015-1001-3
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0260
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0260
https://doi.org/10.1162/jocn.2007.19.7.1081
https://doi.org/10.1162/jocn.2007.19.7.1081
https://doi.org/10.1016/j.neuroimage.2012.03.020
https://doi.org/10.1016/j.neuroimage.2012.03.020

J.H. Missimer et al.

Saetti, M.C., De Renzi, E., Comper, M., 1999. Tactile morphagnosia secondary to spatial
deficits. Neuropsychologia 37 (9), 1087-1100.

Sathian, K., Lacey, S., Stilla, R., Gibson, G.O., Deshpande, G., Hu, X., et al., 2011. Dual
pathways for haptic and visual perception of spatial and texture information.
Neurolmage 57 (2), 462-475. https://doi.org/10.1016/j.neuroimage.2011.05.001.

Schendel, K., Herron, T.J., Curran, B., Dronkers, N.F., Ivanova, M., Baldo, J., 2021. Case
study: a selective tactile naming deficit for letters and numbers due to
interhemispheric disconnection. Neurolmage : Clin. 30, 102614 https://doi.org/
10.1016/j.nicl.2021.102614.

Seitz, R.J., Roland, P.E., 1992. Learning of sequential finger movements in man: A
combined kinematic and positron emission tomography (PET) study. Eur. J.
Neurosci. 4 (2), 154-165. http://www.ncbi.nlm.nih.gov/pubmed/12106378.

Smith, D.L., Akhtar, A.J., Garraway, W.M., 1983. Proprioception and spatial neglect after
stroke. Age Ageing 12 (1), 63-69.

Stilla, R., Sathian, K., 2008. Selective visuo-haptic processing of shape and texture. Hum.
Brain Mapp. 29 (10), 1123-1138. https://doi.org/10.1002/hbm.20456.

Stinear, C.M., 2010. Prediction of recovery of motor function after stroke. Lancet Neurol.
9 (12), 1228-1232. https://doi.org/10.1016/51474-4422(10)70247-7.

Stinear, C.M., Byblow, W.D., Ackerley, S.J., Barber, P.A., Smith, M.C., 2017. Predicting
recovery potential for individual stroke patients increases rehabilitation efficiency.
Stroke 48 (4), 1011-1019. https://doi.org/10.1161/STROKEAHA.116.015790.

Térémetz, M., Colle, F., Hamdoun, S., Maier, M.A., Lindberg, P.G., 2015. A novel method
for the quantification of key components of manual dexterity after stroke.

J. NeuroEng. Rehabil. 12 (1) https://doi.org/10.1186/512984-015-0054-0.

Thiebaut de Schotten, M., ffytche, D.H., Bizzi, A., Dell’Acqua, F., Allin, M., Walshe, M.,
Murray, R., Williams, S.C., Murphy, D.G.M., Catani, M., 2011. Atlasing location,
asymmetry and inter-subject variability of white matter tracts in the human brain
with MR diffusion tractography. Neurolmage 54 (1), 49-59.

Thiebaut De Schotten, M., Dell’Acqua, F., Ratiu, P., Leslie, A., Howells, H., Cabanis, E.,
et al., 2015. From phineas gage and monsieur leborgne to H.M.: Revisiting
disconnection syndromes. Cereb. Cortex 25 (12), 4812-4827. https://doi.org/
10.1093/cercor/bhv173.

13

Neurolmage: Clinical 36 (2022) 103193

Toni, I., Ramnani, N., Josephs, O., Ashburner, J., Passingham, R.E., 2001. Learning
arbitrary visuomotor associations: temporal dynamic of brain activity. Neurolmage
14 (5), 1048-1057. https://doi.org/10.1006/nimg.2001.0894.

Tyson, S.F., Hanley, M., Chillala, J., Selley, A.B., Tallis, R.C., 2008. Sensory loss in
hospital-admitted people with stroke: Characteristics, associated factors, and
relationship with function. Neurorehab. Neural Repair 22 (2), 166-172. https://doi.
org/10.1177/1545968307305523.

Veerbeek, J.M., Kwakkel, G., van Wegen, E.E.H., Ket, J.C.F., Heymans, M.W., 2011. Early
prediction of outcome of activities of daily living after stroke: A systematic review.
Stroke 42 (5), 1482-1488. https://doi.org/10.1161/STROKEAHA.110.604090.

Veronelli, L., Ginex, V., Dinacci, D., Cappa, S.F., Corbo, M., 2014. Pure associative tactile
agnosia for the left hand: clinical and anatomo-functional correlations. Cortex 58,
206-216. https://doi.org/10.1016/j.cortex.2014.06.015.

Vingerhoets, G., Nys, J.o., Honoré, P., Vandekerckhove, E., Vandemaele, P., Fridman, E.
A., 2013. Human left ventral premotor cortex mediates matching of hand posture to
object use. PLoS ONE 8 (7), €70480.

Weder, B., Nienhusmeier, M., Keel, A., Leenders, K.L., Ludin, H.P., 1998. Somatosensory
discrimination of shape: prediction of success in normal volunteers and parkinsonian
patients. Exp. Brain Res. 120 (1), 104-108.

Welmer, A.K., Holmqvist, L.W., Sommerfeld, D.K., 2008. Limited fine hand use after
stroke and its association with other disabilities. J. Rehabil. Med. 40 (8), 603-608.
https://doi.org/10.2340/16501977-0218.

World Medical Association, 2013. World Medical Association Declaration of Helsinki:
ethical principles for medical research involving human subjects. JAMA 310 (20),
2191-2194. https://doi.org/10.1001/jama.2013.281053.

Yamashita, H., 2015. Left and right hand tactile naming ability of everyday articles by a
young. Int. J. Psychol. Stud. 7 (3), 108e114. https://doi.org/10.5539/ijps.

Yarkoni, T., Poldrack, R.A., Nichols, T.E., Van Essen, D.C., Wager, T.D., 2011. Large-scale
automated synthesis of human functional neuroimaging data. Nat. Methods 8 (8),
665e670. https://doi.org/10.1038/nmeth.1635.


http://refhub.elsevier.com/S2213-1582(22)00258-3/h0270
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0270
https://doi.org/10.1016/j.neuroimage.2011.05.001
https://doi.org/10.1016/j.nicl.2021.102614
https://doi.org/10.1016/j.nicl.2021.102614
http://www.ncbi.nlm.nih.gov/pubmed/12106378
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0285
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0285
https://doi.org/10.1002/hbm.20456
https://doi.org/10.1016/S1474-4422(10)70247-7
https://doi.org/10.1161/STROKEAHA.116.015790
https://doi.org/10.1186/s12984-015-0054-0
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0310
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0310
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0310
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0310
https://doi.org/10.1093/cercor/bhv173
https://doi.org/10.1093/cercor/bhv173
https://doi.org/10.1006/nimg.2001.0894
https://doi.org/10.1177/1545968307305523
https://doi.org/10.1177/1545968307305523
https://doi.org/10.1161/STROKEAHA.110.604090
https://doi.org/10.1016/j.cortex.2014.06.015
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0345
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0345
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0345
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0350
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0350
http://refhub.elsevier.com/S2213-1582(22)00258-3/h0350
https://doi.org/10.2340/16501977-0218
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.5539/ijps
https://doi.org/10.1038/nmeth.1635

	Distinguishing transient from persistent tactile agnosia after partial anterior circulation infarcts – Behavioral and neuro ...
	1 Introduction
	2 Participants and methods
	2.1 Participants
	2.2 Methods
	2.2.1 Predictive assessment of behavioral data
	2.2.2 Predictive assessment of neuroimaging data
	2.2.2.1 Tractography
	2.2.2.2 Cortical lesions

	2.2.3 Analysis of tactile matching tasks


	3 Results
	3.1 Predictive assessment of behavioral data: Principal component analysis
	3.2 Predictive assessment of neuroimaging data: Lesion analysis and tractography
	3.3 Analysis of tactile matching task

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


