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ABSTRACT

Increasing evidence indicates that focal lesions following stroke cause alterations in connectivity among func-
tional brain networks. Functional connectivity between hemispheres has been shown to be particularly critical
for predicting stroke-related behavioral deficits and recovery of motor function and attention. Much less is
known, however, about the relevance of interhemispheric functional connectivity for cognitive abilities like
praxis that rely on strongly lateralized brain networks. In the current study, we examine correlations between
symptoms of apraxia—a disorder of skilled action that cannot be attributed to lower-level sensory or motor
impairments—and spontaneous, resting brain activity in functional MRI in chronic left hemisphere stroke pa-
tients and neurologically-intact control participants. Using a data-driven approach, we identified 32 regions-of-
interest in which pairwise functional connectivity correlated with two distinct measures of apraxia, even when
controlling for age, head motion, lesion volume, and other artifacts: overall ability to pantomime the typical use
of a tool, and disproportionate difficulty pantomiming the use of tools associated with different, competing use
and grasp-to-move actions (e.g., setting a kitchen timer versus picking it up). Better performance on both mea-
sures correlated with stronger interhemispheric functional connectivity. Relevant regions in the right hemi-
sphere were often homologous to left hemisphere areas associated with tool use and action. Additionally, re-
lative to overall pantomime accuracy, disproportionate difficulty pantomiming the use of tools associated with
competing use and grasp actions was associated with weakened functional connectivity among a more strongly
left-lateralized and peri-Sylvian set of brain regions. Finally, patient performance on both measures of apraxia
was best predicted by a model that incorporated information about lesion location and functional connectivity,
and functional connectivity continued to explain unique variance in behavior even after accounting for lesion
loci. These results indicate that interhemispheric functional connectivity is relevant even for a strongly later-
alized cognitive ability like praxis and emphasize the importance of the right hemisphere in skilled action.

1. Introduction

in homologous right hemisphere regions (e.g., Hermsdorfer et al., 2007;
Vingerhoets et al., 2011; Vry et al., 2015). Apraxia has also been re-

Limb apraxia, a disorder of skilled action not attributable to lower-
level sensory or motor impairments, arises after left hemisphere lesions
in the vast majority of cases (e.g., Haaland et al., 2000) and is apparent
even in the ipsilesional left hand (e.g., Buxbaum et al., 2003). Meta-
analyses of neuroimaging studies similarly reveal that a strongly left-
lateralized functional network underlies skilled tool use, including left
inferior and superior parietal lobes, posterior middle temporal gyrus
(PMTG), posterior medial fusiform gyrus, lateral occipitotemporal
cortex, inferior frontal gyrus (IFG), and dorsal and ventral premotor
cortex (Lewis, 2006; Ishibashi et al., 2016). Yet, many individual neu-
roimaging studies of tool use additionally find (often weaker) activation
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ported after right hemisphere lesions (e.g., Haaland and Flaherty,
1984), but its occurrence is less frequent and deficits are typically re-
latively mild (Hanna-Pladdy et al., 2001; Stamenova et al., 2010) and
sometimes less diverse (i.e., affecting imitation rather than tool use or
pantomime, Barbieri and De Renzi, 1988, but see Hanna-Pladdy et al.,
2001; Heath et al., 2001; Stamenova et al., 2010). To date, the con-
tribution of the right hemisphere to typical praxis remains an un-
resolved question.

Lesion-based studies of apraxia, including those that use voxel-
based lesion-symptom mapping (VLSM), correlate behavioral deficits
with structural damage (e.g., Randerath et al., 2010; Buxbaum et al.,
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Fig. 1. Spatial distribution of left hemisphere lesions. All patient lesions (n = 35) displayed on the Colin27 template in Talairach-Tournoux standardized space
(AFNI's TT_N27 template). Color bar represents the number of patients with lesions at a particular voxel.

2014) but are unable to assess the impact of left hemisphere stroke on
right hemisphere regions that may also participate in skilled action.
However, recent developments in neuroimaging methods for under-
standing the dynamics of brain networks (e.g., Bullmore and Sporns,
2009) enable investigation of the status of functional networks in both
hemispheres after left hemisphere stroke. Studies of connectivity using
temporal correlations between very slow fluctuations of brain activity
at rest in functional MRI (rs-fMRI) (see Fox and Raichle, 2007; Power
et al., 2014 for reviews) are particularly well-suited to clinical popu-
lations given the minimal demands during scanning (Fox and Greicius,
2010; Carter et al., 2012b; Ovadia-Caro et al., 2014; Siegel et al., 2017).

In the current study, we used rs-fMRI to examine the functional
networks that underlie impaired praxis in chronic left hemisphere
stroke. Participants who had experienced a left cerebrovascular acci-
dent pantomimed the use of familiar tools, and we assessed the re-
lationship between behavioral performance and measures of functional
connectivity. While tool use pantomime correlates with actual tool use
(Jarry et al.,, 2013), it is not constrained by object structure (see
Buxbaum et al., 2005a) and is more likely to reveal subtle deficits
(Buxbaum et al., 2005b). We examined two distinct measures of praxis:
overall accuracy, and a measure sensitive to impairments in resolving
competition between actions. This second measure is calculated as
disproportionate difficulty pantomiming the typical use of tools asso-
ciated with different actions for grasping-to-move (e.g., setting a kitchen
timer, picking it up) versus tools associated with the same typical ac-
tions for both using and grasping (e.g., picking up a coffee mug to move
it or drink from it) (Jax and Buxbaum, 2010, 2013) and appears to
index impairments of action selection and the resolution of competition
between different possible actions (Watson and Buxbaum, 2015;
Kalénine et al., 2016; Wamain et al., 2018). While impaired overall
accuracy on the pantomime task is associated with lesions to the entire
tool use network (e.g., Buxbaum et al., 2014; Hoeren et al., 2014),
disproportionate difficulty with “conflict tools” versus “non-conflict
tools” is associated with lesions to a peri-Sylvian subset of this network,
namely, the left supramarginal gyrus (SMG), IFG, and anterior insula
(Watson and Buxbaum, 2015). Using a data-driven, whole-brain ap-
proach (Gotts et al., 2012; Berman et al., 2016), we predicted that
impaired tool use pantomime would correlate with disrupted functional
connectivity between left hemisphere regions that support tool use
(Lewis, 2006; Ishibashi et al., 2016). Further, we expected that dis-
proportionate difficulty with conflict tools would correlate with con-
nectivity specifically between left SMG and IFG/anterior insula (Watson
and Buxbaum, 2015).

A number of recent rs-fMRI studies suggest that the status of in-
terhemispheric functional connectivity following stroke is critical for
predicting behavioral deficits and recovery in the domains of motor
function and attention—cognitive abilities supported by bilateral brain
networks (He et al., 2007; Carter et al., 2010; Carter et al., 2012a;
Baldassarre et al., 2014; Urbin et al., 2014; Xu et al., 2014). An im-
portant but unresolved question concerns the consequence of disrupted
interhemispheric functional connectivity for a strongly lateralized
cognitive function like skilled tool use. Given the neuroimaging evi-
dence for right hemisphere activation during tool use and pantomime,
as well as reports of apraxia after right-sided lesions, it is possible that

pantomime impairments in the current study will correlate with dis-
rupted connectivity between the left hemisphere tool use network and
its right hemisphere homologue, or among nodes of the homologous
right hemisphere network itself. Such findings would suggest a greater
role for the right hemisphere in skilled tool use than previously ac-
knowledged.

2. Materials and methods
2.1. Participants

We recruited chronic left hemisphere stroke patients from the
Neuro-Cognitive ~ Rehabilitation = Research  Registry at Moss
Rehabilitation Research Institute (Schwartz et al., 2005). Patients
whose lesions included right hemisphere areas were excluded, as were
patients older than 80 years old, those who were not pre-morbidly right
hand dominant, and those with any history of co-morbid or pre-morbid
neurologic disorders, alcohol or drug abuse, or psychosis. Additionally,
to ensure that patients understood instructions, we excluded patients
with severe comprehension deficits (scores of 4 or lower on the com-
prehension subtest of the Western Aphasia Battery) (Kertesz, 1982).
Fig. 1 displays patients' lesions on the Colin27 single-subject brain.
Critically, patients were not selected based on apraxia severity, and
performance on the experimental tasks spanned a range of accuracy
(see Results). After excluding two patients due to the presence of a
hardware imaging artifact in the functional MRI (fMRI) data, 35 pa-
tients participated (46% female; mean age = 55.8 years, SD = 11.0,
range = 31-79years). All patients were scanned at least 4.5 months
after stroke, with all but one scanned 6 months or more afterwards
(mean duration = 3.41 years, median duration = 1.84 years).

In addition, two groups of neurologically-intact control participants
were recruited at the University of Pennsylvania. One group consisted
of 13 younger participants (77% female; mean age = 22.8 years,
SD = 2.1, range = 20-27 years). The second group consisted of 14
older participants (71% female; mean age = 63.3 years, SD = 6.3,
range = 53-72years). All control participants were right-handed, and
we excluded any control participant with history of neurologic dis-
orders, alcohol or drug abuse, or psychosis. While older controls were
significantly older than stroke patients (Wilcoxon Rank Sum test:
P < .02), the median ages of the combined control participants did not
differ significantly from patients (control median age = 53, patient
median age = 55.6; Wilcoxon Rank Sum test: P < .09). Functional
connectivity analyses also included age as a covariate of no interest,
and the age ranges of the controls and patients were substantially
overlapping (important for covariate-based analyses).

All patients gave informed consent to participate in the behavioral
portion of the experiment in accordance with the guidelines of the
Institutional Review Board of Einstein Healthcare Network. In addition,
all patient and control participants provided informed consent to par-
ticipate in an MRI scanning protocol in accordance with the guidelines
of the Institutional Review Board at the University of Pennsylvania. All
participants were paid for their participation. In a previous study
(Watson and Buxbaum, 2015), we reported behavioral and lesion data
for 19 of the 35 patients in the current study.
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Fig. 2. Example stimuli used in the pantomime task with patients. Examples of
photographs used in the experimental tasks: A) tools used and grasped with the
same hand actions (“non-conflict” tools), and B) tools used and grasped with
different hand actions (“conflict” tools).

2.2. Experimental stimuli and tasks

Stimuli consisted of color photographs of tools selected from the
Bank of Standardized Stimuli (BOSS) (Brodeur et al., 2010). We se-
lected 18 “conflict” and 20 “non-conflict” tools that differed sig-
nificantly on “the extent to which the hand movements that you make
to use the object differ from the hand movements that you make to pick
it up” but did not differ in terms of affordance strength (i.e., “the degree
to which the shape of the object implies how it should be used”), name
agreement, or familiarity (see Watson and Buxbaum, 2015 for further
details). Examples of conflict and non-conflict tools are shown in Fig. 2.

Only stroke patients completed the behavioral portion of the ex-
periment. On each trial, patients saw a color photograph of a tool on the
screen and were instructed to “show how you would use the object”.
Given the possibility of right hemiparesis, patients pantomimed using
their left hands. Patients completed 4 practice trials with feedback, and
the experimenter advanced to the next trial if a patient said that he/she
did not recognize a tool on the screen. Details on accuracy coding have
been published previously (Watson and Buxbaum, 2015) and are in-
cluded here in the Supplementary Materials and Methods.

2.3. MRI acquisition

MRI data were collected on a Siemens Trio 3-Tesla whole-body MRI
scanner with an 8-channel head coil at the Hospital of the University of
Pennsylvania using standard imaging procedures. For all participants,
we collected a high-resolution, whole-brain T;-weighted anatomical
image (repetition time, TR = 1620 ms; echo time, TE = 3.87 ms; field
of view, FOV = 192 x 256 mm?; 1.0 mm? voxels). Spontaneous, slowly
fluctuating brain activity at rest was measured during fMRI using a
gradient-echo echo-planar imaging (EPI) series with whole-brain cov-
erage (TR = 3000ms; TE = 30ms; FOV = 192 x 192 mm?;, 64 x 64
matrix, 48 axial slices, 3.0 mm? voxels). Participants were instructed to
lie still and rest quietly with their eyes open. Patients were adminis-
tered two separate resting-state runs in a session (run length = 100 TRs,
or 5min), while control participants received a single 5-minute run.
Patients' lesions were segmented using the anatomical image and were
used in voxel-based lesion-symptom mapping analyses according to
previously established methods (Watson and Buxbaum, 2015; see
Supplementary Materials and Methods for details).

2.4. Functional MRI preprocessing

A pictorial overview of preprocessing and analysis steps is provided
in Supplementary Fig. 1. Preprocessing of the resting-state EPI scans
was done within AFNI (Cox, 1996). First, large transients in the resting-
state time series (due to factors such as head motion and hardware
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artifacts) were attenuated using 3dDespike. Time series were then
corrected for slice-time acquisition (3dTshift), and all EPI volumes were
co-registered with the anatomical scan (3dvolreg). Anatomical scans
were segmented into gray matter, white matter, and CSF using AFNI's
3dSeg, resampling this parcellation to the EPI resolution. The white
matter and CSF masks were eroded by one voxel to reduce partial vo-
lume effects with gray matter, and the white matter masks were edited
to remove any subcortical structures incorrectly included as white
matter (e.g., thalamus, basal ganglia). The eroded white matter and CSF
time series were then applied to the volume-registered data to derive
time series for nuisance regression. A voxel-specific “local” white
matter regressor was formed by averaging all white matter voxel time
series within a radius of 20 mm centered on each voxel (using 3dLo-
calStat; e.g., Jo et al., 2010; Gotts et al., 2012), and a single CSF time
series was formed as an average of all time series in the eroded CSF
mask (using 3dmaskave). Additionally, three aCompCor regressors
(Behzadi et al., 2007) were formed as the first three principal compo-
nents of the voxelwise time series data from the white matter and CSF
masks, aiding in the removal of cardiac and respiratory artifacts (e.g.,
Stoddard et al., 2016). The volume-registered data were then spatially
blurred by a 6-mm full-width at half-maximum Gaussian kernel
(3dmerge), with each voxel's time series normalized by its temporal
mean to yield units of percent signal change. Linear regression
(3dTfitter) was used at each voxel to remove six motion parameters,
one local white matter regressor, one CSF regressor, and three
aCompCor regressors, with 4th-order polynomial detrending applied to
both the time series data and the nuisance regressors (3dDetrend) to
remove slow signal drift. The de-noised, blurred, residual time series
were then transformed to Talairach space using the corresponding
anatomical scan (@auto_tlrc and adwarp). An index of transient head
motion (@1dDiffMag) comparable to mean Framewise Displacement
(Power et al., 2012) was calculated from the motion parameters of each
scan for use as a nuisance covariate in group-level analyses.

3. Experimental design: functional MRI analyses
3.1. Determining pairs of regions correlated with apraxic behavior

After preprocessing, we conducted a whole-brain, data-driven
search as in Gotts & colleagues (2012; see also Berman et al., 2016) for
regions of interest showing connectivity correlated with overall pan-
tomime accuracy and/or with conflict scores. For each patient, whole-
brain “connectedness” (the average Pearson correlation) was calculated
for each voxel in the scan volume with all intact (i.e., non-lesioned)
gray matter voxels® (for similar approaches, see Cole et al.,, 2010;
Salomon et al., 2011; Hahamy et al., 2014). For each of the two runs in
the patients, connectedness was correlated across patients in a voxel-
wise manner with both behavioral measures (3dTcorr1D). The resulting
run-specific correlation maps were then thresholded over a range of
two-tailed, voxelwise p-values (from P < .05 to P < .0005) and con-
joined between runs. Correction for whole-brain comparisons of the
conjunction maps was then carried out using permutation tests on
cluster size by randomly scrambling the runs and behavioral scores
across subjects and recalculating the conjunctions (5000 iterations, e.g.,

2 Connectedness was calculated using custom scripts rather than with AFNI's
3dTcorrMap (for improved speed and to allow calculation for non-mask values).
While lesioned voxels were not part of the gray matter voxel cohort used to
calculate connectedness, all voxels in the scanning volume, including lesioned
voxels and those outside of the head, contained connectedness values which
represented the average Pearson correlation with all non-lesioned gray matter
voxels. Using different voxel cohorts for each participant to calculate con-
nectedness could have potentially impacted the seed detection process, al-
though control analyses matching voxel cohorts across all participants (all right
hemisphere gray matter voxels) yielded the same selection of seeds, suggesting
that the current approach did not result in undue bias.
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Maris and Oostenveld, 2007; Eklund et al., 2016; implemented in
MATLAB and tesh with AFNI commands). Detected clusters can then be
used as seeds in more traditional seed-to-whole-brain correlation tests
to determine which other voxels are most responsible for driving the
results in whole-brain connectedness, with simultaneous correction for
voxel-wise tests and the number of seeds tested by permutation (see
Gotts et al., 2012; Meoded et al., 2015; Song et al., 2015; Berman et al.,
2016; Stoddard et al., 2016 for further examples/discussion).

To examine whether region-by-region pairs showing correlations
with apraxic behaviors were also impaired relative to age- and motion-
matched controls, we also conducted t-tests between patients and
controls in the seed-based and region-to-region tests. For these tests, the
two patient runs were concatenated into a single longer run. The group
comparisons were similarly thresholded at a variety of p-values and
corrected by permutation testing (5000 iterations). Behavioral corre-
lations in the patients were only considered further if the connections
were also significantly different between patients and controls
(P < .05, corrected).

After determining the number of seeds in the connectedness tests,
along with additional regions identified during seed testing in two sets
of tests (overall accuracy and conflict scores), a full region-by-region
matrix was constructed. Each cell of the matrix was tested for beha-
vioral correlations within the patient group using both behavioral
measures, as well as for group differences between patients and con-
trols, all using Age and Motion as nuisance covariates (partial correla-
tions for correlations with behavior; t-tests with covariates, 3dttest+ +,
for group comparisons). For both behavioral measures, correlations
were corrected for multiple comparisons in each run separately using
False Discovery Rate (FDR, e.g., Genovese et al., 2002). A common FDR
threshold was determined across both behavioral measures and both
runs for these purposes. Only region-by-region pairs that replicated
across runs (FDR-corrected in each run to ¢ < 0.05; critical p-value of
P < .0021) and that also differed between patients and controls at
P < .05 are reported.

Results in this region-by-region matrix were also further checked for
other potential confounding factors. In addition to Age and Motion,
sensitivity of the results was checked to lesion size (log lesion volume®),
to the grand average correlation level over all voxelwise combinations,
or GCOR (Saad et al., 2013, @compute_gcor), and to the average vox-
elwise signal amplitude (standard deviation; 3dTstat) (see Gotts et al.,
2018 for discussion). For these post-hoc control analyses, given that
additional degrees of freedom were being lost due to the covariates, we
only required replication at a level of P < .05 across runs (although
still requiring group differences of P < .05).

3.2. Determining relative contributions of lesions and whole-brain
connectedness to behavioral results

VLSM analyses have previously been used to examine how the
presence versus absence of lesions in a given voxel is associated with
behavioral impairment (e.g., Watson and Buxbaum, 2015). In the cur-
rent study, we examined the relative contributions of VLSM and func-
tional connectivity analyses in explaining behavior by combining VLSM
(t-tests between lesioned and non-lesioned groups on a behavioral
measure) and continuous correlations with behavior (Pearson r-tests)
into a single statistical model using R?. Complete details on the R?
modeling approach is provided in the Supplementary Materials and
Methods.

3 Given the right-skewed distribution of lesion volume in our sample, we used
the log transform of lesion volume in order to improve normality. However, all
results are comparable when using raw lesion volume, instead.
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4. Results
4.1. Functional connectivity measures predict apraxic behavior

First, we examined whole-brain correlations between each measure
of apraxia and “connectedness” values. Results for overall accuracy on
the pantomime task are shown in Fig. 3 (mean accuracy = 84%,
SD = 11, range = 55%-99%). Three seeds were significant in whole-
brain connectedness in both runs and survived permutation testing at a
voxelwise threshold of P < .05 (corrected by cluster size to P < .05):
the left superior parietal cortex and postcentral gyrus (Seed 1 in Fig. 3),
the left thalamus (Seed 2), and the left pMTG (Seed 3). The corre-
sponding seed-based results are also shown in Fig. 3, with correlations
with overall accuracy presented in the first row for each seed (con-
joined across runs at the p-value given by the corresponding color bar to
the left, and corrected to P < .05 by permutation for three whole-
brain, voxelwise tests), while the differences between patients and
controls are presented in the second row for each seed. Correlations
with overall accuracy were uniformly positive, indicating that greater
functional connectivity was associated with better accuracy in the
pantomime task. Similarly, functional connectivity between these same
regions was often significantly weaker in patients than in controls; no
regions showed significantly greater functional connectivity in patients.

Analogous results for correlations with conflict scores are shown in
Fig. 4 (mean conflict score = 0, SD = 0.96, range = —1.94-1.56). Two
seeds were significant in whole-brain connectedness in both runs and
survived permutation testing at a voxelwise threshold of P < .05
(corrected by cluster size to P < .05): left SMG, ventral pre- and
postcentral gyri, and ventral premotor cortex (Seed 1, Fig. 4), and left
dorsal pre- and postcentral gyri (Seed 2, Fig. 4), just anterior to the
superior parietal seed correlated with overall accuracy (Seed 1, Fig. 3).
As with overall accuracy, the seed-based results highlighted regions
with a similar spatial distribution in both the conflict score correlations
(all of which were positive) and those that differed between patients
and controls (all of which showed significantly weaker functional
connectivity).

To arrive at a final set of regions of interest for further examination,
we used a voxelwise threshold (P < .005) on the seed-based tests that
was stringent enough to break up the largest clusters (corrected to
P < .05), and we further required that functional connectivity differ
between patients and controls (corrected to P < .05). Pooling regions
of interest across the overall accuracy and conflict score analyses, this
resulted in 32 regions. Fig. 5 shows these regions, coded by color to
indicate which effect was associated with each (yellow: overall accu-
racy only; blue: conflict scores only; red: involved in both effects) (see
Supplementary Fig. 2 for a rendering of these regions on the cortical
surface). The region-by-region matrix in the right panel of Fig. 5 or-
ganizes the regions by hemisphere (row/column order of regions shown
in Table 1) and shows which region-by-region combinations replicate
across runs (P < .0021 to be FDR-corrected in each run separately to
q < .05). These combinations further had to differ significantly be-
tween patients and controls (P < .05), covarying nuisance measures of
transient head motion and age for all tests (partial correlations for be-
havioral results; two-sample t-tests with covariates for the group com-
parisons). Correlations with overall accuracy appeared to have promi-
nent involvement of right hemisphere in addition to left hemisphere
regions, whereas correlations with conflict score involved left hemi-
sphere regions more selectively.

To visualize more easily the region-by-region relationships shown in
the matrix of Fig. 5, these relationships were then rendered in the brain
using hub-and-spoke diagrams in Fig. 6. All region-by-region relation-
ships are depicted. Panels were created by selecting regions with the
largest number of connections in the matrix; these tended to be the
main seeds. The size of each circle in Fig. 6 is proportional to a region's
volume in terms of number of voxels (see key in bottom right of Fig. 6).
Lines connect regions for which functional connectivity is significantly
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Fig. 3. Seed detection and testing related to overall accuracy in the pantomime task. The three seeds found in correlations between overall accuracy and whole-brain
connectedness are shown to the left. For each seed, two rows of corresponding seed-to-whole-brain results are shown to the right. The top row for each seed shows
permutation-corrected results (cluster size) of seed-to-voxel functional connectivity that is positively correlated with overall accuracy at differing levels of sig-
nificance (levels of P < .05 down to P < .001). The colors indicate the lowest p-value in this range that was found to be significant (from green, P < .05, ranging
down to red, P < .001). The second row for each seed shows permutation-corrected group comparisons of patients versus controls (P < .05, 2-tailed) for seed-to-
voxel functional connectivity. In all cases, these group comparisons followed the pattern of patients < controls (weaker functional connectivity in patients), with
voxelwise significance level shown using color (p-values ranging from green, P < .05, down to red, P < .1.0 x 10~%). As the group comparisons were also false-
discovery rate (FDR) corrected at a voxelwise threshold of P < .05 (g < .05), the significance level for these plots is shown on a continuous scale rather than at
discrete intervals. For inclusion in later analyses, all behavioral correlations had to survive at least a P < .005 threshold in both runs and additionally show a

significant difference between patients and controls (P < .05).

correlated with either overall accuracy (yellow circles) or conflict
scores (blue circles). Regions that are involved in both effects are ren-
dered in red (see Supplementary Fig. 3 for axial, sagittal, and coronal
views with all connections plotted simultaneously). For the axial brain
plots on the left, the top and middle rows depict results related to
overall accuracy. In brief, the top left axial plot shows that higher
overall accuracy is correlated with greater functional connectivity be-
tween the left pMTG seed and the dorsolateral prefrontal cortex

(DLPFC) bilaterally, the anterior cingulate cortex, and the right dorsal
premotor cortex and intraparietal sulcus. The top right axial plot shows
that overall accuracy is also correlated with functional connectivity
between the left thalamus seed and bilateral DLPFC and medial pre-
frontal cortex (anterior cingulate cortex and cingulate gyrus), as well as
with the right medial portion of the fusiform gyrus, extending into the
cerebellum. The left middle axial plot depicts the correlation between
overall accuracy and functional connectivity between the left superior



C.E. Watson et al.

Conflict
Scores
(Patients)

Patients <
Controls

NeuroImage: Clinical 21 (2019) 101526

Fig. 4. Seed detection and testing related to object conflict scores. The two seeds found in correlations between overall accuracy and whole-brain connectedness are
shown to the left. For each seed, two rows of corresponding seed-to-whole-brain results are shown to the right. The top row for each seed shows permutation-
corrected results (cluster size) of seed-to-voxel functional connectivity that is positively correlated with conflict score (greater functional connectivity - > better
performance on objects with different use and grasp actions) at differing levels of significance (levels of P < .05 down to P < .001). The colors indicate the lowest p-
value in this range that was found to be significant (from light blue, P < .05, ranging down to dark blue, P < .001). The second row for each seed shows
permutation-corrected group comparisons of patients versus controls (P < .05, 2-tailed) for seed-to-voxel functional connectivity. In all cases, these group com-
parisons followed the pattern of patients < controls (weaker functional connectivity in patients), with voxelwise significance level shown using color (p-values
ranging from green, P < .05, down to red, P < .1.3 X 10~ ). As the group comparisons were also false-discovery rate (FDR) corrected at a voxelwise threshold of
P < .05(q < .05), the significance level for these plots is shown on a continuous scale rather than at discrete intervals. For inclusion in later analyses, all behavioral
correlations had to survive at least a P < .005 threshold in both runs and additionally show a significant difference between patients and controls (P < .05). (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

parietal cortex seed and the left medial fusiform gyrus and right insula/
putamen, anterior insula, postcentral gyrus, ventral premotor cortex,
superior temporal gyrus, lateral occipitotemporal cortex, and SMG.
Finally, the right middle axial plot shows that overall accuracy is also
correlated with functional connectivity between the left pre- and
postcentral gyri and the right mid-insula and putamen.

The bottom row of Fig. 6 depicts the results for conflict scores, with
the left panel showing that better performance on conflict relative to
non-conflict tools on the pantomime task is significantly correlated with
functional connectivity between the left pre- and postcentral gyri seed
and left ventral IFG, insula, putamen/caudate, ventromedial prefrontal
cortex, and bilateral superior temporal gyrus. The bottom right panel
shows that conflict scores are also correlated with functional con-
nectivity between the left peri-Sylvian seed covering SMG/ventral pre-
and postcentral gyri/ventral premotor cortex and right lateral occipi-
totemporal cortex.

The right panels of Fig. 6 use histograms to show the distribution of
regions at the voxel level by X-, Y-, and Z-coordinates in Talairach
space. While voxels from regions associated exclusively with overall
accuracy (yellow histograms in the left column) are well-distributed
along every dimension, voxels from regions associated exclusively with
the conflict score (blue histograms) are more left-lateralized (i.e., ne-
gative X-coordinates) and peri-Sylvian (i.e., small positive Y- and Z-

coordinates).

4.2. Relative contributions of lesion location and functional connectivity to
behavioral correlations

In the analyses above, whole-brain connectedness values were cal-
culated across all brain voxels, including those that were lesioned for a
given patient. While it is not obvious how selective functional con-
nectivity patterns could be repeatedly correlated with behavior from
locations with little or no residual brain tissue, we nevertheless con-
ducted several follow-up analyses to examine the contribution of le-
sioned voxels to the results. First, we covaried lesion size (log lesion
volume) as a nuisance variable from the correlations with overall ac-
curacy and conflict scores (see Supplementary Fig. 4). This had little or
no influence on the pattern of results in Fig. 5, with all reported be-
havioral correlations continuing to replicate across runs at a level of
P < .05. Similarly, covarying other artifact measures such as age,
motion, the global level of correlation (GCOR, Saad et al., 2013), and a
measure of average temporal signal-to-noise ratio had little or no in-
fluence on the results (see Supplementary Results and Supplementary
Fig. 4).

As a second and more direct test, we recalculated each patient's
average regional time series from the 32 regions of interest after
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Fig. 5. Consolidated set of regions of interest across correlations with overall accuracy and conflict score. (Left panel) Regions involved only in overall accuracy
effects are shown in yellow, regions involved in only conflict score effects are shown in light blue, and regions involved in both types of effects are shown in red.
(Right panel) Matrix of region-by-region interrelationships that exhibit correlations with overall accuracy and conflict score. Regions are ordered left-to-right and
bottom-to-top first by hemisphere (LH = left hemisphere, RH = right hemisphere), and then within hemisphere, by which type of effect the regions were associated
with in the volume-based analyses. Row/column order of the regional labels is given in Table 1. A colored square in the matrix indicates that effects replicated across
runs at an FDR-corrected threshold (P < .0021, 2-tailed, ¢ < .05) and also showed a significant effect of group (P < .05, 2-tailed). Note that the absence of red
squares in the right panel but presence of red regions in the left panel indicates that while there were no pairs of regions whose functional connectivity correlated with
both behavioral measures, some regions were involved in both effects as part of different pairs. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

excluding all lesioned voxels from the averages. Regional data were
included for a given patient provided that the lesioned voxels did not
make up > 75% of the original region, with behavioral correlations for
a given region-to-region pair calculated over all patients with available
data. All but one region had at least 30 patients with included data; the
left inferior frontal junction had only 20/35 patients with included
data, and the relationship with this region and left pMTG was therefore
excluded from this analysis. All of the remaining reported behavioral
correlations in the region-by-region matrix of Fig. 5 continued to re-
plicate across runs at a level of P < .05 or less (see Supplementary
Table 1). It is therefore unlikely that the reported results are a simple
result of the lesioned voxels themselves—which certainly cannot be the
case for right hemisphere regions, all of which were free of lesions in all
patients. A more likely explanation is that the functional connectivity
results in the lesioned left hemisphere reflect alterations in the spared
physiological interactions of tissue adjacent to (or functionally con-
nected with) the lesioned tissue.

However, given that previous VLSM studies have demonstrated
correlations of lesion location with overall accuracy and with conflict
scores in similar regions to those reported above (Watson and
Buxbaum, 2015), we wanted to quantify the separable contributions of
lesion and functional connectivity measures to correlations with these
two behavioral measures. Therefore, we combined the lesion and
whole-brain connectedness information in one model using an R? ap-
proach, calculating the variance explained by the VLSM model and the
unique variance attributable to connectedness after partialling out the
VLSM model. Results of this analysis are shown in Fig. 7 within the
mask of lesion locations analyzed by VLSM (i.e., voxels in which at least
five patients had a lesion), with results for overall accuracy shown in
the top panels and for conflict score in the bottom panels. The left
column depicts the amount of variance in the behavioral measures (in
terms of R?) explained by the VLSM model. In contrast, the middle
column shows the total variance explained by the combined VLSM +

connectedness model, with clear increases in the variance explained
throughout much of the analysis mask. The right column shows the
unique contributions of connectedness to R? that remain significant
after partialling out the VLSM model. For overall accuracy (top right
panel of Fig. 7), connectedness contributed unique variance in the left
superior parietal cortex (P < .05, corrected by permutation), largely
identical to Seed 1 in Fig. 3. Similarly, connectedness contributed un-
ique variance in the conflict score (bottom right panel of Fig. 7) in left
pre- and postcentral gyri and left SMG/ventral pre- and postcentral
gyri/ventral premotor cortex, comparable to Seeds 1 and 2 in Fig. 4.

Taken together, these results establish that the functional con-
nectivity results reported in the current paper are unlikely to be due to
the inclusion of lesioned tissue in the analyses. Rather, the functional
connectivity results appear to provide a unique contribution to the
explanation of apraxic behavior beyond the information provided by
the lesions. Models that include both anatomical and physiological in-
formation should therefore provide a better account of patient behavior
than either type of information in isolation.

5. Discussion

This study used a data-driven approach (Gotts et al., 2012) to ex-
plore correlations between apraxia following left hemisphere stroke and
spontaneous, resting brain activity in fMRI using two indices: overall
accuracy on a tool use pantomime task, and a measure that reflects the
ability to select a use action despite competition from a different grasp-
to-move action associated with the same tool (i.e., conflict scores). Both
measures—and particularly, overall accuracy—correlated with the
strength of functional connectivity between left hemisphere regions
associated with tool use and action production (including pMTG, SMG,
posterior medial fusiform gyrus, lateral occipitotemporal cortex, su-
perior parietal lobe, pre- and postcentral gyri, and ventral premotor
cortex), on the one hand, and regions located in the right hemisphere,
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Table 1
Order and description of 32 regions-of-interest shown in region-by-region ma-
trix in Fig. 5.

Order Side Centroid Description Number of
voxels
x y z

1 L —28 —52 53 Superior parietal lobe, 220
postcentral gyrus

2 L -36 23 34 Dorsolateral prefrontal cortex 232

3 L —56 —48 —5  Posterior middle temporal 71
gyrus

4 L -5 36 9 Anterior cingulate cortex 12

5 L -8 -37 33 Posterior cingulate, 12
supplementary motor area

6 L -37 -1 27 Inferior frontal junction 10

7 L —32 —45 —17 Fusiform cortex 9

8 L -11 -13 13 Thalamus 69

9 L —48 16 —3  Superior temporal gyrus, 58
inferior frontal gyrus

10 L —-50 -—-13 16 Pre- & postcentral gyri, 152
supramarginal gyrus, ventral
premotor cortex

11 L —40 —12 -4  Superior temporal gyrus, insula 61

12 L —-15 9 2 Putamen, caudate 27

13 L -6 51 —9  Ventromedial prefrontal cortex 22

14 L -31 -25 45 Pre- & postcentral gyri 99

15 L -2 20 42 Anterior cingulate cortex 27

16 R 29 27 36 Dorsolateral prefrontal cortex 59

17 R 28 5 44 Dorsal premotor cortex 34

18 R 33 —47 34 Intraparietal sulcus 32

19 R 12 32 23 Anterijor cingulate cortex, 14
cingulate gyrus

20 R 15 —59 —12 Medial occipital cortex, 12
cerebellum

21 R 35 30 3 Anterior insula 11

22 R 43 33 26 Dorsolateral prefrontal cortex

23 R 37 —-24 35 Postcentral gyrus 8

24 R 49 5 20 Ventral premotor cortex 52

25 R 31 —40 —24 Fusiform cortex, cerebellum 80

26 R 33 -7 5 Insula, putamen 252

27 R 53 -15 1 Superior temporal gyrus 101

28 R 43 —60 —11 Lateral occipitotemporal 68
cortex, fusiform gyrus

29 R 57 -21 21 Supramarginal gyrus, 39
postcentral gyrus

30 R 8 -82 10 Occipital cortex (pericalcarine) 19

31 R 32 -84 7 Middle occipital cortex 19

32 R 9 —-52 50 Precuneus 10

Coordinates reported in Talairach standardized space. Voxel size = 3mm®.
Order of regions in table corresponds to the left-right and bottom-top order of
regions in region-by-region matrix in Fig. 5.

on the other. Often, these interhemispheric functional connections
implicated right hemisphere homologues of left hemisphere regions
associated with tool use and action. The status of interhemispheric
functional connectivity continued to be associated with apraxic deficits
in a secondary analysis designed to eliminate the influence of lesioned
tissue on the results, and the reported effects also persisted after ex-
plicitly controlling for other residual global artifacts. Yet, we also ob-
served differences in the patterns of functional connectivity correlated
with each measure of apraxia. Overall accuracy on the pantomime task
was associated with functional connectivity among a broadly-dis-
tributed set of bilateral regions, while the conflict score was associated
with functional connectivity among a relatively left-lateralized and
peri-Sylvian set of areas. Finally, performance on both measures was
best predicted by a model incorporating information about both lesion
location and functional connectedness, with functional connectivity
explaining unique variance in behavior even among voxels in the le-
sioned left hemisphere. These findings extend those published pre-
viously in a number of respects.

Current neuropsychological (e.g., Haaland et al., 2000; Hanna-
Pladdy et al., 2001) and neuroimaging (see Lewis, 2006; Ishibashi et al.,
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2016 for reviews) research is in agreement that praxis relies on a left-
lateralized set of brain regions. Even when demonstrating tool use with
the non-paretic left hand (as in the current study), left hemisphere
stroke patients continue to display apraxia, as do split-brain patients
only when gesturing with the left hand (Lausberg et al., 2003), casting
doubt on the ability of the right hemisphere alone to support skilled
action. Yet, the existence of patients with apraxia after right hemi-
sphere lesions (e.g., Roy et al., 2000) and the occurrence of bilateral
activation in neuroimaging studies of neurologically-intact participants
(e.g., Hermsdorfer et al., 2007) continues to evoke debate on the role of
the right hemisphere in skilled action. In the current study, the status of
interhemispheric functional connectivity predicted apraxic behavior,
indicating a larger role for the right hemisphere in tool use than typi-
cally acknowledged. Particularly important was the correlation of
overall pantomime accuracy with functional connectivity between two
left hemisphere regions (left pMTG and thalamus) and a largely
common, bilateral set of regions in DLPFC and medial prefrontal cortex.
Accuracy also correlated with connectivity between left superior par-
ietal cortex and pre- and postcentral gyri, on the one hand, and an al-
most entirely right-lateralized set of regions on the other, including
right insula/putamen, postcentral gyrus, ventral premotor cortex, lat-
eral occipitotemporal cortex, SMG, and superior temporal gyrus.

Our results echo numerous recent studies in other cognitive do-
mains that have identified the importance of interhemispheric func-
tional connectivity in predicting deficits following stroke (for a review,
see Baldassarre et al., 2016). For example, disrupted interhemispheric
functional connectivity immediately following left or right hemisphere
stroke correlates with measures of lower-level motor function and at-
tention (Carter et al., 2010; Hayward et al., 2017). In fact, a recent fMRI
study of resting functional connectivity in 132 sub-acute stroke patients
identified decreased interhemispheric functional connectivity as
common to impaired performance across all domains tested (attention,
visual/verbal memory, motor, visual, and language) (Siegel et al.,
2016). Similarly, a recent task-based fMRI study of left hemisphere
stroke patients found that apraxia correlated with the magnitude of
activation evoked by the observation of tool action videos in left
hemisphere parts of the tool use network and, when lesion volume was
added as a covariate, other areas that included right IFG and dorsal
premotor cortex (Martin et al., 2016). Together with the present results,
this suggests that processing within the right hemisphere and commu-
nication between hemispheres is necessary for successful tool-related
action.

In the current study, interhemispheric functional connectivity cor-
related positively with performance on tests of apraxia, despite the
known left-lateralization of the typical praxis network.
Language—another strongly left-lateralized cognitive function—is si-
milarly impaired following the disruption of communication between
hemispheres (Siegel et al., 2016). However, unlike other cognitive do-
mains examined in this study, language impairments also relied on the
strength of intrahemispheric functional connectivity within the left
hemisphere. Also dissimilar to other domains, lesion location and
functional connectivity were both useful predictors of language im-
pairments. Siegel et al. (2016) suggest that language impairments can
arise both from the disruption of language-specific processes and from
the disruption of “bilaterally distributed support processes” (p. 6). The
similarity of the current study's results may not be a coincidence: a
growing number of studies highlight parallels—and overlaps—between
networks for language and praxis. Approximately two-thirds of patients
with aphasia are also apraxic (Weiss et al., 2016), and the neurobio-
logical organization of spoken language is largely shared with sign
language (Hickok et al., 1998) and symbolic gesture processing (Xu
et al., 2009). Accordingly, a recent two route model of praxis
(Buxbaum, 2017; Buxbaum and Randerath, 2018) explicitly invokes
parallels with similar two-route models in the language domain (e.g.,
Hickok and Poeppel, 2004, 2007; Saur et al., 2008). Thus, the present
results indicate that while the status of interhemispheric functional
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Fig. 6. Correlations with overall pantomime accuracy are strongly bilateral, whereas correlations with conflict scores are more left-lateralized. (Left panels) The
matrix relationships shown in Fig. 5 are plotted by panel for different regions involved in the greatest number of effects to aid visualization in the brain volume.
Views are axial, with left = left. Corresponding depiction for axial, sagittal, and coronal views is provided in Supplementary Fig. 3. Color scheme is as in Fig. 5. Size
of the colored circles in terms of the number of voxels follows the key shown to the bottom right of the figure (gray circles). (Right panels) Histograms of voxel counts
by X-, Y-, and Z-coordinates in Talairach-Tournoux space show differential distributions of the overall accuracy and conflict score effects by hemisphere (X-co-
ordinate). Voxels involved in overall accuracy effects have a similar distribution in the two hemispheres, whereas voxels involved only in conflict score effects are

more left-lateralized.

connectivity is likely to be predictive of impairments across domains,
language and praxis also uniquely rely on intact functional connectivity
within the left hemisphere.

Critically, patients in the current study were in the chronic stage of
recovery. Moreover, all voxels and regions whose average functional
connectivity was significantly different in stroke versus control parti-
cipants reflected functional connectivity that was weaker in patients
than controls. Therefore, our results are not likely to reflect new
functional connections formed after stroke or the organization of an
atypical network. Further, in other studies, the degree of interhemi-
spheric connectivity present even within the first weeks after stro-
ke—unlikely to reflect reorganization—similarly correlates with beha-
vioral deficits (He et al., 2007; Carter et al., 2010; Baldassarre et al.,
2014). Although it is possible that changes in interhemispheric func-
tional connectivity following stroke support recovery from apraxia, in
the current study, MRI scans and behavioral data were not collected at
time intervals to assess this question. However, using the available data,
we performed an additional analysis to determine whether functional
connectivity between any of our regions of interest correlated with the
time between a patient's stroke and MRI scan, and none of the pairs of
regions that emerged (even at a lenient threshold) overlapped with
those whose functional connectivity correlated with measures of
apraxia (see Supplementary Results and Supplementary Fig. 5). This
pattern of results suggests that the right hemisphere involvement

observed in the current study does not reflect functional connections
formed during recovery. Instead, patients whose left hemisphere lesions
are less disruptive of interhemispheric functional connectivity may be
less apraxic. Alternatively, pre-morbid individual differences may mean
that patients with stronger interhemispheric functional connectivity
fare better following left hemisphere lesions.

Among the functional connections that correlated with overall de-
gree of apraxia, we observed a number of patterns. The first pattern
reflected connectivity between regions critical for cognitive control and
regions involved in gesture representation and production. For ex-
ample, functional connectivity between left pMTG, on the one hand,
and bilateral DLPFC and medial prefrontal cortex, on the other, was
associated with better pantomime performance. DLPFC and anterior
cingulate cortex are both regions consistently implicated as being cri-
tical for cognitive control (e.g., MacDonald et al., 2000; Curtis and
D'Esposito, 2003; Badre and Wagner, 2004; Cole and Schneider, 2007),
flexible guidance of thoughts and behavior according to current goals,
and demanding cognitive and semantic tasks (Duncan, 2010; Fedorenko
et al., 2013; Noonan et al., 2013). Left pMTG is a critical ‘hub’ within
the tool use network (Lewis, 2006; Martin et al., 2014; van Elk et al.,
2014) and may represent knowledge of actions derived from visual
experience (Kalénine et al., 2010; Watson et al., 2013; Orban and
Caruana, 2014), including the typical posture and movement of the
hand (Buxbaum, 2001; Buxbaum et al., 2014). Lesions here are
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Variance explained
by VLSM alone

Variance explained
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associated with apraxia and gesture recognition deficits (Buxbaum
et al., 2014; Tarhan et al., 2015; Watson and Buxbaum, 2015), and
patterns of activity in pMTG discriminate between the preparation of
different tool actions in neurologically-intact participants (Gallivan
et al., 2013). Therefore, intact functional connectivity of bilateral
cognitive control regions with left pMTG may be critical for enabling
top-down modulation of task-relevant action processing (Botvinick
et al., 2001; Miller and Cohen, 2001). Similarly, functional connectivity
between the left thalamus and bilateral DLPFC/medial prefrontal cortex
also correlated with overall degree of apraxia. Although apraxia fol-
lowing thalamic lesions has been reported (De Renzi et al., 1986;
Nadeau et al., 1994), its occurrence is rare. Recent research suggests
that the thalamus plays a role in integrating information between cor-
tical regions (Hwang et al., 2017). In particular, thalamic nuclei that
receive basal ganglia input may mediate information flow from pre-
frontal cortex to areas responsible for movement execution (Haber and
Calzavara, 2009).

A second general pattern in the overall accuracy data reflected
connectivity between left superior parietal and sensorimotor cortices,
and right insula/putamen, ventral premotor cortex, and lateral

FC correlated with

overall accuracy
(P < .05, corrected)
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Fig. 7. Relative contributions of lesions versus
functional connectivity measures to behavioral cor-
relations. Contributions of the voxel-based lesion-
symptom mapping (VLSM) model relative to whole-
brain functional connectedness (FC) are shown in
terms of R? for overall accuracy (top panels) and
conflict score (bottom panels). The left-most panels
show the R? of the behavioral measures explained by
the VLSM model alone (with color indicating R?
value). The middle panels show the total R? ex-
plained by both VLSM and FC combined. The right-
most panels show the unique effect of FC, having
removed shared variance with the VLSM model and
corrected for all voxelwise comparisons in the mask
by permutation testing.

Unique effect of FC

FC correlated with
conflict scores
(P < .05, corrected)
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occipitotemporal cortex—i.e., a right-lateralized homologue of the tool
use network.® Activation is observed within the right insula during
pantomimed tool use (Kréliczak et al., 2007) and during body self-
awareness tasks (Farrer et al., 2003), and patients with right insular
lesions exhibit anosognosia for left-sided hemiplegia or hemiparesis
(Karnath et al., 2005; Baier and Karnath, 2008). Thus, the right insula
has been hypothesized to be critical for self-awareness of action
(Karnath et al., 2005) and for working in concert with left inferior
parietal cortex to create a visuospatial description of one's own body
(Chaminade et al., 2005)—functions that are critical for successful tool
use.

Examination of correlations between functional connectivity and
the conflict score, a measure that specifically reflects the ability to

*1It might be argued that communication with the right hemisphere was ar-
tificially important in the present study because patients pantomimed with the
(unimpaired) left hand (albeit in a behavioral session separate from the fMRI
scans). However, the right hemisphere is involved even when right-handed
participants plan or execute tool-related actions with the right hand (Bohlhalter
et al., 2009; Krdliczak et al., 2016).
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select use actions despite competing grasp actions associated with the
same tool (Jax and Buxbaum, 2010, 2013) revealed a pattern of results
that differed in two ways. First, disproportionate difficulty with conflict
tools was associated with functional connectivity among a more loca-
lized peri-Sylvian set of regions relative to overall pantomime accuracy.
This result replicates and extends those we previously reported based
on lesion loci alone (Watson and Buxbaum, 2015), in which lesions to
left SMG, IFG, and anterior insula were critical predictors of impaired
tool action selection. Here, we similarly find that deficient functional
connectivity between left sensorimotor areas, including peri-Sylvian
SMG, ventral pre- and postcentral gyri, and ventral premotor cortex,
and other left hemisphere regions, including peri-Sylvian superior
temporal gyrus/IFG, correlates with the same measure. Thus, both
VLSM and functional connectivity analyses implicate areas along the
ventral subdivision of the traditional dorsal processing stream for ac-
tion (Goodale and Milner, 1992; Milner and Goodale, 2008). This
“ventro-dorsal” stream in the left hemisphere is specialized for pro-
cessing skilled actions associated with familiar objects (use actions),
while the bilateral “dorso-dorsal” stream is specialized for processing
actions based on the structure of currently-viewed objects (grasp ac-
tions) (Binkofski and Buxbaum, 2013; Sakreida et al., 2016; Rizzolatti
and Matelli, 2003). The present study indicates that functional con-
nectivity within the left ventro-dorsal stream is particularly critical
when the correct use response cannot be derived solely from tool size
and shape, as is the case with “conflict” objects.

Second, disproportionate difficulty with conflict tools also corre-
lated with functional connectivity among a more strongly left-later-
alized set of regions than overall accuracy on the pantomime task.
While tool use pantomime can fail due to impairments to diverse cog-
nitive functions reliant on a broad set of brain regions—from the re-
trieval of stored tool use knowledge to the execution of motor com-
mands—disproportionate difficulty with tools with competing use and
grasp actions isolates a weakness in use representations—and perhaps,
the ability of use representations to compete against grasp actions. Our
results suggest that this competition is primarily resolved within the left
hemisphere ventro-dorsal stream, perhaps because these areas re-
present competing candidate actions during the course of action spe-
cification and production (Watson and Buxbaum, 2015). Similarly,
ventro-dorsal regions appear to integrate information from the ventral
visual stream regarding object identity and information from the dorsal
visual stream regarding the position of the body in space (Buxbaum
et al., 2007; Mahon et al., 2013; Kristensen et al., 2016), a process that
may be of critical importance in the face of conflicting use and grasp
actions.

Finally, we showed that a model including both tissue integrity and
functional connectivity predicted apraxic behavior better than when
lesions alone were considered. Other recent studies have also high-
lighted the value in using multiple imaging modalities (e.g., diffusion
tensor imaging, MRI) or measures (e.g., rs-fMRI) to improve predictions
of patient performance (Hope et al., 2016; Kuceyeski et al., 2016; Siegel
et al., 2016; Pustina et al., 2017). Additionally, we found that relative
to VLSM, correlations between behavior and functional connectivity
explained unique variance, even for left hemisphere voxels lesioned in
sufficient numbers of subjects for VLSM analyses. This finding may
reflect left hemisphere areas experiencing “connectional diaschisis”,
i.e., reduced connectivity with areas remote from the lesion (Carrera
and Tononi, 2014), as well as abnormally-functioning peri-lesional
tissue. The added ability to assess functional connectivity between
hemispheres and within the intact right hemisphere, together with the
ease of resting data collection in patient populations (Carter et al.,
2012b), makes rs-fMRI an important complement to analyses based
solely on lesion location.
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