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ARTICLE INFO ABSTRACT

Keywords: Proprioceptive deficits are common after stroke and have been associated with poorer recovery. Relatively little
Proprioception is known about the brain regions beyond primary somatosensory cortex that contribute to the percept of pro-
Lesion analysis prioception in humans. We examined a large sample (n = 153) of stroke survivors longitudinally to determine
Stroke

which brain regions were associated with persistent post-stroke proprioceptive deficits. A robotic exoskeleton
quantified two components of proprioception, position sense and kinesthesia (movement sense), at 2 weeks and
again at 6 months post-stroke. A statistical region of interest (sROI) analysis compared the lesion-behaviour
relationships of those subjects with cortical and subcortical stroke (n = 136). The impact of damage to brainstem
and cerebellum (n = 17) was examined separately. Results indicate that damage to the supramarginal gyrus, the
arcuate fasciculus, and Heschl's gyrus are associated with deficits in position sense and kinesthesia at 6 months
post-stroke. These results suggest that regions beyond the primary somatosensory cortex contribute to our sense
of limb position and movement. This information extends our understanding of proprioceptive processing and
may inform personalized interventions such as non-invasive brain stimulation where specific brain regions can

Upper extremity
Robotic assessment

be targeted to potentially improve stroke recovery.

1. Introduction

Proprioception is a term originally coined by Sherrington (1907). It
represents our sense of limb position and movement. Position sense and
kinesthesia (movement sense) appear to originate in the periphery via
differential signals derived largely from muscle spindles (McCloskey,
1973). Afferent proprioceptive information travels to the brain via the
spinal cord in two systems. The dorsal-column medial lemniscal tract
ascends the dorsal columns, synapses and crosses the midline in the
medulla, ascends to synapse at the ventral posterior lateral nucleus of
the thalamus, and, finally projects to the cortical somatosensory regions
(Felton and Shetty, 2010; Pearson and Gordon, 2013; Purves et al.,
2008). Secondly, proprioceptive information destined for the cere-
bellum ascends the spinal cord via the posterior spinocerebellar (lower
limbs) and cuneocerebellar (upper limbs) tracts and enters the spino-
cerebellum via the ipsilateral cerebellar peduncle (Lisberger and Thach,
2012; Oscarsson and Uddenberg, 1964). Proprioceptive information at

the cerebellar level is used to adjust posture and on-line movement
(Pearson and Gordon, 2013) while higher level processing of proprio-
ceptive information occurs in cortical areas like the parietal cortex
(Amaral, 2013; Gardner and Johnson, 2013). While a few functional
imaging studies (Ben-Shabat et al., 2015; Naito et al., 2017; Naito et al.,
2007; Naito et al., 2005; Weiller et al., 1996) have examined the central
aspects of proprioception in the brain in healthy humans, there is still
much to learn. Stroke leads to discrete lesions in the brain and thus
creates an interesting model to determine brain regions that are im-
portant for our sense of limb position and movement by comparing
lesion location with behavioural impairment.

Stroke is a common central neurologic condition that can damage
areas of the brain involved in proprioception. Impairments in proprio-
ception occur in up to 64% of individuals after stroke (Connell et al.,
2008). These impairments are associated with poor functional recovery
and decreased independence (Carey and Matyas, 2011) as well as dis-
turbed motor learning (Vidoni and Boyd, 2009). To date, however, few
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longitudinal studies have investigated proprioceptive recovery after
stroke. Connell et al. (2008) followed 70 stroke subjects for the first
6 months post stroke and reported that despite high inter-individual
variability, upper extremity proprioception for the group significantly
improved over time. Meyer et al. (2016a) followed 32 subjects out to
6 months post stroke and found proprioceptive recovery was highly
variable depending on which clinical measure was used. Both studies
relied on clinical tests of proprioception, which have known challenges
with accuracy, precision and reliability (Lincoln et al., 1991). To
overcome some of these challenges, our group has recently used a ro-
botic exoskeleton to examine proprioceptive and motor recovery in a
large longitudinal sample and found that recovery was highly variable
between individuals (Semrau et al., 2015). Interestingly, we observed
differential recovery of position sense and kinesthesia, two sub-
components of proprioception.

We have previously examined brain regions associated with im-
paired position sense and kinesthesia in the first two weeks post-stroke.
Impaired arm position sense was associated with damage to the pos-
terior parietal cortex, the transverse temporal gyrus (Heschl's gyrus),
and the arcuate fasciculus (Findlater et al., 2016). Impaired kinesthesia
was associated with lesions in the postcentral gyrus, the supramarginal
gyrus, the insula, superior temporal gyrus, and the parietal operculum
(Kenzie et al., 2016). Another group recently assessed proprioception
using the Erasmus MC modification of the (revised) Nottingham sensory
assessment (Lincoln et al., 1998). At one-week post-stroke propriocep-
tive deficits were associated with damage to the parietal operculum,
superior thalamic radiation, insulo-opercular cortex, and the corti-
cospinal tract (Meyer et al., 2016b). However, whether these regions
predict proprioceptive deficits that persist into the chronic stage post-
stroke is an open question given the potential for diaschesis and brain
reorganization in the weeks and months following stroke.

Other groups studying different post-stroke impairments have found
that lesion/behaviour associations observed initially post-stroke may
not hold true in the chronic stage. Perhaps this is not surprising giving
that substantial neuroplasticity can occur over the first several months
post-stroke. Examples include a longitudinal neglect study by Karnath
et al. (2011) that reported a number of lesion locations associated with
acute neglect that were not associated with persistent neglect. Simi-
larly, functional MRI analyses investigating motor function observed
that regional connectivity changed over time (Ovadia-Caro et al.,
2013). Finally, diffusion tractography studies have demonstrated
structural reorganization overtime (Doughty et al., 2016; Puig et al.,
2010; Thomalla et al., 2005). Together, these findings caution that le-
sion/behaviour relationships change over time, highlighting the im-
portance of completing lesion/behaviour analyses that relate to the
time point of interest.

Given that little is known about brain regions associated with per-
sistent proprioceptive deficits following stroke, the present study aimed
to determine the lesion locations associated with these issues. First, we
examined cortical and subcortical lesions and hypothesized that the
regions associated with persistent position sense and kinesthetic deficits
would differ somewhat from those at 2 weeks post-stroke. Further, we
hypothesized that cortical and subcortical lesion locations associated
with persistent position sense deficits would differ from regions asso-
ciated with kinesthetic deficits. Finally, we examined the impact of
brainstem and cerebellar stroke lesions on proprioception since little
has been reported about proprioceptive recovery in these types of le-
sions.

2. Materials and methods
2.1. Participants
We included subjects with first-time unilateral stroke who were able

to follow the instructions required to complete the robotic and clinical
assessments. Subjects were excluded if they had upper extremity pain,
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orthopedic injuries to the upper extremity, pre-existing neurological
conditions (e.g. Multiple Sclerosis, Parkinson's Disease), apraxia
(Cassidy, 2016; van Heugten et al., 1999), or a poorly defined lesion on
neuroimaging. All subjects with stroke (n = 153) had clinical imaging
collected within 10 days of stroke onset.

Control subjects were recruited from the community via recruitment
posters and word of mouth. A member of the study team screened
potential control subjects to rule out any neurological or orthopedic
conditions that would impede their ability to complete the robotic and
clinical assessments.

All subjects provided written informed consent to participate in this
study in accordance with the Declaration of Helsinki. The University of
Calgary Conjoint Health Research Ethics Board approved this study.

2.2. Robotic assessment

Robotic measures of proprioception and visuomotor abilities were
conducted for all subjects with stroke at approximately 2 and 26 weeks
post-stroke.

2.2.1. Device

Robotic assessments were conducted using two proprioceptive tasks
and a visually guided reaching task with a KINARM exoskeleton robot
(BKIN Technologies Ltd., Kingston, Ontario). Subjects were seated
comfortably on the wheelchair base and the study therapist adjusted
the exoskeleton to each subjects' height and limb geometry. Forearm
and arm troughs supported each arm, permitting free, near-frictionless
movement in the horizontal plane.

2.2.2. Assessment of position sense

The first task, position matching, assessed the individual's sense of
the position of their arm and has been described previously (Dukelow
et al., 2012; Dukelow et al., 2010; Herter, 2011; Semrau et al., 2013a,
2013b) (Fig. 1A). In this task, the subject's vision of their arms was
occluded. The robot moved one arm (passive arm) in a pseudo-random
order to one of 9 spatial locations. The subject then mirror-matched this
position with their opposite, active, arm. Subjects notified the examiner
when they had completed the match and the examiner then triggered
the next trial. Six blocks of the 9 spatial locations were completed for a
total of 54 trials. In participants with stroke the affected arm was only
ever used as the passive arm. Controls completed the task twice with
each arm serving as the passive arm once.

Three patterns of spatial errors (parameters) were quantified with
the position matching task. All parameters have been previously de-
scribed (Dukelow et al., 2010). Briefly, the variability parameter mea-
sured the trial-to-trial variability of the matching hand (Fig. 1B). It was
calculated as the standard deviation of the matched x, y target location
for each target, and then averaged across all 9 targets. The contraction/
expansion parameter describes the subjects' perceived workspace area
(Fig. 1C). The area subtended by the subject to match the outer targets
was divided by the area of the square made by the robot's target loca-
tions. The spatial shift parameter measures the perception of workspace
location (Fig. 1D). The mean error between the matching hand and the
robotically-moved hand for each target location was calculated to de-
termine if the subject perceived a shift in the x, y, or xy directions of the
workspace. Finally, an overall task score was calculated to indicate
overall performance on the position sense task. Task score calculation
details are located in Section 2.2.5.

2.2.3. Assessment of kinesthesia

The kinesthetic matching task assessed the sense of arm motion and
has been described previously (Kenzie et al., 2017; Semrau et al., 2017;
Semrau et al., 2013a, 2013b; Semrau et al., 2015) (Fig. 1E). In this task,
subjects' vision of their arms was occluded. Before the start of each trial,
the robot moved the passive arm to one of three locations. At the same
time, subjects saw a red circle on the workspace (located at 1 of 3
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Fig. 1. Position and kinesthetic matching tasks.
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A) Exemplar control data for the position matching task. In this example, the robot moved the control subject's passive left arm to one of 9 spatial locations (filled
symbols) and the control subject mirror-matched the positions (open symbols) with their active right arm. A solid line joins the outer filled symbols to illustrate the
workspace utilized by the arm passively moved by the robot. Similarly, a dashed line connects the unfilled symbols to represent the workspace where the subject
actively matched. Trial-to-trial variability is symbolized by ellipses around each location — each ellipse represents one standard deviation. B) The performance of the
subject's active arm has been mirrored onto the robotically moved passive arm. An exemplar stroke subject who demonstrated high variability is presented. C) An
exemplar stroke subject who demonstrated a contracted sense of workspace. D) An exemplar stroke subject who demonstrated spatial shift of the workspace location
to the left. E) Exemplar control data for the kinesthetic matching task. The robot moved the subject's passive left arm (black lines) and the subject actively mirror-
matched the movement (grey lines) with the opposite arm as soon as they felt the robot move. The arrow refers to the direction that the passive arm was moved.
Exemplar temporal data from a healthy control subject is also presented. F) Exemplar stroke subject data demonstrating initial direction error and abnormal path
length ratio (*). G) Exemplar stroke subject data demonstrating slow response latency and slowed peak speed ratio.

locations, mirrored across the midline). Subjects moved a white circle
that represented the tip of the index finger of their active arm into the
red circle. This effectively brought the two limbs into a mirrored start
position. The visual targets then extinguished and as soon as the subject
felt the robot move the passive arm, they mirror-matched the direction,
speed, and length of the robotic movement with their opposite (active)
arm. Six movement directions (between the 3 locations) were com-
pleted 6 times for a total of 36 trials. If subjects did not complete the
matching movement in 10s, that trial was categorized as a non-
movement. In participants with stroke the affected arm was only ever
used as the passive arm. Controls completed the task twice with both
arms each serving as the passive arm once.

Four patterns of errors (two temporal and two spatial) were quan-
tified with the kinesthetic matching task for this study. All parameters
have been previously described (Semrau et al., 2013a, 2013b). Response
latency measured the difference in time between when the robot in-
itiated the passive arm movement and the subject initiated the
matching movement with the active arm. Movement initiation was
defined as the point when subjects reached 10% of their maximum
speed and had a positive-going acceleration. Peak speed ratio compared
the subject's ability to match the speed of the robotically moved passive
arm. A value of 1 indicated perfect speed matching and a value of < 1
indicated an active movement slower than the robotically-moved pas-
sive arm. Initial direction error parameter quantified the sense of direc-
tion. It is defined as the angular deviation between the movement paths
of the subject's active arm and the passive arm from movement onset to
peak hand speed. Path length ratio quantified the subject's ability to
match the length of the movement. It was calculated by dividing the
total movement length of the active arm by the length of the passive

957

arm movement. A value of 1 indicated perfect matching whereas a
value of < 1 indicated that the subject generated a movement shorter
than that of the passively moved arm. An overall task score for the ki-
nesthetic matching task was also calculated as detailed in Section 2.2.5.

2.2.4. Assessment of motor function

To ensure that altered motor control of the active, ipsilesional, arm
did not hamper performance on the position and kinesthetic matching
tasks, subjects also completed a visually guided reaching task. This task
assessed the ability to make accurate and timely unassisted reaching
movements (Coderre et al., 2010). With this centre-out task, the tip of
the index finger was positioned within a centre target and held there for
1250-1750 ms until one of eight peripheral targets illuminated. Sub-
jects had 3000 ms to reach to the target. Each of the eight targets were
presented randomly within a block which was repeated eight times for
64 trials. In keeping with previous work from our group (Semrau et al.,
2017), we considered subjects to have ipsilesional deficits if they scored
outside of the normative range on the visually guided reaching task
score (Section 2.2.5).

2.2.5. Normative scores for the robotic tasks

Stroke subject performance was compared to previously-collected
control data on each task to permit comparisons within and between
subjects. Control data for the position matching task was collected from
494 healthy subjects ranging in age from 18 to 93 years (mean = 50).
Control data for the kinesthetic matching task was collected from 164
subjects who ranged in age from 18 to 93 (mean = 52). Control data for
visually guided reaching was collected from 178 subjects between 19
and 83 years of age (mean 49). Control data was transformed to a 2
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score distribution for individual task parameters accounting for age, sex
and handedness (BKIN Technologies, 2016; Kenzie et al., 2016; Semrau
et al., 2013a, 2013b). If a stroke subject's score fell outside of the 95%
normative range, their performance was considered abnormal and we
refer to them as having abnormal proprioception. Scores > 1.65 were
considered abnormal for one-tailed parameters (variability, spatial
shift, response latency, initial direction error) and scores < —1.96
or > 1.96 were considered abnormal for two-tailed parameters (con-
traction/expansion, path length ratio, and peak speed ratio). Absolute
values were used for the two-tailed parameters when conducting the
lesion analyses (Section 2.5) in order to comply with the lesion analysis
software.

An overall task score was also calculated based on the root-mean-
square (RMS) of z scores for all task parameters (BKIN Technologies,
2016; Simmatis et al., 2017). As with task parameters, the RMS values
were re-normalized based on performance of a large cohort of healthy
controls. These scores were then transformed to positive values such
that a task score of 0 represents best performance on a task while higher
values indicate poorer performance. Task scores align with standard
deviation (SD) percentiles of a normal distribution such that 1
SD = 68.3% and 2 SD = 95.4%. Task scores > 1.96 were considered
abnormal.

Some subjects completed too few trials (< 17 movements with the
active arm) in the kinesthetic matching task to generate an appropriate
score (n = 23 subjects at the first timepoint, and n = 4 at the final
timepoint). This occurred when subjects could not detect that their arm
had been moved by the robot. In this case, the worst possible score
observed in other subjects, for a given parameter, was assigned to the
individual.

2.3. Clinical assessment

Stroke subjects completed a number of clinical assessments at the
same time as the robotic assessment. The Thumb Localizing Test (TLT)
was used to assess upper extremity position sense (Hirayama et al.,
1999). For the TLT the subject closes their eyes while the examiner
places and holds the subject's affected arm in the air. The subject is then
asked to touch their thumb with their unaffected side. A score of 0-3 is
determined (0 = accurately locates thumb, 3 = unable to locate
thumb). The Modified Edinburgh Handedness Inventory is a self-report
scale that was used to determine hand dominance (Oldfield, 1971). The
Functional Independence Measure (FIM) provides a measure of an in-
dividual's level of independence for activities of daily living (Keith
et al., 1987). Each activity (i.e. grooming, walking, problem solving)
receives a maximum score of 7, indicating complete independence. The
highest achievable score of 126 indicates that a subject is independent.
The Modified Ashworth Scale (MAS) is a 5-point ordinal scale that
measures spasticity (0 indicates normal muscle tone; 4 indicates con-
tracture) (Bohannon and Smith, 1987). The Chedoke McMaster Stroke
Assessment (CMSA) Impairment Inventory of the Arm and Hand is a 7-
point ordinal scale that measures motor impairment. Subjects' attempt
to perform several pre-determined movements and are scored between
0 and 7 (0 = flaccid arm to 7 = normal movement) (Gowland et al.,
1993). The Behavioural Inattention Test was used to assess for visuos-
patial neglect (Wilson et al., 1988). Subjects performed the six con-
ventional subtests and a score of 129 or less (out of 146) was considered
to be consistent with visuospatial neglect.

2.4. Imaging

All subjects with stroke underwent MRI or CT according to standard
clinical acute stroke protocol at the Foothills Medical Centre as soon as
possible after stroke onset. MRI scans included T2-weighted fluid-at-
tenuated inversion-recovery (FLAIR), diffusion-weighted sequences
(DWI), and, when appropriate, gradient echo (GRE) or susceptibility
weighted imaging (SWI). MR images were acquired using a 1.5 or 3T
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General Electric (GE) Medical Systems scanner while CT scans were
acquired on a Siemens System or one of three GE scanners. In cases
where subjects had multiple imaging dates, we selected the closest date
prior to the preliminary robotic assessment.

2.5. Lesion delineation and analysis

Trained assessors (SF and JK) manually delineated lesions on each
axial slice of a subject's T2-weighted FLAIR or CT using MRIcron soft-
ware (Rorden et al., 2007) (https://www.nitrc.org/plugins/mwiki/
index.php/niistat:MainPage) to obtain a volume of interest (VOI) re-
presentative of the region of damaged tissue. When marking the lesions
on MRI, DWI sequences were used to inform stroke damage due to
ischemia and GRE or SWI images were used to identify hemorrhagic
stroke. CT scans were used for subjects who did not have MRI as has
been done in other lesion studies (Karnath et al., 2009; Verdon et al.,
2010; Winder et al., 2015). Only CTs with well-defined lesions that
were collected beyond the very acute stage post stroke were used (mean
2.8 days post-stroke). A stroke neurologist blinded to the robotic as-
sessment scores (AY) verified the VOIs with the original imaging to
ensure accuracy.

VOIs were normalized to the Montreal Neurological Institute (MNI)
template using the clinical toolbox (http://www.nitrc.org/projects/
clinicaltbx) (Rorden et al., 2012) with SPM8 (http//fil.ion.ucl.ac.uk/
spm) (Friston et al., 1994). Cost function masks were used during
normalization to prevent distortions due to signal alterations from the
damaged tissue (Brett et al., 2001). The normalized VOIs were com-
pared to the original imaging to ensure accuracy and were used in
subsequent lesion analyses. Consistent with similar studies inter-
rogating nonlateralized function, left-hemisphere VOIs were mirrored
across the midsagittal axis (Globas et al., 2011; Kuper et al., 2011; Lo
et al., 2010; Meyer et al., 2016a; Zhu et al., 2010).

2.5.1. Lesion analyses

To determine the impact of cortical/sub-cortical lesion location on
the performance of the robotic proprioceptive tasks, the normalized
lesions were analyzed with both statistical Region of Interest (sROI)
analysis and lesion frequency mapping. These analyses are com-
plementary as sROI identifies lesion/behaviour relationships at the re-
gional level (Findlater et al., 2016) while lesion frequency mapping
identifies locations where voxels are more frequently damaged in sub-
jects with the deficit of interest (de Haan and Karnath, 2017). Both
analyses were conducted in subjects with cortical and/or subcortical
lesions to identify brain regions associated with poor performance on
the position matching and kinesthetic parameters.

Subjects with brainstem or cerebellar lesions were not included in
the sROI or lesion frequency analyses because the group numbers were
too small. However, given that little is known about proprioceptive
recovery in these subjects, we included them in the behavioural ana-
lysis (Fig. 2).

2.5.1.1. Statistical region of interest. We used NiiStat (http://www.nitrc.
org/projects/niistat) to conduct the sROI analysis. One hundred and
fifty regions were defined using the Automated Anatomical Labeling
Atlas (AAL) (Tzourio-Mazoyer et al., 2002) for cortical and subcortical
regions in addition to white matter regions defined by the
Neuroanatomy and Tractography Laboratory atlases (http://www.
natbrainlab.com) (Catani and Thiebaut de Schotten, 2008). For sROI
analyses, each voxel mapped to a single region or tract. If a voxel
mapped to a region where the AAL and tractography atlases
overlapped, the voxel was assigned to the tractography atlas
(Findlater et al., 2016). In cases where a voxel had equal probability
to be from either of two overlapping tracts, the voxel was randomly
assigned one of the two labels.

Only regions where a minimum of 10% of subjects had lesions were
analyzed (Sperber and Karnath, 2018). The proportion of ROI damage
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Fig. 2. Recovery plots.
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was calculated for each subject and entered into a general linear model.
The model then tested whether the proportion of damage to a region
was significantly associated with poor position matching or kinesthetic
matching scores. The results were converted to a z-score for each re-
gion. The data were permuted 4000 times to control for family-wise
error and establish a significance threshold of p < .05 (Rorden et al.,
2007).

. 6 8
First Time point (z-score)

2.5.1.2. Lesion frequency analysis. In addition to sROI, a voxelwise
lesion frequency analysis was conducted using MRIcron (https//:
www.nitrc.org/projects/mricron) in order to increase spatial
specificity. For the lesion frequency analysis, subjects were divided
into sub-categories based on their position and kinesthetic matching
task scores (no-deficit, recover, and persistent deficits). The percentage
of subjects who had ‘no-deficit’ (who were within the normative range
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Table 1
Sample characteristics.
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Subjects with cortical and/or subcortical lesions (n = 136)

Age (mean; range)

Sex

Stroke Territory

[ACA,MCA,PCA,ACA + MCA,MCA + PCA]

Lesion Volume (mL)

Handedness

TLT [0,1,2,3]

FIM

MAS [0,1,1%,2,3,4] affected UE

CMSA [7,6,5,4,3,2,1] affected UE
Less-affected UE

Neglect (number of subjects)

Subjects with brainstem lesions (n = 12)

Age (mean; range)

Sex

Stroke Territory

[PCA, BA,VA]

Lesion Volume (mL)

Handedness

TLT [0,1,2,3]

FIM

MAS [0,1,1%,2,3,4] affected UE

CMSA [7,6,5,4,3,2,1] affected UE
Less-affected UE

Neglect (number of subjects)

Subjects with cerebellar lesions (n = 5)
Age (range)

Sex

Stroke Territory

[SCA, PICA]

Lesion Volume (mL)

Handedness

TLT [0,1,2,3]

FIM

MAS [0,1,1%,2,3,4] affected UE
CMSA [7,6,5,4,3,2,1] affected UE
Less-affected UE

Neglect (number of subjects)

56L; 80R
59.4; 25-86
43F; 93M

[5,106,18,4,3]

37.2 (53.4)

8L; 128R
[55,40,27,12]
94.5(24.5)
[102,18,9,6,0,0]
[43,17,24,8,19,12,13]
[112,23,1,0,0,0,0]

28

[8