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Background: The classical description of post-
stroke upper limb impairment follows a proximal-
to-distal impairment gradient. Previous studies are
equivocal on whether the hand is more impaired
than the arm.

Objective: To compare impairment of the arm and
hand during subacute stroke.

Method: A total of 73 individuals were evaluated for
impairment of the upper limb within 30 days (early
subacute) and within 90-150 days (late subacute)
of stroke. Impairments were quantified using the
Chedoke-McMaster Stroke Assessment (CMSA) for
the arm and hand, Purdue Pegboard task, and a
robotic Visually Guided Reaching task.

Results: In the early phase 42% of participants in
the early phase and 59% in the late phase recei-
ved the same CMSA score for the ar and hand, with
88% and 95% of participants in the early and late
phases, respectively, receiving a 1-point difference.
Strong correlations exist between the CMSA arm
and hand scores (early r=0.79, late r=0.75), and
moderate - strong correlations exist between CMSA
arm and hand scores and Purdue Pegboard and
Visually Guided Reaching performances (r=0.66-
0.81). No systematic differences were found bet-
ween the arm and hand.

Conclusion: Impairments in the arm and hand
during subacute stroke are highly correlated and
do not support the presence of a proximal-to-distal
gradient.

Key words: stroke; upper extremity; exoskeleton device;
ataxia.

Accepted Mar 27, 2023
J Rehabil Med 2023; 55: jrm2174
DOI: 10.2340/jrm.v55.2174

Correspondence address: Lydia N. Reid, Centre for Neuroscience
Studies, Room 237, Botterell Hall, Queen’s University, Kingston K7L
3N6, Ontario, Canada

A common occurrence following stroke is impair-
ent in upper limb motor function, impacting an
individual’s ability to perform daily activities, such as
pouring a drink or buttoning clothing (1). Such tasks
require the hand to grasp, and the arm to move and

(LAY ABSTRACT )
Motor impairments are a common occurrence after
stroke, and are classically believed to present in a gra-
dient from more impairment in the hand to less impair-
ment in the arm. In this study, participants who had
recently had a stroke underwent assessment with the
Chedoke-McMaster Stroke Assessment, the Purdue
Pegboard task, and a Visually Guided Reaching task to
quantify impairment and performance of the arm and
hand. Levels of impairment in the arm and hand, as
measured with the Chedoke-McMaster Stroke Assess-
ment, were found to be highly correlated. The study
also showed strong correlations between quantitative
measures of performance for both the arm and hand.
Overall, our results do not support the presence of a
proximal-to-distal gradient of impairment during suba-

Qute stroke. J

stabilize the hand in space. Thus, both hand and arm
function are essential for full recovery and are key
objectives for rehabilitation (2, 3).

Early recovery research by T. E. Twitchell observed
that there was a general pattern of recovery following
stroke through which each patient progressed (4).
Among these observations was the finding that grip
strength tended to recover last, and only if, the arm
was fully recovered. This contributed to the classical
perception that motor recovery of the upper limb fol-
lowed a proximal-to-distal gradient, with more severe
impairments associated with the hand (5-7). Histori-
cally, support for this idea came from the anatomical
structure of the motor system: the motor cortex has a
larger representation of the hand compared with the
arm (8, 9), and thus, a greater proportion of descending
projections from the contralateral hemisphere targeting
proximal vs distal muscles (10). Also, more corticospi-
nal tract neurones synapse directly onto hand motoneu-
rones compared with arm motoneurones (11, 12), and
there are more alternative descending motor pathways
that influence the arm (13). Taken together, this could
suggest that disruption to the corticospinal tract could
disproportionately affect motor function of the hand
compared with the arm.
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In contrast, studies comparing active range of motion,
joint individuation (14), and normalized strength for
upper limb segments reported minimal differences bet-
ween proximal and distal portions of the upper limb (15,
16) and found no evidence of an impairment gradient
following stroke. The primary objective of this study
was to re-visit this issue by comparing measures of arm
and hand impairment. Comparing impairments of the
arm and hand can be challenging, given that the actions
of each are unique; for example, reaching with the
arm vs grasping with the hand. Therefore, the primary
comparison of this study used the Chedoke-McMaster
Stroke Assessment (CMSA) (17). CMSA provides a
criteria-based, 7-point ordinal scale that categorizes
arm- and hand-specific impairments individually into
stages of recovery, thereby allowing for comparison of
arm and hand impairments. In addition, the combined
arm and hand CMSA is highly correlated (r=0.95) with
the Fugl-Meyer Assessment-Upper Extremity (17).

While the CMSA is useful to compare levels of
impairment between arm and hand, it is limited in
its ability to objectively quantify behaviour. Clinical
ordinal scales are useful for informing treatment, but
often lack the sensitivity to detect small but meaningful
functional changes. Continuous measures that quantify
behaviour can provide an objective measure of motor
impairment, and potentially a finer resolution of reco-
very. Therefore, the second objective of this study was
to compare CMSA arm and hand scores with quanti-
tative measures. The Purdue Pegboard (PPB) test was
used to quantify coordination and dexterity of both
the arm and hand (18). A robotic 2-D visually guided
reaching task was used to quantify arm impairment,
since continuous and quantifiable movement data
is recommended by the recent Stroke Recovery and
Rehabilitation Roundtable (SRRR) (19, 20).

METHODS

Participants

The participant pool for this study was selected from
a database that includes individuals with stroke who
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have completed clinician-reported assessments as
well as a timed task performance test and robotic-
based performance test to quantify upper arm
sensory, motor, and/or cognitive impairment. These
individuals were recruited at 2 Kingston, Ontario
locations (St Mary’s on the Lake, and Providence
Care Hospitals) and 2 Calgary, Alberta locations
(Foothills Medical Centre and the Dr Vernon Fanning
Care Centre). Inclusion criteria for participants with
stroke were: first time clinically evident, unilateral
stroke and able to follow simple instructions in
English. Participants with pre-existing neurological
disorders or ongoing orthopaedic injury to the arm
were excluded. All participants were evaluated within
30 days of the stroke event and again within 90—150
days of stroke, which aligns with Stroke Recovery
and Rehabilitation Roundtable recommendations
for collection of data over a recovery period (20).
This study was approved by the Queen’s University
Health Sciences and Affiliated Teaching Hospitals
Research Ethics Board (#ANAT042-05) and the
University of Calgary’s Conjoint Health Research
Ethics Board (#22123).

Chedoke-McMaster Stroke Assessment

Participants completed a battery of traditional clinical
assessments. Motor impairments of the arm and hand
were quantified using the CMSA impairment inven-
tory, which is based on Twitchell’s stages of recovery
(0=Aflaccid appendage, 7=normal movement) (4, 17).
The CMSA assesses the arm and hand with separate
inventories. Each inventory involves completing tasks
of either arm- or hand-specific movements, which is
guided by a skilled assessor and scored accordingly
based on their performance (17). A description of
the level of impairment in each stage is provided in
Table I (17).

Purdue Pegboard

This study also examined the dexterity of the limb
using the PPB test (18), which involves 2 trials of 30s
each, in which the participant must place as many pegs

Table I. Description of Chedoke-McMaster Stroke Assessment (CMSA) stages of impairment

CMSA stage Description

1 Flaccid paralysis is present and phasic stretch reflexes are absent or hypoactive. Active movement cannot be elicited reflexively with a
facilitatory stimulus or volitionally.

2 Spasticity is present and is felt as a resistance to passive movement. No voluntary movement is present, but a facilitatory stimulus will elicit
reflexive movement in stereotyped flexion/extension synergies.

3 Marked spasticity. Volitional movement can be generated but only in-synergy movement patterns (usually flexion is dominant in arm and
extension is dominant in leg).

4 Spasticity decreases. Can voluntarily move out of synergies if moving in the weaker synergy first.

5 Spasticity wanes but is still evident in rapid movements and at the extremes of range. Synergy patterns may be voluntarily reversed at any
time. Movements become environmentally specific.

6 Coordination and patterns of movement are near normal. Spasticity to passive movement is no longer present. Abnormal patterns of

movement or faulty timing may emerge when asked to perform rapid or complex movements.

Normal, age-appropriate patterns of movement, timing, coordination, strength, endurance, and sensory-perceptual response. No evidence of
functional impairment when compared with the unaffected side.
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into holes on the board as possible, with the mean of
the 2 trials used as the score. This task involves both
manual dexterity as well as gross movement and re-
quires use of both the arm and the hand to perform the
necessary motor actions to complete the task.

Visually Guided Reaching: a robotic horizontal
target-reaching task

A standard battery of tasks was performed using the
Kinarm Exoskeleton laboratory (Kinarm, Kingston,
Ontario, Canada) (21). Participants were seated and
the exoskeletons were adjusted to align with the
participant’s shoulder and elbow joints, providing
weight support and maintaining the movement of the
arms in the horizontal workspace. A virtual reality
system aligned with the horizontal workspace provided
visual feedback of spatial targets and hand position. A
trained operator gave direction to the participants and
monitored the performance in real time to ensure that
the task was completed appropriately.

Arm motor impairment was assessed using 1 of 2
versions of a Visually Guided Reaching (VGR) task
(19, 22). The first variant of the VGR task included
8 peripheral targets presented on a screen, spaced
45° apart and 10 cm from the initial central target.
Each trial began with the patient moving their index
finger (represented by a 0.4-cm radius white circle)
to the central target (a 1.0-cm radius red circle). After
a random time period, a peripheral target (1.0-cm
radius red circle) was illuminated, and participants
were given 3s to complete the reach. The peripheral
targets were presented in a pseudorandom order and
each target was presented 6 or 8 times. A second
variant of the task was similar, but with only 4
peripheral targets. After reaching and maintaining
the hand at the peripheral target for a brief period
of time, the central target was re-illuminated, and

Table II. Visually Guided Reaching parameters
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participants made a reaching movement back to the
centre target. The 4-target reaching task has been
shown in previous studies to provide a nearly identi-
cal performance in terms of classification sensitivity,
specificity, and accuracy compared with the 8-target
task (23).

Performance on VGR was quantified using 14
parameters reflecting spatial and temporal features of
hand motion (Kinarm, KST Summary, https://kinarm.
com/kinarm-products/kinarm-standard-tests/). These
parameters are described in Table II. Raw parameter
scores were converted to normalized Z-scores using
statistical models of performance previously calcula-
ted from a large group of healthy controls. Briefly, the
data is transformed using Box-Cox power transforms
(24) and multiple linear regression to account for age,
sex, and handedness. The Task Score is a composite
score of the parameter Z-scores and was calculated
using root-sum-squares. For the VGR task, the weight
of each parameter is calculated based on the number
of successful trials, excluding parameters that are
highly correlated (r<0.9) with another parameter.
The Task Score is a positive value, with zero denoting
the best performance and increasing scores denoting
poorer performance (25). By calculating Z-scores and
Task Scores using models developed from healthy
controls, it is then possible to identify if participants
with stroke are impaired relative to the expected
performance of an individual of similar age, sex, and
handedness. Performance was considered impaired if
the Task Score exceeded 1.96, which corresponds to
the bottom fifth percentile of performance for healthy
participants (26).

Clinical data (i.e. CMSA and PPB) was not always
collected on the same day as robotic assessment to
reduce fatigue, but the upper limit for the number of
days between clinical and robotic assessments was 4
(mean number of days between assessments: 0.93).

Parameter (unit, where

applicable) Description

Excluded from task score
calculation

No initial stabilization
No reaction time
No end movement
reach or stabilize at the peripheral target.
End target not reached
Postural hand speed (m/s)
Reaction time (s)
Initial movement direction
error (degrees)
position after the initial phase of movement.
Initial movement ratio

Count of trials where the end target was not reached.

Mean hand speed for 0.5s before peripheral target illumination.

Time between illumination of the peripheral target and onset of movement.

The angular deviation between (a) a straight line from the hand position at movement onset to
the peripheral target and (b) a vector from the hand position at movement onset to the hand

Number of trials for which there was no stabilization at the starting target
Number of trials for which no movement onset was detected (i.e. the participant did not move). Excluded
Number of trials for which no movement end was detected, for example, the participant did not

Excluded

The ratio of (a) the distance the hand travelled during the participant’s initial movement to (b)

the distance the hand travelled between movement onset and offset.

Hand speed ratio
global hand speed maximum of the trial.

Number of speed peaks

Difference in speed (m/s)

Movement Time (s)

Hand path length (m)

Maximum speed (m/s) The maximum speed that the hand travelled.

The ratio of (a) the maximum hand speed during the participant’s initial movement to (b) the

Excluded

The number of hand speed maxima between movement onset and offset.
The differences between local speed maxima and minima.

Total time elapsed from movement onset to offset.

The total distance travelled by the hand between movement onset and offset.
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Table III. Participant characteristics
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Characteristics

Age 62.4+11.4
Male/female 53/20
Stroke type 611,12 H
Stroke location
Days since stroke 12.2+7.8
CMSA arm (affected)

Number of participants with score [1-7]
CMSA hand (affected)

Number of participants with score [1-7]
PPB (affected)

VGR (affected)

4.8+4.1
4.7+2.9

[4,7,10,7,13,10,22]

[6,4,6,4,18,19,16]

25C,31SC,15M, 2n/a
Early subacute

Late subacute
100.0+13.3
[1,1,6,6,7,10,42]

[1,0,5,2,13,19,33]

8.0+4.4
2.5+£2.0

Values reported are mean+SD.

I: ischaemic; H: haemorrhagic; C: cortical; SC: subcortical; M: mixed; CMSA: Chedoke-McMaster Stroke Assessment; PPB: Purdue Pegboard; VGR: Visually

Guided Reaching.

Statistical analysis

Non-parametric tests were utilized throughout this
paper because CMSA and PPB measures are quantified
by ordinal scales. Differences between the medians of
CMSA arm and hand scores were determined using
the Wilcoxon signed-rank test and a ? test of indepen-
dence was performed to test for association between
CMSA arm and hand scores. Correlations between
clinical scores, PPB, and VGR were determined using
Spearman’s correlation coefficient for ranked data. A
Bonferroni correction was used to adjust the level of
significance for Spearman’s correlations, there were 10
correlations and therefore the p-value was adjusted to
0.005. Difference between correlations was determi-
ned by comparing bootstrap confidence intervals set
to 95% (27). Correlations below 0.50 were defined as
weak, between 0.50-0.75 were defined as moderate,
between 0.75—0.90 were defined as strong, and above
0.90 was defined as very strong (28). Statistical cal-
culations were performed with Matlab Statistics and
Machine Learning Toolbox (MATLAB version: 9.13.0
(R2022b), Natick, Massachusetts: The MathWorks Inc).

RESULTS

Participant characteristics

The study examined 73 individuals with first-time, he-
miparetic stroke. Subjects included 20 females, mean
age 62 years, age range 33—86 years. Demographic
information on the participants is shown in Table II1.

Comparison of CMSA arm and hand during early
subacute phase

The CMSA was used to assess the level of impairment
in the arm and hand. The distribution of CMSA scores
for both the arm and hand were skewed towards higher
values, indicating that, overall, the population tended
towards milder impairment of the upper limb (29). A

score of 5 or higher on the CMSA arm and hand scales
was achieved by 62% and 73% of participants, respecti-
vely (Fig. 1 Aand B). Of'those, there were 22 participants
(30% of total) who received a score of 7 on the CMSA
arm score and 16 (22% of total) who received a 7 on
the CMSA hand score. Notably, this indicates a ceiling
effect with the CMSA assessment in this population.

CMSA scores for the arm and hand had a rank correla-
tion 0 0.79 (95% C1 0.64-0.87, p <<0.005), indicating
a strong relationship (Fig. 1C). The y’ test also yielded
significant results, indicating that the CMSA scores for
the arm and hand are associated. The results show that
429% of participants received the same score for the arm
and hand and 88% of individuals were within 1 point.
A similar proportion of individuals scored higher on
the arm as individuals who scored higher on the hand,
with 30% having a higher arm score and 27% having a
higher hand score. Only 3 participants (4%) within the
sample displayed a difference of 3 points or more bet-
ween the arm and hand scores; notably, all with higher
hand scores than arm scores. Across all participants,
the median for the arm score was 5 (Q1:3, Q3:7) and
the median for the hand score was 5 (Q1:4, Q3:6), and
these were not statistically different (p=0.47).

Comparison of CMSA arm and hand during late
subacute phase

Differences in the distribution of scores during the
late subacute phase were skewed towards the highest
values, with median CMSA scores of 7 (Q1:5, Q3:7)
for the arm and 6 (Q1:5, Q3:7) for the hand, which are
1-2 points higher compared with the early subacute
phase. Very few individuals have scores of 3 or below,
whereas 59 participants (81%) received a 5 or above
for the arm, and 65 participants (89%) received a 5
or above for the hand. Forty-two participants (58%)
received a 7 for the arm and 33 participants (45%)
received a 7 for the hand (Fig. 1D and E), indicating a
ceiling effect that is present in both phases.
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Fig. 1. Comparison of Chedoke-McMaster Stroke Assessment (CMSA) Scores for the Arm and Hand. (A-B) Distribution of participant CMSA scores
during early subacute phase. (C) Cross-tabulation matrix of CMSA Hand vs Arm scores for each participant. ?(6,73), p=0.02. (D-E) Distribution
of participant CMSA scores during late subacute phase. (F) Cross-tabulation matrix of CMSA Hand vs Arm scores, ¥?(6,73), p=0.

The relationship between CMSA arm and hand sco-
res remained strong in the late subacute phase, with a
rank correlation of 0.75 (95% CI1 0.58-0.85, p<<0.005)
(Fig. 1F) and a significant test of association (¥*(6,73)
p=0). The proportion of individuals that received the
same arm and hand score also remained high, at 58%,
with 21% scoring higher in the arm and 21% scoring
higher on the hand. Only 4 participants received a
hand score that was 2 points different from their arm
score, and none received 3 or more points different in
the late subacute phase.

Comparison of arm and hand with PPB

In the current cohort there was a significant floor effect
with PPB during the early subacute phase, with 27%
of participants receiving 0, the lowest possible score,
indicating that the participant was unable to place a
single peg in the board during either of the 30-s trials
(Fig. 2A).

The PPB task showed a strong correlation with both
the CMSA arm and hand score, with correlations of
0.78 (95% CI 0.62—-0.87, p<<0.005) and 0.81 (95%

CI 0.70-0.88, p<<0.005), respectively (Fig. 2C and
E). However, these high correlations mask important
features of the underlying relationships; most indivi-
duals that scored below 5 on the CMSA arm or hand
scores received 0 on the PPB, as noted above. Subjects
who scored 5 or higher on either CMSA score showed
a wide range of PPB scores. With a CMSA score of
7, participants may have scored anywhere from 3 to
13 on the PPB.

In the late subacute phase, the number of participants
that receive 0 reduces to only 11% (Fig. 2G). The cor-
relations between PPB and the CMSA arm and hand
scores decrease in the late phase, but remain moderate
to strong and significant (0.69 95% CI 0.53-0.80,
<0.005,and 0.78 95% CI 0.64—0.84, p<0.005, respec-
tively) (Fig. 21 and K). Although the proportion of
overlapping confidence intervals for these correlations
also decreases slightly, from 59% in the early phase
to 52% in the late phase, they still have considerable
overlap, denoting no significant difference in the rela-
tionship between the PPB and CMSA arm and hand
scores. Floor effects that were observed in the early
phase are also seen, where individuals who score below
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Fig. 2. Comparison of Chedoke-McMaster Stroke Assessment (CMSA) scores with Purdue Pegboard (PPB) and Visually Guided Reaching (VGR)
task. (A-F) Early subacute phase (A) Distribution of scores attained on the PPB task with each bin containing the half-point above (e.g. bin of
0 contains scores of 0 and 0.5; bin of 1 contains scores of 1 and 1.5). (B) Distribution of VGR Task Scores with each ordinal bin containing Task
Scores including and above each bin (e.g. bin 0 contains 0.00-0.99; bin 1 contains 1.00-1.99). (C-F) Scatter plots of PPB and VGR Task Scores vs
CMSA scores with Spearman’s r. Jitter was applied according to x =x0.02z, where z is a randomly generated number within the interval (0,1). (C)
PPB vs CMSA Arm score, r=0.78, p<0.005. (D) VGR Task Score vs CMSA Arm score, r=-0.67, p<0.005. (E) PPB vs CMSA Hand score, r=0.81,
p<0.005. (F) VGR Task Score vs CMSA Hand score, r=-0.66, p <0.005. (G-L) Late subacute phase (G) Distribution of PPB scores. (H) Distribution
of VGR Task Scores during late subacute phase. (I) PPB vs CMSA Arm score, r=0.69, p<0.005. (J) VGR Task Score vs CMSA Arm score, r=-0.55,
p<0.005. (K) PPB vs CMSA Hand score, r=0.76, p<0.005. (L) PPB vs CMSA Hand Score, r=-0.40, p<0.005.

5 on the CMSA are likely to score 0 on the PPB. There
are several exceptions to this in the CMSA arm vs PPB
relationship (Fig. 2I), where individuals that received
3 or 4 on the CMSA arm score could still place 4-9
pegs in the board.

Comparison of arm and hand with Visually Guided
Reaching

VGR Task Scores ranged from 0 to 14 in the early
subacute phase of stroke, with 64 participants (88%)
receiving a Task Score above 1.96, which denotes
performance worse than 95% of healthy controls and
is considered impaired. The distribution of Task Sco-
res (Fig. 2B) displays a skew towards lower values,
which is the end of lesser impairment and is akin to
the skew seen in the early subacute CMSA scores (Fig.
1A and B).

The relationships between VGR and CMSA arm and
hand scores are moderate, with a correlation of —0.67
(95% CI -0.51 to —0.78, p<0.005) between the VGR
Task Score and CMSA arm score and —0.66 (95%
CI —0.50 to —0.77. p<<0.005) between the Task

Score and CMSA hand score (Fig. 2D and F). These
correlations also show considerable overlap in the
confidence intervals. Of the 22 participants (30%) who
received a 7 on the CMSA arm score, which denotes
normal movement of the limb, only 9 received a Task
Score of less than 1.96, denoting healthy performance.
Likewise, of the 16 participants (22%) who received
a 7 on the CMSA hand score, only 5 received a task
score below 1.96. At a given CMSA score, there is
considerable variability in their reaching Task Scores.
For example, Task Scores ranged from approximately
3 to 8 for individuals with a 5 for CMSA of the hand
or arm. In contrast, of the 9 participants with a Task
Score below 1.96 (unimpaired), only 1 participant had
a CMSA arm score below 7 and 4 participants had
CMSA hand scores below 7.

VGR Task Scores tend to be shifted to lower values
in the late subacute phase, with 34 participants (47%)
scoring below 1.96, indicating an unimpaired per-
formance, and 92% of participants scoring below 5
(Fig. 2H).

Correlations between VGR and CMSA in the
late subacute phase decrease to a weak to moderate
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strength, with correlations of —0.55 (95% CI —0.36
to —0.70, p<0.005) between VGR Task Score and
CMSA arm score and —0.40 (95% CI —0.17 to —0.58,
»<0.005) between VGR Task Score and CMSA hand
score (Fig. 2J and L). The overlap of confidence
intervals between the VGR Task Score and the arm
and hand also decreased in the late phase; whereas the
confidence intervals during the early phase overlap-
ped by approximately 93%, the late phase confidence
intervals overlap by only 42%.

DISCUSSION

This study compared the levels of impairment of the
arm and hand in a cohort of individuals during the early
and late subacute phases of stroke. Strong correlations
were found between the CMSA arm and hand scores,
and levels of impairment for the hand and arm were
similar with this tool. Both CMSA scores also cor-
related with the PPB and VGR Task Score. While the
correlations decreased from the early to the late suba-
cute phase, correlations were still fair to moderate, and
levels of impairment were similar. The results of this
study indicate that impairments of the arm and hand are
highly correlated and that this relationship is preserved
throughout the subacute phase of stroke recovery.

Previous studies examining this issue have focused
on measures of strength and range of motion to assess
the levels of impairment in the upper extremity (4, 6,
14—-16). Some studies found weakness was greater for
proximal compared with distal muscles (4, 6), whereas
others found no difference in strength or functional
range for the upper limb segments. Notably, studies that
compared post-stroke impairment with intact control
participants found evidence of a proximal-to-distal
gradient (6), whereas studies that used the ipsilesio-
nal arm as a matched control for the contralesional
arm found no difference in impairment between the
segments of the limb (15, 16). Several studies have
shown that impairments are present in the ipsilesional
arm post-stroke (30, 31). Thus, there may be a general
reduction in strength in both limbs that preferentially
impacts the hand compared with the arm.

This comparison of CMSA scores with other motor
tasks provides further support that impairment of
the hand and arm are tightly coupled. It may not be
surprising that PPB is significantly correlated with
both CMSA scores, given that the task requires both
arm and hand function to complete. The VGR task,
however, only quantifies arm motor function, but was
almost equally correlated with CMSA scores for the
arm and the hand.

The findings of this study challenge the results of
early clinical research that led to the view that the hand
is commonly more impaired than the arm following
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stroke, an assumption that can impact the decisions
made by clinicians regarding recovery and rehabilita-
tion. The current findings suggest that, when informing
rehabilitation strategies, it should not be assumed that
the upper limb will follow the traditional proximal-
to-distal gradient of impairment during recovery.
Furthermore, the tight coupling between the arm and
hand suggests that the level of impairment of one may
be inferred from assessment of the other. This may be
advantageous in situations where assessment time is
limited due to time constraints or patient fatigue, or
when assessment technology is limited to measuring
just the arm or hand.

As noted above, previous studies focused on strength
and range of motion to compare proximal and distal
components of the limb. The current approach was to
use an assessment tool that quantified the ability to
perform motor actions. This is somewhat challenging,
as motor actions for the arm and hand are unique (e.g.
reaching vs grasping), therefore comparing impairment
of the two may not be possible. However, the CMSA
score for the arm and hand is based on Twitchell’s
original observations on the return of function follo-
wing hemiplegia and Brunnstrom’s stages of recovery
(4, 17, 32). Critically, each level in the scales reflects
characteristics that are indicative of a certain level of
impairment; from flaccid paralysis, through different
levels of synergistic motor actions, to full function.
Both the arm and hand will pass through these levels
of impairment, but they are assessed according to
tasks that are appropriate for the respective structure
(e.g. when moving out of flaccid paralysis, touching
the hand to the chin is a task in the arm scale, whereas
touching the index finger to the thumb is a task in the
hand scale) (17). While the arm and hand clearly have
different motor actions, this use of stages of impair-
ment to assess performance means that a given level
of impairment reflects the ability to control different
muscle groups to generate effector-appropriate actions.
From this perspective, there does not appear to be a
general difference in the impairments observed for the
hand or arm, at least at the group level when measured
with the CMSA. Most individuals received CMSA
scores that were the same or were within 1 point for
the arm and hand. Notably, of the 9 individuals with
hand and arm scores that were different by 2 points or
more, 8 received lower scores for the arm compared
with the hand. Thus, substantive asymmetry in per-
formance using this scale was more likely to reflect
greater proximal impairment than distal impairment.

The general severity of post-stroke deficits has been
tied to the degree of damage to the corticospinal tract
(CST) (33-35). It has been thought that the proximal-
to-distal gradient of impairments is a result of disrup-
tion to the CST. The proportion of the CST descending
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from the damaged hemisphere has more projections
to motoneurones of distal muscles. Furthermore, the
proportion of the CST that descends uncrossed from
the undamaged hemisphere has more projections to
proximal motoneurones (8, 12); however, the functio-
nal relevance of these connections may be limited for
recovery (13). A gradient in the upper extremity may
more likely be driven by the compensatory control of
other motor pathways (e.g. the reticulospinal or the
rubrospinal tract) that provide compensatory control
over the proximal muscles of the limb (10, 36). It
has been speculated that these alternative pathways
allow for volitional contraction and strength to return
to the proximal muscles, but that the CST is required
for dexterity, inter-joint coordination, and overall
recovery of the upper limb (13, 37). This is, however,
taken with the caveat that recent evidence suggests the
reticulospinal tract does contribute to hand function
(38), but further work is needed to understand how
alternate descending pathways may facilitate recovery
of the arm and hand. The results of this study support
the finding that impairment is a result of disruption to
the CST, and that alternative pathways may provide
some level of compensatory control. This is evidenced
by the presence of some motor control in participants
with low CMSA scores, as captured by the VGR Task
Score, but the lack of dexterity required to place even
a single peg in the board during the PPB task.
Limitations to this study include notable instances
of floor and ceiling effects with the PPB and CMSA,
respectively. These tools were chosen based on their
use as a reliable tool for the assessment of impairment
and to gain an understanding of how impairment would
be classified in the clinical field. Despite this, a floor
effect was seen in the PPB during the early subacute
phase, where 27% of participants received a score of 0
(Fig. 2A). Impairments can be quite severe during the
early subacute phase of stroke, including challenges
with both strength and dexterity. Thus, it is perhaps not
surprising that a task that only captures the number of
successful trials will lead to a floor effect. The CMSA
provided some stratification of individuals during the
early phase by separating those with flaccid paralysis
from those with some ability to generate limited gross
motor actions. However, in the late subacute phase, the
CMSA scores displayed a ceiling effect, as 58% and
45% of participants scored a 7 for the arm and hand,
respectively. The VGR task provided further stratifica-
tion of individuals at each stage of the CMSA, which
is one reason why many support the use of kinematic-
based scales that measure the quality of movement
(39—-42). Such approaches are less impacted by floor
and ceiling effects and provide a continuous scale to
assess performance. This removes ceiling effects, as
performance can be assessed even through the entire
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healthy range. Such resolution may not be necessary
for present clinical applications but is essential for
exploring potential benefits of therapeutic interventions.
Finally, the CMSA mixes spasticity and motor fun-
ction, partly because the tool was created based on the
Brunnstrom stages of recovery and the disappearance
of spasticity over various stages of recovery. While the
other tools, such as Fugl-Meyer Assessment (FMA)
(43), do not explicitly measure spasticity, a patient with
spasticity will still have issues with the FMA tasks and
this impacts the individual’s score.

In conclusion, this study found strong correlations
between CMSA scores of the arm and hand over both
the early and late subacute phases of stroke recovery.
The study also found moderate to strong correlations
between clinical scores and measures of performance,
such as the PPB and the VGR task. The results of this
study show that impairments of the arm and hand are
highly correlated during the subacute phase of stroke
and do not support the presence of a proximal-to-distal
gradient.
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