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Abstract

Objective—Our first purpose was to determine whether there was a proximal to distal gradient in
motor deficits in nine segments of the affected upper extremity (shoulder, elbow, forearm, wrist, and
5 fingers) post stroke. Our second purpose was to determine which upper extremity segments made
the greatest contributions to hand function.

Methods—33 subjects were tested on average 18.6 (+ 5.6) days after stroke. The ability to move
each segment was measured by active range of motion (AROM). Hand function was measured by a
battery of standardized clinical tests which were synthesized into a single, sensitive score for hand
function using principal components analysis.

Results—AROM at all nine segments of the upper extremity was reduced and there was no evidence
of a proximal to distal gradient in AROM values. Strength of each segment was reduced and there
was also no evidence of a gradient in strength values. AROM at each segment was strongly correlated
with hand function scores (range 0.76 — 0.94). General multiple regression analysis showed that
AROM explained 82% of the variance in hand function, with most of the variance shared across
proximal, middle, and distal segments. Hierarchical regression analysis showed that shoulder AROM
alone could explain 88% of the variance in hand function.

Conclusion—Early after stroke a proximal to distal gradient of motor deficits was not present, and
loss of hand function was due to a loss of ability to move many segments of the upper extremity and
not just the distal ones.

Significance—These results suggest that a change in the clinical perception of motor deficits post
stroke is needed. Our finding that shoulder AROM predicted almost all the variance in hand function
opens up the possibility that this quick, simple measure may be predictive of future hand function.
This would be of high economic and clinical utility compared to other ongoing efforts attempting to
predict outcomes post stroke (e.g. fMRI, MEG).
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Introduction

The most common neurological impairment caused by stroke is paresis, i.e. a reduced ability
to voluntarily activate spinal motoneurons. The classical perception of clinicians about
individuals who have recently suffered a stroke is that paresis of distal upper extremity
segments is more severe than paresis of proximal upper extremity segments (Twitchell,
1951;Saladin, 1996). Based on this clinical perception, it is often presumed that the loss of
distal segment movement is responsible for the loss of hand function after stroke (Muellbacher
et al., 2002). The perception is consistent with disruption to the corticospinal system which is
known to have greater input to distal cervical motoneuron pools compared to proximal cervical
motoneuron pools (Palmer and Ashby, 1992;Porter and Lemon, 1993;McKiernan et al.,
1998;Turton and Lemon, 1999). Indeed, the severity of motor deficits post stroke is strongly
related to the degree of corticospinal system damage (Pineiro et al., 2000). Quantitative data
have shown the existence of greater strength deficits in the more distal versus the more proximal
upper extremity segments in a small sample of people with chronic hemiparesis (Colebatch
and Gandevia, 1989). An early qualitative study however is in conflict with the above evidence,
suggesting that a proximal to distal gradient of motor deficits is not present post stroke (Bard
and Hirschberg, 1965).

We recently investigated movement control in the entire upper extremity and how loss of
segmental movement control was related to hand function in a sample of people with chronic
hemiparesis post stroke (Lang and Beebe, 2007). We found that all upper extremity segments
were similarly affected, and movement at all segments was related to hand function. This study
was important because it was the first to systematically quantify how movement control is
affected across the entire upper extremity in the same sample. A limitation to this study was
that it was a cross-sectional sample from a chronic stroke population (average of two years
post stroke). Thus it was not possible to determine if a proximal to distal gradient in motor
deficits was present and then changed due to recovery, or if a proximal to distal gradient in
motor deficits was not present early after stroke.

The purposes of this study were to investigate, in the first few weeks after stroke, how stroke
affects the ability to move at nine segments of the upper extremity (shoulder, elbow, forearm,
wrist, and five fingers), and then to determine how loss of movement control at various
segments contributes to loss of hand function. Hand function is defined as the ability to use
the hand and fingers for activities of daily living or occupation, and includes the ability to move
the upper limb in all dimensions to position and orient the hand in the environment (Kapandji,
1981;Cooper et al., 1993). We chose to use active range of motion (AROM) as our measure
of the ability to move each segment because AROM was the variable that was most strongly
related to hand function in our previous sample (Lang and Beebe, 2007), and because it can
easily be measured clinically. Conceptually, AROM in people post stroke can be considered
a quick measure of the ability to voluntarily activate the spinal motoneuron pools that move a
given segment (Hislop and Montgomery, 2002).

We hypothesized that proximal and distal segments would be similarly affected at this early
time point following stroke. This hypothesis is based on the premise that, despite the greater
corticospinal system input to distal cervical motoneuron pools than to proximal, the proportion
of input to distal motoneuron pools damaged following stroke may be similar to the proportion
of input damaged in the proximal motoneuron pools, resulting in similar loss of movement
control across all segments. For example, if proximal and distal motoneuron pools lost half
their input, then one might expect to see proximal and distal movement capabilities reduced
by half as well. We also hypothesized that more proximal segments would make equally strong
contributions to hand function as more distal segments. This second hypothesis is based on the
premise that functional use of the hand is dependent on not only manipulating objects with the
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fingers but also dependent on appropriately positioning and orienting the hand in the
environment.

Thirty-three subjects with hemiparesis due to stroke participated in this study. Subjects were
recruited from the Cognitive Rehabilitation Research Group Stroke Registry based on the
presence of hemiparesis. Subjects were included if they 1) had a diagnosis of ischemic or
hemorrhagic stroke by a stroke neurologist within one month of onset, 2) had CT or MRI
imaging data consistent with clinical presentation, 3) had persistent hemiparesis with a score
of 1 to 4 on the Motor Arm item of the National Institutes of Health Stroke Scale (NIHSS), 4)
had evidence of preserved cognition as indicated by a score of 0 or 1 on the Consciousness and
Communication item of the NIHSS, and 5) had the ability to follow 2-step commands. Patients
were excluded from the study if they 1) had orthopaedic or other medical conditions that limited
the affected upper extremity prior to the stroke, 2) had a prior history of hemiparesis or stroke,
3) had hemispatial neglect as evidenced by a score of 2 on the Extinction and Inattention item
of the NIHSS, 4) had severe aphasia as evidenced by a score of 2 or 3 on the Language item
of the NIHSS, 5) had complete hemianopsia as evidenced by a score of 2 or 3 on the Visual
item of the NIHSS, or 6) the subject was unable to give informed consent. Characteristics of
the group are provided in Table 1. This study was approved by the Washington University
Human Research Protection Office, and all participants provided informed consent prior to
participation.

Testing paradigm

Subjects were tested for their ability to use their hand for functional activities, and for their

ability to move nine upper extremity segments (active range of motion; AROM). Testing was
completed, in most cases, during a single testing session lasting approximately two hours. In
a few cases, testing was completed in two separate one hour sessions within a 24-hour period.

Measurement of hand function—All subjects underwent a battery of six standardized
clinical tests of hand function. A battery of tests was used to measure hand function in multiple
ways (e.g. criterion-rated, timed performance, self-report). This was because a single test may
not suitably capture and quantify hand function across this patient population (Wade et al.,
1983;Duncan etal., 2000). The tests were selected based on published data regarding reliability,
validity, normative values, and appropriateness for use with people with stroke. All clinical
tests were performed on both sides such that the unaffected upper extremity served as the
matched control for the affected side. The following tests were used.

Jebsen Test of Hand function: (Jebsen et al., 1969;Hummel et al., 2005) is a functional
assessment scored by the times to complete seven common tasks. A lower time indicates faster
task completion, and thus better hand function. The first task, writing a sentence, was not used
(Hummel et al., 2005) because it is dependent on hand dominance and education level. Normal
performance, as measured by the summed time to complete 6 tasks, for healthy adults in their
60s is between 24 and 36 seconds (Agnew and Maas, 1982;Hackel et al., 1992). Subjects were
allowed a maximum of 120 seconds to complete the test (Duncan et al., 1998).

Action Research Arm Test: (Lyle, 1981;Hsieh et al., 1998;Van der Lee et al., 2001a;Van der
Leeetal., 2001b;Lang et al., 2006) is a criterion-rated assessment of functional upper extremity
gross movement, grasping, gripping and pinching. A maximum score of 57 indicates normal
function.

Clin Neurophysiol. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beebe and Lang

Page 4

9-Hole Peg Test: (Mathiowetz et al., 1985b) is a finger coordination measure of timed
performance to insert and remove nine pegs. Scores were expressed as the number of pegs
placed per second. Normal performance for healthy adults in their 60s is between 0.77 and
0.99 pegs per second (Mathiowetz et al., 1985b).

Stroke Impact Scale: (Duncan et al., 1999;Duncan et al., 2001) is a self-report questionnaire
to measure the impact of stroke in multiple domains. The maximum score of 100 indicates
normal function. Data on all domains of the Stroke Impact Scale were collected, but only the
hand function subscale was part of our hand function battery.

Grip Strength: (Schmidt and Toews, 1970) is a dynamometer measurement of the maximum
amount of force produced during a five-finger grip, and has been proposed as a surrogate
measure of hand functional outcome (Boissy et al., 1999). Scores were expressed as a ratio
value of affected/unaffected side where higher ratios mean affected side strength is more
similar to unaffected side strength. In healthy individuals, the ratio between the strength on the
two sides of the body is typically between 0.85 and 1.15 (Mathiowetz et al., 1985a).

Pinch Strength: (Mathiowetz et al., 1985a) is a dynamometer measurement of the maximum
amount of force produced during a three-fingered key pinch. Scores were expressed as a ratio
value of affected/unaffected side where higher ratios mean affected side strength is more
similar to unaffected side strength. In healthy individuals, the ratio between the strength on the
two sides of the body is typically between 0.94 and 1.06 (Mathiowetz et al., 1985a).

The results of the test battery were synthesized to yield a single measure of hand function for
each subject using principal components analysis (Ward et al., 2003a;Ward et al., 2003b;Lang
and Beebe, 2007). Principal components analysis reduces a number of correlated variables into
a few, uncorrelated variables, or principal components using a covariation or correlation
matrix. As before (Lang and Beebe, 2007), the first principal component explained a large
portion (87.5%) of the variance in test scores and the weighted linear coefficients of this first
component were used to generate a single score of hand function for each subject.

Additional testing—Additional clinical tests were conducted to provide a more thorough
description of the sample (Table 1). To quantify upper extremity strength, a hand-held
dynamometer was used to assess both flexion and extension of the shoulder, elbow, wrist, and
index finger using standardized, reliable test positions (Andrews et al., 1996). Intra-tester
reliability of handheld dynamometry has been shown to be between 0.93 and 0.98 for these
upper extremity muscle groups (Andrews et al., 1996). Both affected and unaffected sides were
tested and the results were expressed as a percentage of unaffected side where normal non-
dominant to dominant is between 0.93 and 0.98 (calculated from (Andrews et al., 1996).
Affected side shoulder pain was assessed using a standard 11 point pain scale, where 0 = no
pain. Joint position sense was evaluated on both sides at the index finger and wrist using
standard clinical technique where normal = correct on > 3/5 trials. Lastly, spasticity was
evaluated using the Modified Ashworth Scale at four joints on the affected side: the
metacarpophalangeal joints of hand, the wrist, the elbow, and the shoulder. Modified Ashworth
scores were expressed as an average across all joints, where normal equals 0.

Measurement of active range of motion—Kinematic techniques were used to quantify
segmental movement of nine upper extremity segments on the affected side, contralateral to
the lesion. Three-dimensional movements of the upper extremity were captured using an
electromagnetic tracking system (The Motion Monitor, Innovative Sports Training Inc,
Chicago IL). Nine sensors were attached to the trunk: mid-sternum (1 sensor), upper arm;
proximal to the lateral epicondyle, bisecting the upper arm mass (1), forearm: mid-point
between the radial and ulnar styloids on the dorsum of the forearm (1), hand: mid-point of the
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3" metacarpal on the dorsum of the hand (1), and fingers: on the nail of each digit (5). While
seated, subjects were instructed to make movements of one segment while keeping the other
upper extremity segments still. The starting position for each movement was with the upper
extremity hanging down by the side and care was taken to ensure that the tested upper extremity
did not contact or otherwise be obstructed by the side edge of the chair. Subjects were
reasonably good at keeping their uninstructed segments still, especially the proximal segments
during distal movement due to gravity and the testing position. Some subjects were better than
others, and similar to previous work, those with greater AROM were better able to isolate
movements (Lang and Beebe, 2007). The nine instructed movements were: shoulder flexion,
elbow flexion, forearm pronation/supination, wrist flexion/extension, thumb flexion, index
finger flexion, middle finger flexion, ring finger flexion, and little finger flexion. Subjects were
allowed to move at a self-selected pace and instructed to move the segment as far as they could
then return to the starting position. Two trials of each movement were recorded. Due to
upgrades in the data collection system during the study, data was collected at either 60 Hz or
100 Hz and stored offline for subsequent analyses.

Kinematic data were low-pass filtered at 6 Hz using a second-order Butterworth filter. Motion
Monitor software (Innovative Sports Training Inc, Chicago IL) was used to calculate and
extract segmental position and angle data from the sensor data used standard rigid body
methodology (Wu et al., 2005). For each trial, the main variable extracted was AROM. AROM
was used as a measure of how far a segment can be moved against gravity, and was calculated
as the angular excursion through which a segment moved when it was the instructed one. The
Motion Monitor software allowed us to compute angular excursion irrespective of movement
at non-instructed segments, i.e. elbow excursion was the range through which the elbow moved
regardless of whether the shoulder and the wrist also moved. For finger AROM, finger angular
excursions were calculated from finger angle data (Theverapperuma et al., 2006;Lang and
Beebe, 2007), a Euler angle calculation that represents the rotation at all three joints of each
finger. Because the start position was with the upper extremity hanging down by the side, two
movements, forearm supination/pronation, and thumb flexion were tested in a gravity
eliminated position. In these two movements, the moment arms were negligible such that
gravity was not likely to have a substantial influence in a subject’s ability to perform the
movements. Custom-written software in MATLAB (The Mathworks, Nadick, MA) was used
to do subsequent analyses.

The nine different segments have different anatomical ranges of motion. In order to examine
how one segment may be affected compared to another, AROM values were converted from
degrees to percent of normal range during the same task. Normal range values were obtained
from our previous sample of segmental AROM in the unaffected (ipsilesional) upper extremity
of similarly aged people with chronic hemiparesis performing the same movements, under the
same conditions (Lang and Beebe, 2007). In this sample (n = 28), AROM values were not
different from values obtained during pilot testing in a group of healthy, young, neurologically-
intact adults.

Data analysis

SPSS version 13 was used for all statistical analyses and the criterion for statistical significance
was set at p < 0.05. Distributions of variables were examined for normality using the
Kolmogorov-Smirnov test. The six subtest scores included from the Jebsen Test of Hand
function were not normally distributed and were transformed for further statistical analyses.
Each subtest score was transformed using the natural log function. All subsequent analyses
using these six variables were done with the transformed data.

A repeated measures within subjects ANOVA, was used to determine if AROM at the nine
upper extremity segments were similarly or differentially affected. A second repeated measures
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ANOVA was used to determine if strength at four joints (shoulder, elbow, wrist, index finger)
were similarly or differentially affected. When significant effects were found, Bonferroni
corrected post hoc t-tests were used to detect where the differences existed. Pearson product
moment correlations were used to evaluate the relationships between hand function (score from
principal components analysis) and AROM at all nine segments. Based on our sample size,
correlation coefficients with an absolute value greater than 0.34 were statistically significant
at the p < 0.05 level.

Two multiple regression analyses were used to determine which segments made the greatest
contributions to the variance in hand function. For the first analysis, we divided the nine
segments into three functional groupings, 1) proximal (shoulder and elbow), 2) middle (forearm
and wrist, and 3) distal (thumb, index, middle, ring and little fingers) (Lang and Beebe,
2007). The grouping values were calculated by taking the average amount of normalized
movement for each group, e.g. distal grouping = sum of finger AROM for all five fingers
divided by 5. Functionally, the proximal grouping translates the arm toward an object, the
middle grouping orients the hand to an object, and the distal grouping allows for manipulation
of an object (Lang and Beebe, 2007). The dependent variable in the general regression model
was the hand function score obtained from the principal components analysis. The independent
variables were the three groupings, proximal, middle, and distal and were entered
simultaneously into the model. Squared semi-partial correlation coefficients were used to
determine the unique variance associated with each grouping. This first analysis was used to
determine the relative importance of AROM in the proximal versus middle versus distal upper
extremity segments for hand function. For the second analysis, hierarchical regression was
used to determine the most parsimonious combination of segments that could explain the
variance in hand function scores. The dependent variable in this model was the hand function
score. The independent variables were the nine upper extremity segments. We used results
obtained from the correlational analysis to determine which order the segments would be
entered into the regression. The second analysis was used in an attempt to develop a simple
model of how the inability to move segments translates to loss of hand function.

Thirty-three subjects with acute hemiparesis were included in the study (Table 1). Average age
was 56.9 (+ 10.2) years old, and average time since stroke was 18.6 (+ 5.6) days. Within this
sample, there were varying degrees of hemiparesis from nearly complete plegia to just barely
detectable paresis (Table 1). The subjects had minimal shoulder pain, and minimal spasticity
throughout their upper extremity. Only six subjects had impaired joint position sense at the
index finger and/or wrist. Lesion information is included in Table 1. A radiologist inspected
clinical CT or MR images for each subject and determined that 1) lesion location within the
motor system was highly variable; this is consistent with our recruitment based on the presence
of hemiparesis versus recruitment based on lesion location, 2) lesions varied in size, and 3)
97% of the lesions were ischemic.

Active range of motion of the affected upper extremity

AROM at all nine upper extremity segments was decreased and highly variable across subjects
(Figure 1A, filled circles). To determine if differences existed between segments, we
normalized the data to the mean AROM of the unaffected side of comparable aged individuals
with stroke performing the same task under the same conditions (see Methods; open triangles
Figure 1A). Average normalized AROM for each segment of the upper extremity ranged from
44% to 67% (Figure 1B). Using a repeated measures ANOVA on the normalized values, we
found a significant main effect of segment (p = 0.001), indicating there was a difference
between the degree to which some segments were affected. Post hoc comparisons indicated
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that the lone difference was that the forearm AROM was greater than the index finger AROM
(p = 0.004). Overall, the AROM data did not indicate that the more distal segments were
affected to a greater degree than the more proximal segments.

To further investigate this issue, we looked for a proximal to distal gradient in the strength
measurements. A repeated measures ANOVA was used to test if strength was more or less
affected across four joints of the upper extremity. Average strength percentages across the four
joints ranged from 30% to 39% (Figure 1C). We found no difference in the degree to which
strength was affected across the four joints (main effect of joint, p = 0.31). These data are
consistent with the AROM data, indicating that the stroke had a similar effect on all the upper
extremity segments.

A secondary inspection of individual AROM data also suggested a lack of proximal to distal
gradient (Figure 2). For graphing purposes, strength measurements were used to stratify the
subjects into three groups, mild: affected side > 50% strength of unaffected side (n = 11; Figure
2A), moderate: affected side < 50% strength of unaffected side (n = 12; Figure 2B), and severe:
affected side = 0% strength of unaffected side (n = 10; Figure 2C). Within each subgroup, the
normalized AROM of each segment was examined for each subject. Despite the variability of
movement within each subgroup, no subject demonstrated a proximal to distal gradient.

Hand function relative to active range of motion

Within the first month after stroke, AROM was strongly correlated with hand function scores
(Table 2, HF column). All correlations were significant at the p < 0.01 level. Overall, the
correlation between hand function and shoulder AROM was the largest (0.94), and the
correlation between hand function and thumb AROM was the smallest (0.76). Consistent with
the fact that AROM at all nine segments was correlated with hand function, we found similarly
strong correlations between the AROM values at each segment (Table 2, remaining columns)
The largest correlation coefficient was between the ring and middle finger (0.93), while the
smallest correlation coefficient was between the index finger and thumb (0.68). Nonetheless,
all between segment correlations were moderate to strong (all p values < 0.01), indicating that
the degree to which upper extremity movement was affected co-varied across segments.

Multiple regression analysis was used to determine how loss of AROM affected hand function
in people with acute hemiparesis. Segments were grouped into proximal, middle, and distal
groupings (see Methods). We used a general regression model to analyze the groupings because
we wanted to determine the relative contributions of proximal, middle, and distal segments to
loss of hand function. AROM values explained 82% of the variance in hand function scores
(F3,29=45.19, p <0.001), with the majority of this variance being shared between the proximal,
middle, and distal groupings. In other words, the proportion of explained variance in hand
function was not unique to any one grouping. The shared variance supports the results of the
correlation analysis and suggests that no one segment or grouping is more important for hand
function. We then used a hierarchical regression model to determine if a more parsimonious
set of variables could be useful for predicting hand function. Based on the results of the
correlational analysis, the shoulder was entered first into the regression equation followed by
the other segments in descending order. The shoulder segment alone explained 88% of the
variance in hand function scores at this early time point after stroke (Fy 31=229.8, p < 0.001),
and no other variables entered into the equation.

Discussion

In people with hemiparesis due to a recent stroke, the ability to move each segment was
generally similar across nine upper extremity segments. This was a consistent finding when
assessed with AROM measurements, with strength measurements, and with visual inspection
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of individual data. The ability to move each segment was correlated with hand function, and
surprisingly the shoulder had the highest correlation coefficient (r= 0.94). Early after stroke,
loss of hand function was due to losses in the ability to move all upper extremity segments and
not just the distal ones. The most parsimonious regression model required only asingle variable
— shoulder AROM - to explain nearly all the variance in hand function (R?= 0.88). These data
support our first hypothesis, suggesting that a proximal to distal gradient of motor deficits is
not present early after stroke. Our second hypothesis was also supported, indicating that the
ability to move the proximal segments is as equally important for hand function as the ability
to move the distal segments, even at this early time point post stroke.

Our findings build upon the existing literature that examines one or a few segments post stroke
(Bourbonnais et al., 1989;Dewald et al., 1995;Boissy et al., 1999;Lang and Schieber,
2003;Lang and Schieber, 2004;Mercier and Bourbonnais, 2004;Zackowski et al.,
2004;Mirbagheri et al., 2005), by examining the ability to move at nine upper extremity
segments in the same sample. Previous work looking across more than a few upper extremity
segments has been done on samples of people with chronic hemiparesis post stroke (Colebatch
and Gandevia, 1989;Lang and Beebe, 2007). Here, we extend that work in a sample of people
tested an average of 3 weeks post stroke. Our findings also expand upon an earlier qualitative
study (Bard and Hirschberg, 1965) by quantifying the loss of ability to move each segment
and by investigating how loss of movement at various segments translates to loss of hand
function.

The absence of a proximal to distal gradient in motor deficits

Quantitative measures of both AROM and strength, taken early after stroke, indicate that all
segments of the upper extremity are similarly affected. AROM and strength can be considered
indirect measures of the ability to volitionally activate the spinal motoneuron pools (Hislop
and Montgomery, 2002). AROM measures may be better able to capture deficits at the lower
end of spectrum, i.e. can the muscles be activated enough to move the segment through the
range. Strength measures may be better able to capture deficits at the higher end of the spectrum,
i.e. can the muscles be activated sufficiently to produce force against externally imposed loads.
With both measures, there appeared to be no sparing of proximal versus distal upper extremity
segments. Our finding is consistent with previous work showing no proximal to distal gradient
in the ability to fractionate movement, as quantified by the individuation index (Zackowski et
al., 2004;Lang and Beebe, 2007). Our finding is in conflict with the common clinical teaching
that the distal segments are more impaired (Twitchell, 1951;Saladin, 1996) and in conflict with
previous results showing a proximal to distal gradient in strength deficits (Colebatch and
Gandevia, 1989). We now discuss possible explanations for disagreement between our results
and others and a potential mechanism for these results.

A possible explanation for the mismatch in results is that a proximal to distal gradient of motor
deficits exists in some but not all patients post stroke. For example, a gradient could be present
in those with more moderate to severe paresis as found previously (Colebatch and Gandevia,
1989). There are several differences in their landmark work compared to our study that merit
discussion. Their subjects were tested later after stroke (approximately 3 months) than ours
were (ave. 18.6 days). They used a more precise methodology and tested muscle strength in
different muscle groups. We tested shoulder flexion/extension, and index finger flexion/
extension, while Colebatch and Gandevia tested shoulder abduction/adduction, and index
through small finger flexion/extension. It is possible that the combination of more moderate-
to-severe subjects tested in different combinations of muscle groups later after stroke can
account for the proximal to distal gradient seen in their results but not in ours.

Hatakenaka and colleagues recently showed that some subcortical lesions may produce a
proximal to distal gradient, while other subcortical lesions may produce a distal to proximal
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gradient (Hatakenaka et al., 2007). In this study, patients were categorized into “proximal” and
“distal” groups based on whether individual subjects scored higher on the proximal vs. distal
part of an upper extremity clinical test. In comparing the scores of the proximal and distal
groups however (p. 350), it appears that both groups had proximal and distal paresis. Proximal
paresis was actually worse in the distal group (2.2 points on a 0 — 5 point scale, where a lower
score is worse) than in the proximal group (2.9 points). Distal paresis was worse in the distal
group (1.4 points) than the proximal group (3.3 points). Like in their study, our sample included
a wide range of deficits, from those with very mild paresis to nearly complete plegia. Our
AROM measurements may have been more sensitive in capturing deficits than their clinical
rating scale, while their imaging data was vastly better than the data to which we had access.
Our subjects had lesions affecting cortical and/or subcortical structures, while their subjects
had subcortical lesions exclusively. Relative to the two studies discussed above, it is possible
that our group averages masked individual proximal to distal and/or distal to proximal gradients
of motor deficits. We find this possibility unlikely however, since inspection of individual data
(figure 2) did not reveal deficit gradients in either direction.

Another possible explanation for the mismatch between clinical perception and our results is
that clinicians are likely to see that which they are looking for (Sotos, 2007). For example,
when a patient is asked to move the shoulder, he/she may be able to perform a shoulder shrug,
and when asked to move their hand or fingers, the fingers flex ever so slightly. If the clinician
expects to see greater distal motor deficits, then the shoulder shrug may be considered to reflect
greater movement capabilities than the trace finger flexion. Both movements in this example
are only a small portion of the AROM and are equally impaired. Furthermore, our results
suggest that both movements would contribute little, if any, to functional use of the hand.

The general severity of motor deficits post stroke is due to the extent of damage to the
corticospinal system (Pineiro et al., 2000;Stinear et al., 2007). It has been thought that the
proximal to distal gradient in movement deficits stems from disruption of this system, which
sends more numerous projections to the distal cervical motoneuron pools (Palmer and Ashby,
1992;Porter and Lemon, 1993;McKiernan et al., 1998;Turton and Lemon, 1999). If
compensatory control was exerted by other descending motor pathways, e.g. reticulospinal
tract, that exert control over more proximal limb musculature (Davidson and Buford, 2004),
then a gradient of movement deficits might be more apparent. It is possible that our finding of
similar movement deficits across upper extremity segments reflects lesions that disrupt similar
proportions of proximal and distal inputs. A similar proportion of inputs could be disrupted
following stroke because motor cortical territory for proximal and distal muscles is strongly
overlapping (Park et al., 2001) and as the axons descend through the subcortical structures,
they are densely packed together (Morecraft et al., 2007). Additionally, the output from the
motor cortical areas is divergent to multiple spinal motoneuron pools (Fetz and Cheney,
1980;Shinoda et al., 1981;Schieber, 2001), some of which may control more proximal muscles
and some of which may control more distal muscles. Thus, in our sample with heterogeneous
lesions, damage to many locations within the motor system may result in a similar disruption
to proximal and distal inputs.

Relationships between the ability to move each segment and hand function

Correlational analyses indicated that the ability to move each segment was related to hand
function early after stroke. Using a general regression analysis, we found that AROM measures
from proximal, middle, and distal segments together explained 82% of the variance in hand
function. The majority of the explained variance was shared across the three groupings and not
unique to any one grouping. In other words, hand function is equally dependent on the ability
to move the proximal segments as it is the middle and distal segments. This finding is consistent
with our recent results from a cross-sectional sample of people with chronic hemiparesis post
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stroke, where R? = 73% (Lang and Beebe, 2007). Taken together, these results suggest two
things. First, replication of the strong correlations and regression models indicate that our
findings are likely to be real, versus a random sample-dependent occurrence that can
occasionally happen with these analyses (Cohen and Cohen, 1983). Second, the similarity in
the magnitudes of the correlation and regression coefficients suggest that the relationship
between the ability to move a segment and hand function stays relatively stable over time in
people with stroke. These findings are exciting because the ability to move a segment (AROM)
is easy to measure clinically. Although we used a motion capture system, the same AROM
measurements could be obtained with an inexpensive goniometer at bedside or in the clinic.
The obtained values can not only provide information about the ability to move segments, but
can also provide information about the functional capacity of the limb.

Shoulder AROM alone acts as a simple predictor of hand function

To determine if a more parsimonious set of variables could explain hand function we used a
hierarchical regression model with each of the nine segments as independent variables.
Shoulder AROM was the only variable to enter the regression equation, explaining 88% of the
variance in hand function early after stroke. We were surprised that such a large proportion of
the variance was explained by a single variable, and surprised that it was shoulder AROM.
Although the relationships were somewhat weaker, we were able to find a precedent for this
in the literature, where the strength of the shoulder flexor muscles was correlated with scores
on hand function tests in a sample of people with chronic hemiparesis (Mercier and
Bourbonnais, 2004). The ability to move the shoulder appears to be a vital component of hand
function (Kapandji, 1981). Shoulder movement is necessary for translating the hand in the
environment so that the fingers may approach and contact an object.

Because the ability to move co-varied across segments (see right columns in table 2), there
may be no need to make measurements of the ability to move all upper extremity segments.
Measurements of one or two segments may be sufficient to quantify the motor deficits post
stroke. Our results point to the importance of selecting the shoulder as a segment to measure
because it also provides considerable information about hand function at this early time point
after stroke. Measuring AROM of the shoulder and one, more distal segment, could capture
upper extremity movement abilities more comprehensively, allow classification of the patients
(Hatakenaka et al., 2007), and lead to more focused rehabilitation more quickly. For example,
if shoulder AROM is minimal, efforts could be made to focus on improving shoulder motion
because it is most highly correlated with hand function in the present study, and in chronic
hemiparesis (Lang and Beebe, 2007). In people whose rehabilitation was focused on the
proximal upper extremity, a large majority of patients regained functional use of their upper
extremity (Volpe et al., 1999;Volpe et al., 2000). Lastly, our results open up the possibility
that shoulder AROM measures taken early after stroke could be predictive of later hand
function.

Limitations to our findings

Our subjects were recruited based on the presence of acute hemiparesis following a clinical
diagnosis of a cerebrovascular accident. The inclusion/exclusion criteria resulted in a
heterogeneous sample of subjects with a wide range of movement abilities and a range of lesion
locations and sizes within the motor system. Recruiting based on the presence of hemiparesis
and excluding based on the presence of severe aphasia, hemi-neglect, and hemianopsia likely
restricted the range of possible lesion locations and sizes that we could have encountered. Other
work from our lab has shown that, when recruited based on the presence of hemiparesis, upper
extremity muscle activation patterns and their recovery are similar between those subjects with
a lesion specifically identified in the corticospinal system and those subjects with lesions that
are unidentified or include other structures in addition to the corticospinal system (Wagner et
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al., 2007a;Wagner et al., 2007b). Our sample size and lack of research level imaging data in
the current study prevented any meaningful examination of lesion characteristics with respect
to our results. Thus, we can make conclusions about the ability to move the segments and their
relationship to hand function, but we can only speculate about how the results relate to
corticospinal system damage at present.

We assessed nine segments of the upper extremity to determine if there was a proximal to distal
gradient of motor deficit, and how the loss of movement control related to hand function. We
did not test every movement direction at every segment. Some movements, such as shoulder
abduction, elbow extension, wrist radial and ulnar deviation, and finger extension were not
tested. Since time did not permit testing all possible movements, we had to select a reasonable
representation of movements that spanned the proximal to distal musculature. For example,
we chose to test shoulder flexion over shoulder abduction because it could be tested against
gravity in a sitting position and because many upper extremity activities are performed in the
front of the body where flexion is the required motion. We chose to assess finger flexion instead
of finger extension because, with the arm hanging down by the side in the test position with
the wrist held in neutral, finger flexion was against gravity while finger extension was not.
Forearm pronation/supination and wrist flexion/extension were tested as combined movements
because movements in both directions were equally unaffected (pronation/supination) or
equally affected (flexion/extension) by gravity in the test position. It is possible that assessment
of movements not tested or separate assessment of movement directions (supination vs.
pronation) tested together would have produced different results. We consider this possibility
unlikely however because the tested movements were strongly correlated with each other,
making it likely that the ability to move in a different, untested direction at the same segment
would also be strongly correlated to the tested movements. For those movements tested in
combinations (e.g. pronation/supination and wrist flexion/extension), itis unlikely that separate
testing would have produced different results because separate testing of strength in each
movement direction did not reveal a directional bias in deficits (figure 1C) (Gowland et al.,
1992;Fellows et al., 1994a;Fellows et al., 1994b).

Interestingly, some subjects in the mild and moderate groups attained percentages of normal

AROM in some segments that exceeded 100%. This is likely due to the fact that we normalized
by a previous group average, creating a comparison of each hemiparetic subject’s data to the
average data of another group. Within the group used to compute “normal” values, there was
considerable variability as to how far individuals could move specific segments. In addition,

we had a wide range of ages in the current study (31— 77 years, table 1). Increasing age is often
linked with decreased AROM (Boone and Azen, 1979). Thus, because of the normalization to
a group values and the age range of our sample, it is not unreasonable that some hemiparetic
subjects could attain percentages of AROM that were above 100%.

Finally, we measured movement at each segment independently to determine how the ability
to move segments was affected and how the segmental ability to move related to hand function.
We recognize that in order to use the upper extremity for functional activities it is important
to be able to coordinate movement simultaneously at many segments. Our tested movements
were only a small set of relatively isolated and not particularly functional movements. Our data
cannot shed light on how people with hemiparesis post stroke coordinate movement between
segments, but that has been elegantly investigated by others (Beer et al., 1999;Cirstea and
Levin, 2000;Beer et al., 2000;Levin et al., 2002;Beer et al., 2004;Keller et al., 2005). Based
on our data, we hypothesize that the ability to coordinate movement between segments may
be directly related to the ability to move an individual segment at this early time point post
stroke. If a segment has a limited ability to move, it follows that the ability to coordinate its
movement with other segments would also be limited. Given the large amount of variance in
hand function that can be predicted by AROM measures at this early time point after stroke
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however, we speculate that other combinations of movements would not explain more. In our
previous chronic sample (Lang and Beebe, 2007), AROM predicted a still substantial but
slightly smaller amount of variance in hand function. Over the course of time and recovery, it
may be that other combinations of movements may take on a measurable role in explaining
the variance in hand function. This would be consistent with the demonstrated difficulty in
coordinating upper extremity segments as shown by others (Levin, 1996;Beer et al.,
1999;Cirstea and Levin, 2000;Beer et al., 2000;Reisman and Scholz, 2003;Beer et al.,
2004;Reisman and Scholz, 2006).

Conclusions

Our data show that early after stroke, the ability to move each segment of the upper extremity
was similarly affected. A proximal to distal gradient of motor deficits was not present within
the first few weeks of stroke. These results suggest that a change in the clinical perception of
motor deficits post stroke is needed. Our data also show that loss of hand function post stroke
is due to a loss of the ability to move many segments of the upper extremity and not just the
distal ones. Our finding that shoulder AROM predicted almost all the variance in hand function
opens up the possibility that this quick, simple measure may be predictive of future hand
function. This would be of high economic and clinical utility compared to other ongoing efforts
attempting to predict outcomes post stroke (e.g. fMRI, MEG). Further longitudinal studies are
underway to determine if AROM values are indeed predictive of later hand function and if
their predictive value is strong enough to be used to estimate hand function prognosis in
individual patients.
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Figure 1.

A: Group means * SDs for affected side AROM (e) values for each of the 9 segments. (A)
represents normal AROM for each of the 9 segments. Normal AROM values were obtained
from the unaffected side of comparable aged individuals with stroke performing the same task
(Figure 5A, Lang & Beebe, 2007) and are shown only to appreciate how the percent of normal
AROM was calculated. B: Bars represent mean percent of normal AROM = SEs. C. Group
means * SEs for the percentage of affected to unaffected side strength. SH: shoulder, EL:
elbow, FA: forearm, WR: wrist, LT: little finger, RG: ring finger, MD: middle finger, IX: index
finger, TH: thumb, FLEX: flexion, EXT: extension
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Figure 2.

Figures A, B, and C show individual data for percent of normal AROM at each segment of the
upper extremity. Values may be greater than 100% if a subject moved a particular segment
much more than the average of the healthy sample. Subjects were stratified according to the
percent strength in their unaffected arm. Figure A: mild > 50% strength of unaffected side.
Figure B: moderate < 50% strength of unaffected side. Figure C: severe = 0% strength of
unaffected side. It is possible to have 0% strength, but still have some AROM because a person
was given a score of 0 at a segment if they were unable to hold the test position against gravity.
If distal segments were affected to a greater degree than proximal segments, we would have
expected to see lines sloping downward from left to right. Abbreviations same as in figure 1.
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Table 1
Subject Characteristics (n = 33)
mean + SD range/percents normal
Adge (vears) 56.9+10.2 (31-77) -
Gender 19 males (58%) -
14 females (42%)
Time since stroke (days) 18.6 +5.57 (8-30) -
Hand affected 14 left (42%) -
19 right (58%)
Type of stroke 32 ischemic (97%) -
1 hemorrhagic (3%) -
Subjects with identifiable acute lesion® 20/33 (61%) -
Lesion location in subjects withidentifiable acute lesion| 3 Superficial cortical (15%) -
10 Deep cortical (50%) -
Superficial & Deep (25%) -
2 Brainstem (10%) -
Lesion Size (largest aperture diameter)” 7<1.5cm (35%) -
10 1.6-3.0cm (50%) -
3>30cm (15%) -
Dominant hand affected 17 (52%) -
Composite strength 0.35+0.36 (0-1) 0.93-1.07
Shoulder pain 0.76 +1.64 (0-6) 0
Index finger joint position sense 27 normal (90%) -
6 impaired (10%) -
Modified Ashworth Scale 0.58 + 0.67 0-3) 0
Action Research Arm Test 26.4+23.9 (0 —57) 57
Jebsen Test of Hand function (secs) 418 + 316 (38 — 720) 24 — 36
Grip Strength (% unaffected side) 29.6+31.2 (0 — 89) 0.85-1.15
Pinch Strenath (% unaffected side) 43.1+434 (0-152) 0.94 —1.06
9-Hole Peg test (pegs/sec) 0.20+0.27 (0.0-0.79) 0.77-0.99
Stroke Impact Scale: Hand function 19.9+280 (0-85) 100 -I

Values are means + SD (range), or number (%)

a . - . - . . —_ . .
20 Subjects had a definite acute lesion as seen on clinical CT or MR scan. 13 subjects were without a definitive acute lesion. These 13 subjects had
clinical CT scans upon admission to the acute neurology service only, making it unlikely that an acute ischemic lesion could have been detected.

b . . . .
For multiple lesions, diameter of largest lesion reported.
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