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Background. Although spontaneous use of the more-affected arm and hand after
stroke is an important determinant of participation and quality of life, a number of
patients exhibit decreases in use following rehabilitative therapy. A previous neuro-
computational model predicted that if the dose of therapy is sufficient to bring
performance above a certain threshold, training can be stopped.

Objective. The aim of this study was to test the hypothesis that there exists a
threshold for function of the paretic arm and hand after therapy. If function is above
this threshold, spontaneous use will increase in the months following therapy. In
contrast, if function is below this threshold, spontaneous use will decrease.

Methods. New computer simulations are presented showing that changes in arm
use following therapy depend on a performance threshold. This prediction was
tested by reanalyzing the data from the Extremity Constraint-Induced Therapy Eval-
uation (EXCITE) trial, a phase III randomized controlled trial in which participants
received constraint-induced movement therapy for 2 weeks and were tested both 1
week and 1 year after therapy.

Results. The results demonstrate that arm and hand function measured immedi-
ately after therapy predicts, on average, the long-term change of arm use. Above a
functional threshold, use improves. Below this threshold, use decreases.

Limitations. The reanalysis of the EXCITE trial data provides a “group” threshold
above which a majority of patients, but not all, improve spontaneously. A goal of
future research is to provide the means to assess when patients reach their individual
threshold.

Conclusion. Understanding of the causal and nonlinear relationship between
limb function and daily use is important for the future development of cost-effective
interventions and prevention of “rehabilitation in vain.”
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Stroke is the leading cause of dis-
ability in the United States, and
about 65% of survivors of

stroke experience long-term upper-
extremity functional limitations. In
more than half of patients with se-
vere paresis after stroke, recovery of
upper-extremity function is achieved
solely by use of the less-affected
limb.1 Improving use of the more-
affected arm is important, however,
because difficulty in using this arm in
daily tasks has been associated with
both reduced participation and qual-
ity of life.2,3

There now is evidence that inten-
sive, task-specific practice, in which
patients actively engage in repeated
attempts to produce motor behav-
iors beyond their present capabili-
ties, is effective for improving upper-
extremity function and use after
stroke.4–9 Constraint-induced move-
ment therapy (CIMT) in particular,
which involves intense, functionally
oriented task practice of the more-
affected upper limb along with re-
straint of the less-impaired limb for
90% of waking hours, was shown in
the Extremity Constraint-Induced
Therapy Evaluation (EXCITE) phase
III randomized controlled trial to
largely improve limb function and
arm use compared with usual and
customary care.7,9 Several weeks of
challenging rehabilitative training
with the upper limb contralateral to

the lesion reverses, at least partially,
the loss of cortical representation
due to stroke through recruitment of
adjacent brain areas.10–12 Such reor-
ganization may last several years af-
ter the initial injury13 and has been
linked to change in performance.14

Long-term change in arm and hand
use in the months following therapy,
however, is variable among patients.
In some patients, use continues to
improve in the months following
therapy.9,15,16 Earlier, we proposed
that the repeated attempts to use the
affected arm in daily activities can
promote motor learning that im-
proves performance and function15;
this improvement in function, in the-
ory, could further increase arm use.
However, for other patients, im-
provements can be short-lasting. For
a number of patients in the EXCITE
trial, for instance (see Results sec-
tion), and presumably for a larger
number of patients who receive
usual and customary care, a decrease
in use of the affected arm appears in
the year following therapy. If this
decrease is large, rehabilitation is in
vain. Accordingly, understanding the
conditions that lead to sustained
gains in arm use following an intense
bolus of therapy is important.

To achieve a unimanual task, such as
drinking from a glass, a patient recov-
ering from stroke can be conceptual-
ized as a decision maker who chooses
to use either the more-affected limb or
less-affected limb (the decisions here
need not be made consciously). The
choice of limb use will presumably
depend on many factors, including le-
sion characteristics, impairment and
functional levels, motor training, pre-
viously rewarding or punishing expe-
rience after stroke, and motivation.

In a recent computational model,17

we modeled bilateral reaching move-
ments in patients recovering from
stroke to explore the interactions be-
tween the adaptive decision process

of limb use and limb performance.
Here, “arm performance” is defined
as the directional error of the move-
ment toward the selected target and
is the equivalent of “arm and hand
function” in patients. Therapy is a
simulation of CIMT: the simulated
patient is forced to use the affected
arm. When no therapy is given, the
patient is free to choose 1 of the 2
arms to reach a target appearing on a
circle centered on (overlapping) ini-
tial hand locations. Our neural model
contains 2 independent motor corti-
ces, each controlling the contralat-
eral arm, with one being affected by
stroke.* Before each movement, one
motor cortex is selected by an adap-
tive decision-making system, tenta-
tively located in cortico-striatal
networks.

In our model, neural reorganization
in the motor cortex was modeled
with a neural learning rule that aims
to achieve 2 goals concurrently. The
first goal is to reorganize the neural
code to increase arm performance
via error-based learning (also called
“supervised learning”). The second
goal is to maximize neural resources
for particular desired movement di-
rections to minimize movement vari-
ability via Hebbian learning (a model
of long-term potentiation, which also
is called “unsupervised learning” be-
cause there is no teacher).

Furthermore, in the model, the deci-
sion to use one limb or the other is
made by comparing the “action
value” of each limb in the adaptive
decision-making system. The values
for each arm are updated based on
reward prediction errors (this type
of learning also is called “reinforce-
ment learning”). If performance-
based rewards are greater than ex-
pected, the arm will be chosen more
often for this particular movement. If

* Note that our model does not account for
the approximately 20% of uncrossed fibers
from the corticospinal tract.
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not, the arm will be chosen less
often.

Simulation results showed that after
small doses of therapy, the model
exhibited a simple form of learned
non-use, as use increased with ther-
apy but decreased again to low levels
after therapy (for a more complete
account of learned non-use, see
Wolf18). With large doses of therapy,
use increased after therapy. With a
specific intermediate dose of ther-
apy, there is no change in use after
therapy. That is, there is a threshold
for rehabilitation. This threshold is
an emergent property of the learning
dynamics and exists only when the
3 types of learning—error-driven,
Hebbian-like, and reward-based—are
implemented.17 The model further
showed that, similar to experimental
observations, sufficient CIMT in the
model reversed the cortical repre-
sentation loss, principally because of
the synergistic effect of supervised
learning and unsupervised learning,
which was “adaptive.” No rehabilita-
tion, or too little rehabilitation, in-
creased this loss, principally because
of reorganization due to unsuper-
vised learning, which was “maladap-
tive” (see Han et al17 for further de-
tails and results).

The present article directly tests the
hypothesis that there is a threshold
level for function of the paretic arm
and hand after therapy. If function is
above this threshold, spontaneous
use will increase in the months fol-
lowing therapy. In contrast, if func-
tion is below this threshold, sponta-
neous use will decrease or
deteriorate in the months following
therapy, and compensatory use of
the nonparetic hand will further de-
velop. We first present new com-
puter simulations of the model to
directly show the emergence of the
hypothesized performance thresh-
old that determines average long-
term limb use in simulated patients.
We then tested our prediction of a

threshold with a reanalysis of clinical
data from the EXCITE clinical trial.7

Method
Computer Simulation Methods
The objective of these computer sim-
ulations is to test the hypothesis that
there is a threshold level for function
of the paretic arm and hand after
therapy in simulations that mimic
the conditions of the EXCITE trial.
Our model, although necessarily
highly simplified, contains key ingre-
dients that make it applicable to the
participants in the EXCITE trial. First,
as described above, our model is a
model of stroke recovery that con-
tains up-to-date knowledge about
plastic processes underlying stroke
recovery. Second, therapy in the
model has been modeled loosely af-
ter CIMT. That is, during therapy, the
simulated patient is constrained to
use the affected arm. Third, in the
model, lesion sizes can easily be var-
ied to capture the diversity of pa-
tients with stroke in the EXCITE trial.
Finally, the model makes predictions
of long-term changes in arm use as a
function of performance just after
therapy, and the EXCITE data pre-
cisely capture such variables in these
time frames. In our previous work,17

“identical” simulated patients (same
lesion size and location) received
various doses of therapy. In the
present study, in contrast, we simu-
lated patients with various lesion lo-
cations and sizes, and all simulated
patients received the same dose of
therapy.

Specifically, we simulated 125 pa-
tients with locations of the lesion
center randomly chosen within the
affected motor cortex. The lesion
sizes were empirically determined
within a range of 16% to 43% of the
affected motor cortex sizes, because
such lesion sizes lead to effects that
are neither too mild (to need ther-
apy) nor too severe (to benefit from
therapy). All patients received the
same dose of 400 forced-use trials of

therapy (corresponding to the 2
weeks of CIMT that was the standard
dose in EXCITE). Then, for each sim-
ulated patient, we measured use of
the affected arm just after therapy
(corresponding to the 1-week post-
test in the EXCITE trial) and in a
delayed follow-up test, given after
3,000 free-choice trials following
therapy (corresponding to the 1-year
posttest in the EXCITE trial). All
other simulation parameters are
shown in Han et al.17

We developed sigmoid models of
spontaneous arm use as a function of
the error both immediately after
therapy and 3,000 trials after ther-
apy. For this purpose, we fitted the
equivalent linear models to the data:
Y�a ERROR � b, where Y�log
(USE/(100%�USE)), USE is the aver-
age spontaneous arm use either just
after therapy or 3,000 trials after
therapy, and ERROR is the average
of directional error (in degrees) just
after therapy. USE and ERROR are
computed from the average of 100
trials over the affected range. The
parameter a is the sigmoid slope, the
parameter b is a free parameter, and
log is the natural logarithm. We re-
port the P value obtained from these
linear regression models with trans-
formed Y values. We compared lin-
ear fits and sigmoid fits with root
mean square error (RMSE) in sponta-
neous arm use.

Reanalysis of Clinical Data From
the EXCITE Trial
The objective of this reanalysis of the
data from the EXCITE clinical trial7

was to test the prediction, derived
from our simulations, of a perfor-
mance threshold, on average, in pa-
tients poststroke.

We performed a retrospective analy-
sis of data from the 169 patients en-
rolled in the EXCITE trial who did
not withdraw from the trial.7 Briefly,
in the EXCITE trial, subjects were
randomly assigned to either an im-
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mediate CIMT group or a delayed
CIMT group. The immediate CIMT
group received 2 weeks of therapy
after inclusion in the study (Pre1);
the delayed CIMT group received no
immediate therapy but did receive 2
weeks of therapy after a 1-year delay
(Pre2). Subjects were tested with the
Wolf Motor Function Test (WMFT)
and the Motor Activity Log (MAL) at
Pre1, at 1 week after the immediate
CIMT group received therapy
(Post1), at Pre2, and at 1 week after
the delayed CIMT group received
therapy (Post2). All subjects were
tested again at 24 months after inclu-
sion in the study (MT24).7,19 In the
current analysis, we compared arm
use 1 week after therapy with arm
use a year later, so time of therapy
was not a factor in this analysis. We
thus combined all data in the EXCITE
trial at these points and studied arm
function and use in the posttest just
following therapy (Post1 for the im-
mediate CIMT group and Post2 for
the delayed CIMT group) and arm
function and use in the delayed
1-year posttest (Pre2 for the immedi-
ate CIMT group and MT24 for the
delayed CIMT group).

Briefly, the WMFT measures perfor-
mance time (up to 120 seconds)
needed for patients with stroke to
perform 15 laboratory-based arm
function tasks requiring use of the
more-affected upper extremity.20–22

The WMFT also contains a shoulder
strength (force-generating capacity)
task and a grip strength task. Addi-
tionally, the quality of motor func-
tion during the timed tasks is as-
sessed by independent raters using
the 6-point Functional Activity Scale
(FAS). The WMFT has good reliabil-
ity and validity and has been shown
not to suffer from a learning effect.22

In our analyses, as in Wolf et al,21 the
natural logarithm of the WMFT time
score was used to normalize the dis-
tribution. In the MAL, patients (or
their caregivers) rate how well (on
the Quality of Movement [QOM]

scale) and how much (on the
Amount of Use [AOU] scale) the pa-
retic arm is used spontaneously to
accomplish 30 activities of daily liv-
ing outside of the laboratory.23,24

Each item on the MAL has an 11-
point scale, with scores ranging from
0 (no use) to 5 (normal) in incre-
ments of 0.5. Validity and reliability
of the MAL scores have been estab-
lished.24 In our analyses, we present
average MAL AOU scale scores.

Our neural computational model
predicts that if performance is above
threshold after therapy, use will in-
crease between 1 week after and 1
year after therapy (positive change).
If performance is below threshold,
use will decrease (negative change).
The model thus predicts a positive
correlation between performance
and change in use after therapy. To
test this prediction, we performed 2
correlation analyses. The first corre-
lation analysis was performed to de-
termine the relationship between
the difference in average MAL AOU
scale scores from 1 week post-
therapy to 1 year posttherapy and
the logarithm of the WMFT time
score. The second correlation analy-
sis was performed to determine the
relationship between the difference
in average MAL AOU scale scores
from 1 week posttherapy to 1 year
posttherapy and the WMFT FAS
scores. We then verified this theoret-
ically driven prediction with a data-
driven (hypothesis-free) analysis us-
ing a stepwise linear regression (see
Appendix for details). In this analy-
sis, a large number of variable pre-
dictors initially were entered in the
linear model that predicts long-term
changes in MAL AOU scale scores. If
a measure of function 1 week after
therapy is a significant predictor of
long-term changes in use, this step-
wise linear regression would give
further support to the threshold
hypothesis.

In view of the predictions of our
simulations on the sigmoidal shapes
of the relationship between perfor-
mance 1 week after therapy and use
both 1 week after therapy and after a
delay of 1 year and because the MAL
AOU scale is bounded between 0
and 5, we developed sigmoid models
of the average MAL AOU scale scores
as a function of the WMFT FAS
scores both immediately (1 week)
after therapy and 1 year after ther-
apy. For this purpose, we fitted the
equivalent linear models to the data:
Y�a FAS � b, where Y��log (5/
MAL � 1), MAL is the MAL AOU
scale score taken either in the
1-week posttest or the 1-year post-
test, FAS is the WMFT FAS score, the
parameter a is the sigmoid slope, the
parameter b is a free parameter, and
log is the natural logarithm. We re-
port the P value obtained from these
linear regression models with trans-
formed Y values. We compared lin-
ear fits and sigmoid fits with the
RMSE in MAL scores, where a smaller
RMSE indicates a better fit.

In this analysis with sigmoidal mod-
els, we included only patients with
WMFT and MAL data available at
both time points (although all sub-
jects included in our analysis com-
pleted the trial, a number of data
points were missing at either the
1-week posttest or the 1-year post-
test). Furthermore, to obtain conver-
gence of the sigmoidal fit, we re-
moved 2 subjects with perfect MAL
AOU scores (scores of 5 at 1 week
after therapy; no participants had
scores of 5 at 1 year following ther-
apy). We thus analyzed data from
132 subjects. We also compared sig-
moidal models and linear models af-
ter removal of outliers, defined as
individuals with residuals (observed-
predicted values) greater than 2 stan-
dard deviations of the residuals.

We compared the sigmoid models at
1 week posttherapy and at 1 year
posttherapy by computing and com-
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paring the confidence intervals (CIs)
at 95% and 90% of the slope param-
eter of the sigmoid regression mod-
els. We predicted that for those sub-
jects whose performance was above
threshold after therapy, use would
increase from 1 week posttherapy to
1 year posttherapy. Contrarily, we
predicted that for those subjects
whose performance was below
threshold, use would decrease. As-
suming that sigmoid models are a
good fit to the use data at 1 week
posttherapy and at 1 year post-
therapy, this prediction can be
tested by the change in slope of the
sigmoids from 1 week posttherapy
to 1 year posttherapy. The slope
should be greater at 1 year post-
therapy than at 1 week posttherapy.
Finally, the performance threshold
was obtained at the crossing of the
sigmoids at 1 week posttherapy and
at 1 year posttherapy. The prediction
is that the 2 curves will cross be-
cause the slope is greater at 1 year
posttherapy than at 1 week post-
therapy. Above this crossing point,
use will be greater at 1 year post-
therapy than at 1 week posttherapy,
on average. Below this crossing
point, use will be smaller at 1 year
posttherapy than at 1 week post-
therapy, on average. Thus, this cross-
ing represents an average threshold.
We set the significance level at
P�.05.

Results
Computer Simulation
To test the hypothesis that spontane-
ous use will increase in the months
following therapy if arm performance
after therapy is above a threshold, we
first investigated arm use at 0 trials and
at 3,000 trials following therapy as a
function of performance just after
therapy. For simulated patients above
threshold, spontaneous arm use
should increase, on average, from 0 to
3,000 trials. For patients below thresh-
old, the spontaneous arm use should
decrease, on average, from 0 to 3,000
trials.

In the model, performance is mea-
sured as angular error between the
target direction and the actual arm
movement direction. Spontaneous
arm use is measured as percentage of
use of the affected arm to the targets
in the range of movement directions
most affected by the lesion (in the
model, the lesions affect some
ranges more than others; see Han et
al17 for details). Figure 1A shows that
for most simulated patients with
high performance after therapy,
spontaneous arm use was high and
saturated to maximum use (100% in
the model). Conversely, for simu-
lated patients with low performance,
use saturated near zero. Because of
these ceiling and floor effects, arm
use after therapy was fit better by a
sigmoidal function of performance
(RMSE�17.08, P�.0001) than by a
linear function of performance
(RMSE�18.74, P�.0001). Figure 1B
shows that arm use in the follow-up
test at 3,000 trials after therapy also
was fit better by a sigmoidal function
(RMSE�18.98, P�.0001) than by a
linear function (RMSE�19.36,
P�.0001). Finally, the slope of the
sigmoid model in the long-term
follow-up test was steeper than that
just after therapy (slope just after
therapy�0.31; slope 1 year after
therapy�0.52).

The intersection of the 2 curves
gives an average (or “group”) thresh-
old in arm performance, correspond-
ing to a reaching error of 22.8 de-
grees. Above this threshold, the arm
use of most simulated patients
(89.1%) improved spontaneously fol-
lowing therapy; below this thresh-
old, the arm use of most simulated
patients (87.1%) worsened following
therapy.

These simulation results make 3 test-
able predictions. First, the relation-
ship between use after therapy and
function after therapy is sigmoidal,
and this is true if spontaneous use is
measured just after therapy or in a

delayed follow-up test. Second, the
sigmoid is steeper in the follow-up
test than just after therapy. Third,
the intersection of the sigmoid for
use just after therapy with the sig-
moid for use in the long-term follow-
up test (Fig. 1C) gives an average
threshold in performance above
which use improves spontaneously
following therapy and below which
use worsens. We next tested these
predictions with a reanalysis of clin-
ical data from the EXCITE trial.

Clinical Data Analysis
The correlation analysis between the
difference in average MAL AOU
scores from just after therapy to 1
year posttherapy and the logarithm
of the WMFT time score shows that
function (WMFT score) was posi-
tively correlated with change in use
(MAL AOU scale score) (Pearson cor-
relation r��.172, P�.046, n�135).
A similar correlation analysis shows
that the WMFT FAS score correlated
better with long-term changes in use
(r�.22, P�.010, n�134).

Among a large number of variables
included as potential predictors of
change in MAL AOU scores after
therapy in the stepwise regression
analysis, only 2 variables were in-
cluded in the final model (P�.0005,
R2�.123, n�133): the WMFT FAS
score posttherapy (P�.0001, stan-
dardized coefficient�0.42) and the
“weight to box” task with the more-
affected arm (a strength task part of
the WMFT) measured upon enroll-
ment (P�.005, standardized coeffi-
cient��0.34) (see the Appendix for
details).

The sigmoid models of the average
MAL AOU scale scores as a function
of the WMFT FAS scores showed a
good fit to the data both immediately
(1 week) after therapy (RMSE�0.83,
P�.0001) and 1 year after therapy
(RMSE�0.86, P�.0001). The mean
slope of the sigmoid model was
larger at 1 year after therapy (mean
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slope�1.71, standard error [SE] of
slope�0.14, 95% CI�1.43–1.99, and
90% CI�1.47–1.94) than at 1 week
after therapy (mean slope�1.31,
SE�0.13, 95% CI�1.05–1.58, and
90% CI�1.09–1.53). The corre-
sponding linear models fit the data
with similar RMSE values (RMSE�
0.83, P�.0001 and RMSE�0.87,
P�.0001) for the 1-week and 1-year
models, respectively.

The strength of the relationships be-
tween MAL AOU scale scores and
WMFT FAS scores at 1 week and 1

year after therapy increased after
removal of outliers. Based on our
criterion for outlier removal, 4 sub-
jects were removed in the 1-week
model, 5 subjects were removed in
the 1-year model, and 3 subjects
were outliers for both the 1-week
and 1-year models; thus, n�128 for
the 1-week model and n�127 for
the 1-year model). Compared with
the sigmoid models without outlier
removal, these models with outlier
removal (Figs. 2A and B) showed im-
proved fit to the data (1 week after
therapy: RMSE�0.76, P�.0001; 1

year after therapy: RMSE�0.79,
P�.0001) and smaller CIs of the
slopes both 1 week after and 1 year
after therapy (1 week after therapy:
mean slope�1.44, SE of slope�0.13,
95% CI�1.19–1.68, 90% CI�1.23–
1.64; 1 year after therapy: mean
slope�1.91, SE�0.14, 95% CI�
1.63–2.18, 90% CI�1.67–2.14). Fi-
nally, the sigmoid models with out-
lier removal fit the 1-week and 1-year
data better than the linear models
with outlier removal (1 week
after therapy: n�130, RMSE�0.78,

Figure 1.
Simulated data of use of the affected arm (A) just after therapy and (B) 3,000 trials after therapy as a function of performance (reach
directional error in the model) just after therapy for 125 simulated subjects with different lesion sizes and locations. (C) Comparison
of the sigmoidal fit of use just after therapy and 3,000 trials after therapy. The intersection of the 2 curves gives the threshold in arm
performance above which use increases and below which use decreases. The upward arrow indicates that 89.1% of the simulated
subjects above threshold showed increased arm use after therapy. The downward arrow indicates that 87.1% of the simulated
subjects below threshold showed decreased arm use after therapy. Note that we reversed the x axis, to compare with the data of
Figure 2.
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P�.0001; 1 year after therapy:
n�129, RMSE�0.83, P�.0001).

Thus, the slope of the sigmoidal
model 1 year after therapy was
greater than the slope of the sigmoi-
dal at 1 week after therapy, although
there was a very small overlap of the
95% CIs (by 0.05) but no overlap of
the 90% CIs. The results were quali-
tatively similar without outlier re-
moval, but the 95% CIs for the sig-
moid slopes overlapped somewhat
(by 0.15); however, there was less
overlap of the 90% CIs (by 0.06). The

steeper slope of the sigmoid at 1 year
posttherapy compared to 1 week
posttherapy is well illustrated in Fig-
ure 2C, in which we plotted the 2
sigmoids (models without outliers).

The intersection of the 2 sigmoids
with mean slopes gives the average
threshold in function, given by
WMFT FAS score�3.44. Among 22
subjects with function above this
threshold, 15 (68.2%) showed an in-
crease in use in the year following
therapy (model without outliers).
Conversely, among 104 subjects

with function below this threshold,
only 38 (36.5%) showed an increase
in use in the year following therapy
(Fig. 2C). Thus, as predicted by the
computational model, when func-
tion 1 week after therapy was above
this average threshold, subjects on
average showed improvements in
use in the year following therapy,
and when function 1 week after ther-
apy was below this average thresh-
old, subjects on average experienced
a worsening of use in the year fol-
lowing therapy.

Figure 2.
Use of the more-affected arm, as recorded by the Motor Activity Log Amount of Use (MAL AOU) subscale: (A) 1 week after therapy
and (B) 1 year after therapy as a function of arm and hand function (Functional Ability Scale [FAS]) 1 week after therapy for subjects
of the EXCITE trial. (C) Comparison of the sigmoidal fit of use 1 week after therapy and 1 year after therapy. The intersection of the
2 curves gives the functional threshold (FAS score�3.44) above which uses increases and below which use decreases. The upward
arrow indicates that 68.2% of subjects above threshold showed increased arm use after therapy. The downward arrow indicates that
63.5% of subjects below threshold showed decreased arm use after therapy.
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Discussion
To better understand the interac-
tions between arm function and use
after therapy, we have presented
new simulations with conditions
that mimic those of the EXCITE trial.
These simulations made 3 new pre-
dictions, all of which were con-
firmed in a reanalysis of arm use and
function data from the EXCITE trial.

First, the relationship between use af-
ter therapy and performance is better
fit by a sigmoidal model than a linear
regression model, and this sigmoidal
relationship is true whether use is
measured 1 week after therapy or in a
follow-up test. The differences, how-
ever, between the linear fits and sig-
moidal fits are not very large (as
shown by the relatively small differ-
ences in RMSE between linear and sig-
moidal models at 1 week after therapy
and at 1 year after therapy in the out-
lier removal conditions). Thus, this sig-
moidal relationship needs to be veri-
fied with other clinical databases. A
sigmoidal relationship can result for 2
possible, nonexclusive reasons. The
first possible reason is simply that the
MAL AOU scale does not adequately
measure arm use when use is high or
low. The second possible reason is an
actual nonlinear relationship between
function and use in patients, at least on
average. A floor effect would suggest
that when function is low, the arm is
not used at all. A ceiling effect would
suggest that when function is high but
less than maximal, the arm is used as if
the patient did not have a stroke.

Second, the sigmoid is steeper in the
1-year follow-up test than 1 week
after therapy. This indicates that, for
the average patient in EXCITE trial, if
function is high 1 week after ther-
apy, use improves. Conversely, and
again on average, if function is low 1
week after therapy, use worsens.

Third, the intersection of the sig-
moid for use 1 week after therapy
with the sigmoid for use in the 1-year

follow-up test gives an average (or
group) threshold in function of
WMFT FAS score�3.44. An FAS
score of 3 is given if the affected arm
performance does not require assis-
tance from the other arm but is lim-
ited by synergistic movements, or is
performed slowly or with effort. An
FAS score of 4 is given if the affected
arm performance is close to normal
(ascertained by performance of the
less-affected limb and with premor-
bid dominance considered) but
slightly slower and may lack preci-
sion, fine coordination, or fluidity. If
function is above the threshold 1
week after therapy, use of the more-
affected arm in the year following
therapy improves, on average. On
the contrary, if function is below this
threshold, use is not sustained, on
average. Thus, functional abilities
just after therapy predict change in
use in the long-term following ther-
apy, and, on average, a functional
threshold can be determined.

In the stepwise regression analysis of
the EXCITE trial data, only a measure
of arm and hand function (the WMFT
FAS) and shoulder strength 1 week
after therapy predicted change in
use. Furthermore, shoulder strength
was negatively correlated with a fu-
ture change in use, although this cor-
relation was only moderate (�.34).
How can this result be interpreted?
One possibility is that patients with
greater shoulder strength may be
better able to compensate with the
proximal arm for the lower-
functioning distal upper extremity.
Because of these compensatory
movements, use of the hand is not
reinforced and decreases. Another,
nonexclusive possibility is that in-
crease in arm strength correlates
with a shrinkage of neural areas en-
coding the distal representation and
an increase in neural areas encoding
the proximal representation; this
would explain the negative correla-
tion. In any case, because stepwise
regression is an exploratory tool,

these results and predictions warrant
further investigation by studies that
combine brain imaging or neural re-
cording and behavioral data analysis.
Furthermore, we note that we have
defined shoulder strength as perfor-
mance of the “weight to box” task of
the WMFT. This task does not di-
rectly measure shoulder strength,
and thus the correlation might be
different if strength is tested with the
actual shoulder strength test.

Limitations and Future Work
A practical clinical implication of the
present work is the determination of
a stopping criterion to determine the
dose of therapy for each patient. The
intersection of the sigmoid curves in
our reanalysis of the EXCITE trial
data gives a “group” threshold,
above which most patients improve
spontaneously.

A goal of our future research, there-
fore, is to provide the means to assess
when an individual reaches his or her
personal threshold so that therapy
may be stopped without adverse ef-
fect. More research is needed, how-
ever, before we are able to provide
robust threshold values for individual
patients and before such a stopping
rule can be implemented in the clinic,
for the following reason. Notably, the
predictive capability of our simple sig-
moidal models is rather low: only
68.2% of subjects above the threshold
showed improvement in use; con-
versely, 36.5% of subjects below the
threshold showed improvement in
use. Such low predictive values arise
because our sigmoidal models are sim-
ple averaged models that do not con-
sider individual lesion size, location, or
any other patient characteristics, such
as motivation, handedness, and so on,
besides function 1 week after therapy.

To be able to determine functional
thresholds for individual patients,
we are currently extending this
work in 2 aspects. First, we are de-
veloping individualized predictive

Understanding the Functional Threshold for Paretic Hand and Arm Use After Therapy

1334 f Physical Therapy Volume 89 Number 12 December 2009



models that can be used for individ-
ualized determination of threshold
and dose. We previously argued
from a theoretical viewpoint,17 and
confirmed to some extent here with
clinical data, that stroke recovery is a
time-varying process (arm use
changes in the year following ther-
apy) that is nonlinear (arm use can
increase or decrease in the year fol-
lowing therapy, depending on arm
function after therapy). We currently
are developing time-varying and non-
linear models of recovery that will
use neurological data such as stroke
lesion location and volume as regres-
sors. Second, both the WMFT FAS
and the MAL AOU scale are lengthy
tests that are impractical to use in
the clinic. To address this, we are
developing a novel, easy-to-
administer, reliable, and valid mea-
sure of arm use that is based on ac-
tual arm choices in a bilateral arm
reaching task.25

Based on predictions from these novel
models and tools, we expect to deter-
mine the functional threshold with
high confidence for individual patients
and, as a result, to determine the
patient-specific dose of therapy that
will bring function above this thresh-
old. Such an understanding of nonlin-
ear relationships between limb func-
tion and use is important for the future
development of cost-effective inter-
ventions and the prevention of “reha-
bilitation in vain.”
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Appendix.
Stepwise Regression

To confirm our theoretical prediction, we used a stepwise regression to determine, in a purely data-driven way, what
variables potentially predicted changes in Motor Activity Log Amount of Use (MAL AOU) scale scores after therapy.
We used the combined procedures for inclusion and exclusion of variables in SPSS version 14.a The criteria for
variable inclusion and exclusion were: probability of F to enter �0.050, probability of F to remove �0.10. We found
that among a large number of variables (see below) initially considered to predict changes in MAL AOU subscale
scores after therapy, only 2 variables were included in the final regression model (regression model with 2 regressors:
P�.0005, R2�0.123, n�133). The first variable to be included was the Wolf Motor Function Test Functional Activity
Scale (WMFT FAS) score posttherapy (P�.0001, standardized coefficient�0.42). The second variable to be included
was the “weight to box” task with the more-affected arm (a strength task part of the WMFT) measured upon
enrollment in the study (P�.005, standardized coefficient��0.336). The following variables, measured upon
enrollment, just before therapy, and 1 week after therapy, were not included in the final model by the stepwise
regression algorithm:

Upon enrollment: age, marital status, sex, affected side, concordance (did the stroke affect the dominant hand?),
functional level (high or low), hand domain of the Stroke Impact Scale (SIS), Fugl-Meyer (FM) motor score, FM
proprioception score, total FM score, MAL AOU and Quality of Movement (QOM) subscale scores, time score of the
WMFT, and grip strength of the more-affected arm.

Before therapy: hand function domain of the SIS, natural logarithm of time score of the WMFT, FM motor score.

1 week after therapy: natural logarithm of time score of the WMFT, FM motor score (SIS data not available after
therapy; see Wolf et al7 and Winstein et al19 for details).

a SPSS Inc, 233 S Wacker Dr, Chicago, IL 60606.
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