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Inter-individual Variability in the Capacity for
Motor Recovery After Ischemic Stroke

Shyam Prabhakaran, MD, Eric Zarahn, PhD, Claire Riley, MD, Allison Speizer, MS,
Ji Y. Chong, MD, Ronald M. Lazar, PhD, Randolph S. Marshall, MD, MS,

and John W. Krakauer, MD

Background. Motor recovery after stroke is predicted only mod-
erately by clinical variables, implying that there is still a sub-
stantial amount of unexplained, biologically meaningful
variability in recovery. Regression diagnostics can indicate
whether this is associated simply with Gaussian error or instead
with multiple subpopulations that vary in their relationships to
the clinical variables. Objective. To perform regression diagnos-
tics on a linear model for recovery versus clinical predictors.
Methods. Forty-one patients with ischemic stroke were studied.
Impairment was assessed using the upper extremity Fugl-Meyer
Motor Score. Motor recovery was defined as the change in the
upper extremity Fugl-Meyer Motor Score from 24 to 72 hours
after stroke to 3 or 6 months later. The clinical predictors in the
model were age, gender, infarct location (subcortical vs corti-
cal), diffusion weighted imaging infarct volume, time to
reassessment, and acute upper extremity Fugl-Meyer Motor
Score. Regression diagnostics included a Kolmogorov-Smirnov
test for Gaussian errors and a test for outliers using Studentized
deleted residuals. Results. In the random sample, clinical vari-
ables explained only 47% of the variance in recovery. Among
the patients with the most severe initial impairment, there was
a set of regression outliers who recovered very poorly. With the
outliers removed, explained variance in recovery increased to
89%, and recovery was well approximated by a proportional
relationship with initial impairment (recovery ≅ 0.70 × initial
impairment). Conclusions. Clinical variables only moderately
predict motor recovery. Regression diagnostics demonstrated
the existence of a subpopulation of outliers with severe initial
impairment who show little recovery. When these outliers were
removed, clinical variables were good predictors of recovery
among the remaining patients, showing a tight proportional
relationship to initial impairment.

Key Words: Predictors of Recovery—Hemiparesis—Impairment—
Fugl-Meyer Scale.

P
ublications about stroke recovery rarely make
explicit mention of unaccounted for variability
in stroke recovery, and even when they do, it is

often without an available citation. This may be
because variability in stroke recovery is considered a
clinically obvious fact and because previous studies of
stroke recovery using regression models have empha-
sized the amount of variance successfully explained by
the predictors rather than considering the biological
significance of residual unexplained variance. Several
observational studies have demonstrated that initial
severity of hemiparesis, measured with either disability or
impairment scales, is the best predictor of recovery. 1-5

Other predictors used in regression models have included
age, demographics, nonmotor clinical features, infarct
side and location, and stroke subtype.1-4,6 Heretofore,
recovery has usually been defined with a functional
outcome scale. However, most relevant to the current
report are those few studies that have defined recovery
with an impairment scale such as the Fugl-Meyer
Motor Score. These studies have shown that prediction
of recovery by initial severity (measured within 24
hours of stroke) is only moderate, with an estimated R2

of 30% to 50%.2,6

The reliability of a measurement is the ratio of true
inter-individual variance to total variance and so varies
from 0 to 1. The closer the reliability is to 1, the greater
the extent to which variability in the measurement
reflects true inter-individual variability. The Fugl-Meyer
Motor Score has been shown to have a reliability close to
one.7 Therefore, the substantial amount of variability in
recovery unexplained by initial severity is not simply
measurement error but biologically meaningful varia-
tion. Regression diagnostics have not been reported,
thus leaving unaddressed the issue of model validity (in
particular that errors are identically distributed
Gaussian random variables). This is of practical impor-
tance because we need to understand better the expected
improvement for individual patients. Variability in
recovery may be concentrated in certain subgroups and
not reflect uniform uncertainty across all patients. To
examine regression model validity, we performed basic

From The Neurological Institute, Columbia University, Stroke and
Critical Care Division, New York, New York.

Address correspondence to John W. Krakauer, MD, The Neurological
Institute, Columbia University, Stroke and Critical Care Division, 710
W 168th Street, Room 640, New York, NY 10032. E-mail: jwk18@
columbia.edu.

Prabhakaran S, Zarahn E, Riley C, et al. Inter-individual variability in
the capacity for motor recovery after ischemic stroke. Neurorehabil
Neural Repair 2008;22:64-71.

DOI: 10.1177/1545968307305302

 © 2008 American Society of Neurorehabilitation. All rights reserved. Not for commercial use or unauthorized distribution.
 at COLUMBIA UNIV on July 7, 2008 http://nnr.sagepub.comDownloaded from 

http://nnr.sagepub.com


regression diagnostics on prediction of motor recovery
by clinical variables.

In this article, we define our recovery measure ∆FM as
the Fugl-Meyer Motor upper extremity score (FM-UE)
measured at approximately 3 and 6 months postinfarct
minus the FM-UE at 24 to 72 hours postinfarct. Thus,
positive values of ∆FM indicate recovery. We used an
impairment scale, FM-UE, because we believe that it is
reduction of impairment rather than of disability (the
latter often being mediated through compensatory
mechanisms)7,8 that reflects true biological recovery.
Furthermore, ∆FM rather than final FM-UE was chosen
because a recovery process fundamentally implies a
change in state rather than just an endpoint. By analogy,
a skin laceration and a graze may both fully heal, but the
laceration engages the biological mechanisms of healing
more than the graze.

SUBJECTS AND METHODS

The Performance and Recovery in Stroke (PARIS)
registry is a prospective natural history study of neuro-
logic deficits following first-time stroke, using measures
of impairment and structural brain imaging. Between
May 2002 and May 2006, eligible patients were screened
from the Columbia University Medical Center inpatient
stroke service after a diagnosis of ischemic stroke was
confirmed. Those who were able to consent and willing
to participate in the study were enrolled within 72 hours
of stroke onset. From the overall cohort of 87 patients
enrolled to date, there were 41 subjects with an initial
FM-UE <66 (PARIS motor cohort).

Through medical chart review and patient interview,
we collected baseline information on age, sociodemo-
graphic history, medication history, and vascular risk
factors (current smoking, tobacco use, atrial fibrillation,
hypertension, diabetes mellitus, hypercholesterolemia,
and coronary artery disease). Initial examination, per-
formed between 24 and 72 hours of stroke onset,
included a detailed neurologic examination, the
National Institutes of Health Stroke Scale Score, manual
motor testing using the Medical Research Council rat-
ing, and the Fugl-Meyer Scale.

Radiographic data on infarct topography, volume, and
arterial territory were also obtained between 24 and 72
hours of stroke onset. Lesion volume was estimated in
cm3: lesion volume = [product of maximal perpendicular
diameters of the diffusion weighted imaging (DWI)
lesion in cm] × [number of 0.5-cm slices]/2, a reasonably
reliable method compared with automated methods.9,10

Lesion location was dichotomized into subcortical only
versus any cortical involvement. The diagnostic workup
to determine stroke etiology was made by the treating
physician and was not standardized. Using the Trial of

ORG 10172 in Acute Stroke Treatment criteria based on
the history, clinical, and diagnostic evaluation, we
assigned stroke subtype classification for each stroke.11

Each patient in this study had physical and occupational
therapy during his or her hospitalization.

All patients were expected to have follow-ups at 3
and 6 months after their stroke, when neurological
examinations, manual motor testing, and Fugl-Meyer
Scale would be performed. The time to reassessment
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Table 1. Patient Demographics and Clinical Characteristics
(N = 41)

Age, y
Mean (SD) 59.7 (10.1)
Median 59.0

Male, n (%) 23 (56.1)
Race, n (%)

White 12 (29.3)
Black 15 (36.6)
Hispanic 12 (29.3)
Other 2 (4.8)

Hypertension, n (%) 31 (75.6)
Diabetes, n (%) 17 (41.5)
Dyslipidemia, n (%) 14 (34.1)
Atrial fibrillation, n (%) 6 (14.6)
Antithrombotic use, n (%) 13 (31.7)
Statin use, n (%) 12 (29.3)
Smoking, n (%) 10 (24.4)
Stroke subtype, n (%)

Small vessel 17 (41.5)
Large vessel 7 (17.1)
Cardioembolic 7 (17.1)
Cryptogenic 10 (24.4)

Infarct location, n (%)
Small (<2 cm3) deep 18 (43.9)

subcortical only
Superficial or large (>2 cm3) 9 (22.0)

deep subcortical only
Cortical ± immediate subcortical 14 (34.2)

FM-UE
Mean (SD) 32.5 (25.3)
Median 31

Baseline NIHSS score
Mean (SD) 5.9 (4.1)
Median 5.0

DWI volume (cm3)
Mean (SD) 3.1 (2.8)
Median 1.8

Maximum FM-UE
Mean (SD) 50.9 (19.5)
Median 61

Follow-up time, y
Mean (SD) 0.33 (0.02)
Median 0.27

FM-UE = Fugl-Meyer Motor Score—upper extremity; NIHSS =
National Institutes of Health Stroke Scale; DWI = diffusion weighted
imaging.
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(which was included as a predictor) varied by 2 to 4
weeks around the desired date of follow-up. In addi-
tion, not every patient had both follow-ups. We used
the 6-month data in those patients who had both fol-
low-ups. The maximum possible FM-UE score was 66.
As stated earlier, ∆FM was the chosen measure of motor
recovery.

Linear regression (N = 41) was used to model ∆FM

with currently known or plausible clinical predictors:
age, gender, age × gender, infarct location (subcortical vs
cortical), DWI infarct volume, infarct location × infarct
volume, time to reassessment, and acute FM-UE. The
false positive rate was controlled at α = .05 per predictor.

An independent estimate of the measurement error
variance of ∆FM was obtained from the literature and
equaled 8.4 (N = 22).12 The ratio of a sample variance of
∆FM to this measurement error variance yields an F statistic
that can be used to test whether reliability > 0. Reliability
was directly computed from the F statistic as 1 – 1/F.

Regression diagnostics included a Kolmogorov-
Smirnov test for normality of Studentized residuals,
using Studentized deleted residuals to test for outliers
and plotting Studentized residuals versus the predicted
value of the model.

RESULTS

The patients’ (N = 41) baseline characteristics are sum-
marized in Table 1. The average (±SD) ∆FM was 18.4 ± 18.5
(range 0-61). ∆FM was significantly positive (t40 = 6.4, P <
10–6). The estimated reliability of ∆FM was 0.98, which was
significantly greater than zero (F40,21 = 40.6, P < 10-6).

∆FM was then regressed against the predictor vari-
ables stated in the Methods (Table 2). The overall model
was significant (F8,32 = 5.3, P = 2.6 × 10–4). Only acute
FM-UE and subcortical lesion volume were individually
significant. The statistical results for each predictor are

shown in Table 2. The adjusted R2 for the model was
0.47 (nonadjusted R2 = 0.57). The mean squared resid-
ual for this model was 182.6 with 32 df, corresponding
to a reliability estimate of 0.95, which was significantly
greater than zero (F32,21 = 21.7, P < 10–6). Thus, an esti-
mated 95% of the unexplained variance in this regres-
sion model is attributable to true inter-individual
variability and 5% is attributable to measurement error.

A Kolmogorov-Smirnov test performed on the
Studentized residuals showed a trend toward violation
of normality (Kolmogorov-Smirnov statistic = 0.135,
df = 41, P = .06). A plot of Studentized residuals versus
predicted ∆FM clearly indicated heteroscedasticity
(Figure 1). A plot of predicted versus observed ∆FM sug-
gested a poorer model fit at smaller values of ∆FM

(Figure 2); in particular, the variance of the residuals
seemed substantially larger at values of ∆FM < 18. This was
confirmed by an F test that compared the variances of the
Studentized residuals between ∆FM < 18 and ∆FM ≥ 18
(F24,15 = 3.42, P = 8.3 × 10–3). Inspection of Figure 2 did
not suggest simply a greater error variance at lower val-
ues of ∆FM but rather that there were several outliers
lying above a regression line clearly evident for ∆FM ≥ 18. A
standard test for outliers (Studentized deleted residuals)
detected only 1 outlier (a patient with acute FM-UE = 4
and ∆FM = 8), but this test is not sensitive to the presence
of multiple outliers. To formalize the impression that
there was a subgroup of outliers to an otherwise tight
regression line, we estimated linear model parameters
based only on subjects whose ∆FM ≥ 18 (these subjects all
had acute FM-UE ≤ 45; N = 17). Unsurprisingly, the
overall fit from this model to the ∆FM ≥ 18 data was
excellent (nonadjusted R2 = 0.93, adjusted R2 = 0.85;
Figure 3). From these parameter estimates, we then
computed Studentized residuals for ∆FM < 18 (N = 24);
the proportion of these residuals that were negative (ie,
corresponding to observed values that were less than
their predicted values) was significantly greater than

Table 2. Estimated Regression Coefficients for ∆FM as the Dependent Variable (N = 41)

Coefficient Estimate Standard Error t(32) 2-Tailed P

y-intercept 35.06 25.03 1.40 1.7 × 10–1

Acute FM-UE –0.40 0.093 –4.34 1.3 × 10–4

Lesion location (cortical = 1; subcortical = 0) –3.29 8.39 –0.39 7.0 × 10–1

Cortical lesion volume 0.13 1.24 0.11 9.2 × 10–1

Subcortical lesion volumea –3.46 1.34 –2.59 1.4 × 10–2

Age –0.21 0.37 –0.57 5.7 × 10–1

Gender (male = 1; female = 0) 17.15 29.75 0.58 5.7 × 10–1

Age × gender –0.24 0.49 –0.49 6.3 × 10–1

Time to reassessment 40.64 20.10 2.02 5.0 × 10–2

FM-UE = Fugl-Meyer Motor Score—upper extremity.
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50% (2-tailed P = .02 by binomial test). Also, the largest
negative Studentized residual was –7.25, whereas the
largest positive Studentized residual was only 1.90. These
diagnostics are consistent with the existence of a subgroup of
patients who do not follow the main regression equation for
recovery and instead show lower recovery than predicted.

We then identified members of this subgroup based
on their Studentized residuals computed from the
regression equation estimated from ∆FM ≥ 18: all
Studentized residuals whose 2-tailed P values were less
than .05 (corresponding to |t(8)| > 2.31) were classified as
outliers. This procedure yielded 7 such cases (Figure 3).
The outlier subjects were notable for a tendency to have
low values of acute FM-UE (mean = 5.9 ± 9.2 compared
with 38.0 ± 24.0 for the nonoutlier subjects), which was
the largest determinant of predicted ∆FM (Table 2).
Thus, subjects with low acute FM-UE tended to have the
greatest inter-individual variability, because some of
them recovered a great deal whereas others (the out-
liers) recovered very little.

The overall model was highly significant (F8,25 = 35.7,
P < 10-6) when the regression was recomputed without
the 7 outliers (Figure 4). There were significant individ-
ual predictor effects for acute FM-UE, subcortical lesion
volume, age, and y-intercept (Table 3). The adjusted R2

for this model = 0.89 (nonadjusted R2 = 0.92), a large
improvement in proportion of explained variance com-
pared with when the outliers were included (Figure 3). A
Kolmogorov-Smirnov test performed on the Studentized
residuals to test for non-normality was not significant
(Kolmogorov-Smirnov statistic = 0.08, df = 34, P = .20),
and neither skewness nor kurtosis was significantly dif-
ferent from 0.

Even with the much greater explanatory power of this
regression model (mean squared residual = 40.8 with 25

Figure 1. Studentized residuals versus standardized regres-
sion predicted values for the regression model of Table 2.
Heteroscedasticity is supported. The triangles indicate the
outliers identified subsequently.

Figure 2. Predicted versus observed ∆FM for the regression
model of Table 2. The line is the least-squares fit. The triangles
indicate the outliers identified subsequently.

Figure 3. The open diamonds are the data for which ∆FM ≥ 18.
The same regression model as in Table 2 was fit to these data
and then used to compute fits for ∆FM < 18 (solid diamonds and
triangles). The identity line is plotted to illustrate the magni-
tude and sign of the residuals: the sign of a residual depends on
whether it is above (negative, by convention) or below (posi-
tive) this line. The triangles indicate the outliers identified using
this regression equation.

Figure 4.. Predicted versus observed ∆FM for the regression
model of Table 3 (excluding the outliers). The line is the least-
squares fit.

Motor Recovery After Ischemic Stroke

Neurorehabilitation and Neural Repair 22(1); 2008 67
 © 2008 American Society of Neurorehabilitation. All rights reserved. Not for commercial use or unauthorized distribution.

 at COLUMBIA UNIV on July 7, 2008 http://nnr.sagepub.comDownloaded from 

http://nnr.sagepub.com


Prabhakaran et al

68 Neurorehabilitation and Neural Repair 22(1); 2008

df), the reliability estimate of the residuals was still high
(reliability estimate of 0.79) and significantly greater than
zero (F25,21 = 4.9, P = 2.5 × 10–4). Thus, most of the vari-
ability in ∆FM remained attributable to true inter-individ-
ual variability. These results indicate that outliers to the
regression equation are the cause of the bulk of the unex-
plained variance in recovery (mean squared residual =
182.6 with outliers vs 40.8 without outliers).

To obtain a more parsimonious regression model
(again excluding the same 7 outliers), predictors were
backward eliminated stepwise until all remaining predic-
tors were significant at α = .05 or until the adjusted R2

decreased. The final selected model had eliminated lesion
location, cortical lesion volume, gender, and age-by-gender
interaction and retained acute FM-UE, subcortical lesion
volume, age, time to reassessment, and y-intercept (Table
4). The adjusted R2 for this model = 0.90 (nonadjusted R2

= 0.91). When applied to the 7 outliers, this same reduced
model was not significant (F4,2 = 2.6, P = .29).

We defined maximal potential recovery as 66 – acute
FM-UE. To obtain a prediction of the proportion of this
difference that patients will recover, we evaluated the
reduced model at the mean values of subcortical lesion
volume (1.36 cm3), age (59.8 years), and time to reassess-
ment (121 days). This gave an estimated regression
model of ∆FM = (0.70) ⋅ (66 – acute FM-UE) + 0.4 ≈

(0.70) ⋅ (maximal potential recovery). Thus, with the
exception of the outlier subpopulation, patients recover
in a proportional manner, tending to realize approxi-
mately 70% of their maximal potential recovery.

DISCUSSION

We sought to formally determine the sources and
structure of inter-individual variability in motor recov-
ery after stroke. We found, replicating previous results,7

that the reliability of the FM-UE was almost 1, implying
that inter-individual differences almost entirely reflect
biologically meaningful variability. Two sources were
found to account for nearly all this systematic variation.
One was initial impairment (other clinical variables also
played a role), with which recovery in the majority of
subjects exhibited a nearly proportional relationship
(proportional recovery). Another source, discovered
through regression diagnostics, was the existence of a
subgroup of patients with high initial impairment that
did not show proportional recovery, corroborating an
earlier study which observed that some patients with
severe initial deficits do not recover whereas others do.13

Except for these outliers, most patients tended to
recover approximately 70% of their initial impairment

Table 4. Estimated Regression Coefficients for ∆FM as the Dependent Variable Excluding 7 Outlier Cases (N = 34) and After Paring
Model Stepwise Until All Remaining Predictors Were Significant at α = .05

Coefficient Estimate Standard Error t(29) 2-tailed P

y-intercept 63.23 7.49 8.44 <10–6

Acute FM-UE –0.70 0.05 –14.76 <10–6

Subcortical lesion volume –2.94 0.60 –4.88 3.5 × 10–5

Age –0.32 0.11 –2.78 9.4 × 10–3

Time to reassessment 19.55 9.57 2.04 5.0 × 10–2

FM-UE = Fugl-Meyer Motor Score—upper extremity.

Table 3. Estimated Regression Coefficients for ∆FM as the Dependent Variable Excluding 7 Outlier Cases (N = 34)

Coefficient Estimate Standard Error t(25) 2-Tailed P

y-intercepta 72.58 13.39 5.42 1.3 × 10–5

Acute FM-UEa –0.69 0.06 –12.57                                    <10–6

Lesion location (cortical = 1; 5.33 5.07 1.05 3.0 × 10–1

subcortical = 0)
Cortical lesion volume –0.827 0.743 –1.11 2.8 × 10–1

Subcortical lesion volumea –2.97 0.73 –4.07 4.1 × 10–4

Agea –0.50 0.19 –2.57 1.7 × 10–2

Gender (male = 1; female = 0) –12.52 15.85 –0.79 4.4 × 10–1

Age × gender 0.24 0.26 0.92 3.7 × 10–1

Time to reassessment 19.48 11.21 1.74 9.5 × 10–2

FM-UE = Fugl-Meyer Motor Score—upper extremity.
a. 2-tailed P < .05.
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(proportional recovery). Proportionality was not simply
attributable to a ceiling effect for the FM in patients with
minimal initial impairment, because this relationship
was identified strongly even in subjects with acute FM-
UE ≤ 45 (and ∆FM ≥ 18; compare line fits for Figures 3
and 4). A striking implication of this finding is that even
though damage to the corticospinal tract (CST) is
largely irreversible, there is a mechanism that neverthe-
less allows substantial recovery even from severe
impairment. One might think that proportional recov-
ery is a necessary consequence of any relationship
between recovery and initial impairment or is an
inevitable result of outlier exclusion. Neither intuition
would be correct. The slope (m) plus y-intercept (b)
model relating recovery (R) to initial impairment (I) is
R = mI + b. The free parameters estimated by regression
are m and b. Proportional recovery is a special case of
this relationship with b = 0; this is a function of the data
and not a foregone conclusion of the modeling proce-
dure itself (ie, if recovery data were generated by a dif-
ferent process, b could certainly have taken on
substantial non-zero values, in which case recovery
would not have been well approximated as propor-
tional). For the same reason, exclusion of outliers could
not itself cause a proportional relationship but only
improve the regression fit to the model R = mI + b.

A possible mechanism for the failure of outliers to
recover is that these patients have less residual CST
integrity after stroke compared with those patients with
similar initial severity but who show proportional
recovery, although because the model included DWI
volume, this difference in CST integrity would have to
be unrelated to DWI lesion volume. A relationship of
CST integrity to prognosis is suggested by studies using
diffusion-tensor imaging14,15 and corticospinal masks,16

which show that the degree of CST injury correlates
negatively with motor recovery following stroke.14,16

Further support comes from studies using transcra-
nial magnetic stimulation (TMS) with motor evoked
potentials (MEPs) measurements in the first 10 days
after stroke. One review reported that TMS in patients
with severe acute impairment is a highly specific test of
future recovery, which would imply that any severely
impaired patient who does not recover will have
absent MEPs in the acute stroke period. Therefore,
based on this idea, it would be predicted that our out-
liers (all severely impaired patients who recovered
poorly) would have absent MEPs. However, neither
specificity nor sensitivity of TMS has been uniformly
high in the literature, with great variability between
laboratories.17 For example, some studies of MEPs
response very early after stroke have not been able to
distinguish between good and poor recoverers.18 To

conclusively determine whether the regression outliers
had absent MEPs would require a study combining
both acute stroke period TMS and clinical variable
regression diagnostics.

Even if it is the case that CST integrity is the final
mediator of recovery, it is critical to ask why there is a
delay between the detection of MEPs and recovery. It is
not likely that edema and metabolic derangement,
which are maximal within 72 hours,19 are the only expla-
nations. We suggest that another mechanism contribut-
ing to recovery is the capacity of the remaining
undamaged brain to reorganize and subsequently recruit
the residual CST and other descending pathways. This
speculation is consistent with positron emission tomog-
raphy and functional magnetic resonance imaging stud-
ies showing that both ipsilesional and contralesional
areas are activated during recovery from hemiparesis.20,21

It can be speculated that patients in whom MEPs are pre-
sent in the acute stroke phase but who do not recover22

lack this specific capacity for brain reorganization.
Although many previous studies have shown that initial

stroke severity is the best predictor of subsequent func-
tional outcome, only a few studies have used measures of
impairment rather than disability. Duncan and colleagues2

studied the relationship between initial and 6-month total
FM in 54 patients. They obtained an R2 of 0.53 when the
initial FM was measured in the first 24 hours after stroke.2

Similarly, Feys et al6 obtained an R2 of 0.30, although the
follow-up FM was at 12 rather than 6 months.6 Neither of
these studies reported regression model diagnostics.
Furthermore, although the FM-UE has been reported to
have excellent reliability (>0.99),7 the 2 cited studies
defined recovery as the final FM-UE, whereas we defined
recovery as ∆FM. This is not trivial, because changes in per-
formance and final performance are only moderately cor-
related, and dynamic recovery processes during the acute
stroke period would be expected to relate to future changes
in performance rather than final levels of performance per
se. To our knowledge, this is the first time that the reliabil-
ity of ∆FM has been reported.

Our finding that 95% of variance in recovery unex-
plained by clinical variables is attributable to true inter-
individual variability implies that there are as-yet
unidentified biological processes that account for
observed inter-individual differences. More precisely,
because the estimated unexplained variance in recovery
from the regression model was 53% of the total and the
reliability of this variance was estimated at 95%, our esti-
mate of the amount of biological variability in recovery
as-yet unexplained = (53%) ⋅ (95%) = 50% of the total,
observed variance in ∆FM in the population. On the basis
of our current results, we would argue that the main
source of this unexplained variability in recovery is the
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presence of the outliers to the proportional recovery rela-
tionship, which seem to only exist at the severe range of
initial impairment. These outliers appear to represent a
clinically meaningful subpopulation distinct from the
majority of patients across the entire range of initial
impairment who show proportional recovery.

Limitations to this study include the small sample size,
although it is similar to other series in the literature. Because
of the requirements of study consent and follow-up, the
majority of our patients had isolated motor deficits or had
only minimal nonmotor cortical deficits such as aphasia and
neglect (ie, large cortical strokes were largely excluded).
Thus, our study had a selection bias toward patients with
isolated hemiparesis and relatively small lesions. Future
studies should examine whether proportional recovery
holds for larger lesions or is modulated by additional non-
motor deficits.23 Another concern might be that acute DWI
volume without perfusion imaging can underestimate final
infarct volume, but DWI has been shown to be a reasonable
surrogate when performed after the first 24 hours.24 In addi-
tion, the reliability of manual lesion measurement, although
good, is not as high as with automated methods.9,10 Last,
although follow-up times were not uniform, we adjusted for
time to reassessment in the regression models.

CONCLUSIONS

The results of this study lead to several important con-
clusions with regard to motor recovery after stroke. First,
observed inter-individual variability in stroke recovery in
the studied population is almost exclusively attributable to
true inter-individual (ie, biologically meaningful) variabil-
ity. Second, impairment in the first 72 hours (and
secondarily, subcortical lesion volume, age, and time after
stroke onset) is a very good predictor of recovery when
high initial impairment outliers are removed. Interestingly,
recovery in the nonoutliers is proportional to initial sever-
ity (with an estimated proportionality of 0.70). Third, after
we accounted for clinical variables, interindividual vari-
ability seemed to be attributable primarily to the existence
of a subpopulation of patients with severe initial impair-
ment who, unlike the rest of the population (including
others with severe initial impairment), do not experience
proportional recovery.
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