
Performance Variability as a Predictor of Response to Aphasia 
Treatment

E. Susan Duncan, MA, MS1, Tanya Schmah, PhD2,3, and Steven L. Small, PhD, MD3,4

1Departments of Cognitive Sciences and Neurology, University of California, Irvine, CA, USA

2Rotman Research Institute, Baycrest, Toronto, ON, Canada

3Department of Mathematics and Statistics, University of Ottawa, Ottawa, ON, Canada

4Departments of Neurology, Neurobiology and Behavior, and Cognitive Sciences, University of 
California, Irvine, CA, USA

Abstract

Background—Performance variability in individuals with aphasia is typically regarded as a 

nuisance factor complicating assessment and treatment.

Objective—We present the alternative hypothesis that intra-individual variability represents a 

fundamental characteristic of an individual’s functioning and an important biomarker for 

therapeutic selection and prognosis.

Methods—Nineteen individuals with chronic aphasia participated in a 6-week trial of imitation-

based speech therapy. We assessed improvement both on overall language functioning and 

repetition ability. Further, we determined which pre-treatment variables best predicted 

improvement on the repetition test.

Results—Significant gains were made on the Western Aphasia Battery (WAB) Aphasia Quotient, 

Cortical Quotient, and two subtests, as well as on a separate repetition test. Using stepwise 

regression, we found that pre-treatment intra-individual variability was the only predictor of 

improvement in performance on the repetition test, with greater pre-treatment variability 

predicting greater improvement. Furthermore, the degree of reduction in this variability over the 

course of treatment was positively correlated with the degree of improvement.

Conclusions—Intra-individual variability may be indicative of potential for improvement on a 

given task, with more uniform performance suggesting functioning at or near peak potential.
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INTRODUCTION

Therapeutic research in aphasia typically characterizes baseline and improved language 

skills in terms of mean scores on a specific task or assessment battery. Whereas this 

approach succeeds at capturing variability across individuals, it fails to capture such 

variability within individuals. Performance fluctuations within a single individual (intra-

individual variability) are typically perceived as an inconvenient impediment to reaching the 

desired general conclusions about a new therapy. But treating intra-individual variability as a 

nuisance parameter or measurement error, e.g., of the same magnitude and significance as 

inter-individual variability1, may be giving up important and highly relevant information 

about the therapy. In fact, short-term performance inconsistency on a particular task may 

represent a characteristic feature of – and a metric to gauge – an individual’s functional 

status. Particularly in the context of large variability, mean performance may oversimplify 

the true nature of behavior and inadequately capture the range of ability2, obscuring insight 

into potential therapeutic benefit and outcome assessment on an individual basis.

Existing limited research on intra-individual variability in cognitive and perceptual-motor 

function in healthy aging3–6 and dementia7–9, suggests a relation between increased intra-

individual variability and decreased performance. Yet other, seemingly contradictory, 

findings suggest that greater intra-individual variability has positive implications for 

acquiring skills with practice or training. For example, increased intra-individual variability 

in a cognitive or motor skill during learning precedes (and presages) mastery of that skill 

during development,10 and in cognitive training of healthy older adults, the pre-treatment 

degree of intra-individual variability predicts higher response accuracy and performance 

improvement11.

These data suggest that performance variability may suggest susceptibility to change and/or 

the potential for learning. Fluctuations representing adaptive variability12 may be conceived 

of not as vulnerability, but as potential. Further, distinguishing between adaptive and 

maladaptive variability may be key to understanding the significance of these measures in 

predicting future outcomes.

In the realm of stroke recovery, extensive investigation has addressed differences between 
individuals, yet little work studying performance variability within individuals (although 

important work has explored the role of attention in intra-individual variability in 

aphasia13,14). In the recovery of language functions after stroke, intra-individual 

performance variability has not been investigated, either as a correlate of present functioning 

or as a predictor of post-treatment ability (but see15 for a theoretical study). The implications 

are far-reaching. From a research standpoint, our knowledge of language recovery in aphasia 

is limited to mean scores and effect sizes using pooled standard deviations, thus neglecting 

individual parameters of variability. Such data may represent fundamentally incomplete 

metrics, substituting a crude numerical proxy for the more nuanced complexity of 

performance, and thus profoundly affecting our understanding of recovery. From a clinical 

standpoint, such omission could have graver consequences, since the most desirable measure 

of rehabilitation success is a patient’s consistent performance in the real world, not maximal 

performance in the clinic or the possibility of good performance under ideal conditions.
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We hypothesize that intra-individual variability on a language task is predictive of the ability 

of an individual with aphasia to improve mean performance on that task through training. 

We investigate this hypothesis in a clinical trial of an intensive, imitation-based aphasia 

therapy motivated by neurophysiological evidence16,17. The therapy uses a computer 

interface to prompt repetition of words and phrases to engage a frontal-parietal motor 

cortical network involved in both observation and execution of speech18. Nineteen subjects 

with ischemic stroke received imitation-based therapy involving repetition of words and 

phrases. In this paper, we report on an experiment testing the hypothesis that pre-treatment 

intra-individual variability would predict therapeutic outcome.

METHODS & MATERIALS

Participants

Nineteen native English speakers with aphasia following single, left hemisphere ischemic 

stroke, confirmed by neurological examination and MRI, were recruited (age range 31–72; 

mean = 53.5; SD 11.7; 4 female (21%)). All had sustained a single stroke 5 to 130 months 

prior to enrollment (mean = 41.6; SD 42.9). Demographic and neurological information are 

in Supplemental Table 1. The Institutional Review Boards of The University of Chicago and 

University of California, Irvine approved the study. Consent was obtained according to the 

Declaration of Helsinki.

Experimental Summary

The intensive imitation-based therapy, administered 6 days per week for three 30 minute 

sessions each day, required participants to listen to words and phrases presented by six 

different speakers and to repeat them either once or multiple times. Half of the participants 

also saw a video of the speaker during the presentation. Because there was no statistical 

difference in any measure between those subjects who saw the speaker and those who did 

not, all data have been aggregated for this report. Complete details about the IMITATE 

therapy system can be found in Supplemental Material and in earlier work16,17.

Over the six-week therapeutic period (Weeks 1–6 of the overall study), participants 

undertook the specialized speech therapy on a preprogrammed, dedicated laptop. 

Participants underwent two behavioral assessments (WAB, repetition test) that were 

administered twice before and twice after therapy, with all evaluations six weeks apart 

(Weeks −6, 0, 6, and 12). These measures were administered twice pre-therapy to establish a 

stable baseline, and twice post-therapy to establish immediate changes and maintenance.

Figure S1 in Supplemental Material depicts the timing of these assessments relative to 

therapy.

Western Aphasia Battery

The Western Aphasia Battery-Revised (WAB)19 was used as the primary outcome measure, 

as it was anticipated that benefits of our imitation-based therapy would generalize to other 

domains of language16,17,20. The WAB was administered at each of the four main behavioral 

assessment sessions by a speech-language pathologist (SLP) blind to treatment group. We 
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analyzed the WAB Aphasia Quotient (WAB-AQ), Cortical Quotient (WAB-CQ), and the 

four subcomponents of the WAB-AQ (Spontaneous Speech, Auditory Verbal 

Comprehension, Repetition, and Naming and Word Finding). There was no significant 

difference in any of these measures between the two pre-treatment sessions or between the 

two post-treatment sessions (p > 0.05 on two-tailed paired t-tests).

Repetition Test

Tests of repetition accuracy were administered during all four pre- and post-treatment 

behavioral assessments. These were administered by an SLP using words and phrases 

randomly selected from the pool of IMITATE therapy stimuli. Repetition tests and 

behavioral assessments were performed by different SLPs, blinded to the other’s findings. 

One subject (2) was excluded from this analysis due to missing data, leaving 18 subjects.

Repetition test stimuli consisted of words and phrases of high difficulty, based on the level to 

which the subject was expected to advance. Each block of words contained 10 words. Each 

block of phrases contained 10 phrases with a varying number of words (2–6) depending on 

level. For both blocks, each word was scored on a 5-point scale (0 signifying no 

vocalization; 5 indicating accurate, prompt repetition). Scoring was performed once offline 

by a single SLP for all subjects, and therefore reliability rates are not reported. Performance 

on these measures was combined in a single repetition score for each time point (mean score 

for Words and Phrases). There were no significant differences between Week −6 and Week 0 

repetition scores, or between Week 6 and Week 12 repetition scores (p > 0.05 on two-tailed 

unpaired t-test).

Changes in Behavioral Performance

Seven measures of language performance were studied: WAB-AQ, WAB-CQ, the four 

subcomponents of the WAB-AQ, and the score from the repetition test. For each measure, 

the pre-treatment score was taken to be the mean of Week −6 and Week 0 scores (see 

Supplemental Materials for details of weighting the repetition test), and the post treatment 

value is the Week 6 score (post-therapy repetition). We did not use scores from Week 12 

(fourth behavioral assessment) as two subjects missed this assessment. Therefore, our 

definition of improvement, for all measures, is the Week 6 score minus the mean for Weeks 

−6 and 0.

Pre-treatment and post-treatment scores were compared using two-tailed paired t-tests. All 

significance tests use α = 0.05. Due to the nested nature of the WAB measures (i.e., four 

subcomponents of the WAB-AQ are used, which also contribute to WAB-CQ), Bonferroni 

correction with n = 5 was applied for the repetition assessment and the four subcomponents 

of the WAB-AQ (Spontaneous Speech, Auditory Verbal Comprehension, Repetition, and 

Naming and Word Finding).

Intra-individual Variability as Predictor of Improvement

The repetition test based on stimuli from the pool of IMITATE items was used to test 

directly the hypothesis that intra-individual variability in a language task is predictive of the 

ability of an individual with aphasia to improve performance on that task through training. 
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This single measure was selected for two reasons: (1) there were two days on which the 

repetition test was administered at least twice (Week 0 and Week 6), allowing a robust 

assessment of individual variability before and after treatment, and (2) these stimuli were 

developed to be grossly equivalent in complexity, in contrast with the hierarchical ordering 

of increasing complexity on the WAB subtests. We chose not to pool data from Weeks −6 

and 0 when computing intra-individual variability to avoid confounding variability on 

different time scales; our intra-individual variability scores measure performance variability 

within a given day only. We computed a repetition intra-individual variability measure 

pooling variances of Words and Phrases blocks. Details can be found in Supplemental 

Materials.

Our specific question was the extent to which pre-treatment repetition intra-individual 

variability predicted improvement in repetition Mean, which we determined by computing a 

Pearson correlation coefficient. We used Week 0 and Week 6 repetition Mean scores as the 

pre-and post-treatment values, ignoring Week −6 scores for consistency with intra-individual 

variability calculations. There was no significant difference between pretreatment repetition 

Mean calculated with and without Week −6 repetition test (two-tailed paired t-test, p > 0.05).

We used stepwise linear regression to identify those pre-treatment variables that best 

predicted improvement. In addition to pre-treatment repetition intra-individual variability, 

these variables included participant age, months post stroke onset (MPO), number of 

sessions completed (NSC), aphasia type (fluent vs. nonfluent), and pre-treatment repetition 

Mean. NSC was tracked by automated video recording of patient participation during each 

session via the built-in laptop camera, and then verified by review of these recordings. 

Stepwise regression was performed with the MATLAB stepwise function, using the default 

settings: a new predictor is selected if its regression coefficient would be significantly 

nonzero at the 0.05 level, and an existing predictor is removed if its coefficient is not 

significantly nonzero at the 0.10 level.

RESULTS

Changes in Behavioral Performance

Statistically significant improvements were demonstrated in five of the seven language 

measures assessed, with correction for multiple comparisons. Results of two tailed t-tests are 

summarized in Table 1 with uncorrected p values. We used Bonferroni correction (n = 5) for 

the six WAB-Revised measures vs. repetition test to determine significance. Significant 

improvement was measured for the repetition test, WAB-AQ, WAB-CQ, and two of the four 

WAB-AQ subcomponents (Repetition, Naming and Word Finding). The two remaining 

subcomponents of the WAB-AQ (Spontaneous Speech, Auditory Verbal Comprehension) 

did not demonstrate significant change.

Intra-individual Variability as Predictor of Improvement

In this section, only the repetition test results are used. In contrast to Table 1, pre-treatment 

results are from Week 0 only, for reasons explained above. Pre-treatment repetition Mean 

ranged from 20.5% to 99.5% (overall mean 79.4%, SD 18.8%). Improvement in repetition 
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Mean from pre-treatment to post-treatment (Week 0 to Week 6) ranged from −3.8% to 

16.5% (median 5.3, mean 6.7, SD 5.7), representing a mean improvement of 0.34 points on 

the 5-point scale used to rate the repetition performance.

Fig. 1A shows pre-treatment intra-individual variability versus Improvement in repetition 

Mean performance, and Fig. 1B shows pre-treatment repetition Mean vs. pre-treatment intra-

individual variability.

We removed several subjects from further analysis due to outlier status (4) and possible 

ceiling effects (i.e., subjects near threshold pre- or post-therapy: 10,11,12,16), as detailed in 

Supplemental Materials. For the remaining subjects, there is a positive correlation (r=0.68, 

p=0.01 uncorrected) between pre-treatment intra-individual variability and improvement, i.e. 

higher pre-treatment intra-individual variability is associated with greater improvement. We 

then considered all of the pre-treatment variables listed earlier (Age, MPO, NSC, aphasia 

type, pretreatment intra-individual variability and pre-treatment Mean) as possible predictors 

of improvement in post-therapy repetition accuracy. In a stepwise regression, the optimal 

regression model found intra-individual variability to be the only predictor of improvement 

(p = .01, as noted above). With all subjects included, the relationship remains highly 

significant (p = .0001), with no additional predictors selected. Repeating this stepwise 

regression without variability included in the model resulted in the selection of no variables, 

whether for the entire group or with near-threshold subjects excluded.

Finally, we examined intra-individual variability in repetition accuracy immediately post-

treatment (Week 6). This decreased significantly over the course of treatment (two-tailed 

paired t-test, p < 0.05), regardless of whether we consider all subjects or exclude near-

threshold subjects (as detailed in Supplemental Materials). Post-treatment intra-individual 

variability in repetition accuracy is positively correlated with change in repetition Mean 

when we consider all 18 subjects (Pearson’s r = 0.49, p = 0.04 in a 2-tailed t-test). However, 

it is no longer significant when we exclude subjects who were near-threshold either before 

or after therapy (r = 0.25, p = 0.41). The change in intra-individual variability in repetition 

accuracy over the course of treatment has a significant negative correlation with 

improvement, whether considering all subjects (r = −0.48, p = 0.053) or excluding near-

threshold subjects (r = −0.57, p = 0.04). See Fig. 2. This effect remains if we control for all 

of the confounding variables (Age, MPO, NSC, aphasia type, pre-treatment Mean, pre-

treatment intra-individual variability; r = −0.69, p = 0.018). Put another way, reduction in 

intra-individual variability is positively correlated with improvement.

DISCUSSION

The present study reviews outcomes of a clinical trial of imitation-based therapy for chronic 

aphasia, and explores a new hypothesis about the role of intra-individual variability in 

predicting benefit from language therapy following stroke.

This study showed positive effects of the IMITATE system of repetition based, computer 

assisted speech/language therapy for patients with chronic aphasia. In particular, participants 

undergoing the therapy had statistically significant gains on composite language and 
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cognitive measures on a standard test for aphasia (WAB-Revised), as well as on two 

repetition accuracy measures. Significant gains were made over a relatively short treatment 

period (6 weeks) in subjects who, in some cases, were more than a decade removed from 

their stroke. Future investigation will refine the IMITATE therapeutic protocol in view of the 

results from the current study, related research21, and other theoretical considerations.

Our analysis suggests that subjects demonstrating higher levels of performance variability 

prior to therapy are likely to experience greater improvement over the course of treatment. 

Specifically, subjects demonstrating greater intra-individual variability during repetition 

before therapy demonstrated greater improvement in repetition than those with lower intra-

individual variability. Perhaps most interestingly, intra-individual variability declined over 

the course of treatment, and there was a significant correlation between performance 

improvement and intra-individual variability reduction.

The finding that intra-individual variability is a positive predictor of language improvement 

appears to conflict with existing literature on the relation between intra-individual variability 

and task performance in cognitive and perceptual-motor domains. In healthy aging and 

dementia, intra-individual variability has generally been negatively correlated with both 

short-term performance22 and long-term variables5, including time until death23. On the 

other hand – and perhaps most relevant here – evidence also suggests that increased 

variability in a particular cognitive or motor domain may be associated with greater potential 

for change following training specific to that domain12.

Correlation of task-specific variability with performance improvement has been attributed to 

influences of learning and strategy use in development24. During skill acquisition, changes 

occur in execution of strategies, even in the absence of changes in strategy selection25. These 

subtle changes may result in adaptive variability while learning specific tasks. Thus as an 

individual achieves maximal potential on a task, variability decreases. In expert motor 

control, when an individual is performing a highly practiced skill at or near peak level, 

performance variability is reduced, and this consistency is reflected in precise activation of 

neural networks during motor planning26. Our finding that intra-individual variability 

decreased over the course of therapy provides further support for this proposition, especially 

given the significant correlation between improvement on the repetition test and intra-

individual variability reduction. Within the limitations of their language impairment, our 

participants became more expert at the practiced task, thus demonstrating more consistent 

and more accurate performance. Although it is impossible to determine from the present 

study, it would be of great interest to explore whether such variability might continue to play 

a predictive role in the outcome of further therapy or with the introduction of new or more 

difficult tasks.

That increased variability has been found at dynamic periods of cognitive decline and 

development suggests, not surprisingly, that these transitions do not occur uniformly. It 

seems probable that such variability indicates a lack of system stability that is influenced by 

opposing tendencies. On one hand, in a progression towards overall decline, increased 

variability results as the valleys of performance drop more deeply; on the other, in the case 

of development, or recovery, the heightening of peaks is responsible for the observed 

Duncan et al. Page 7

Neurorehabil Neural Repair. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fluctuation. In support of this, increasing latency for an individual’s slowest reaction times is 

related to increasing variability for older adults27. Nevertheless, cognitive enhancement can 

occur with training and stimulation programs, with functional gains reported in daily life 

despite increasing age28. As in development and recovery, when older subjects realize 

increased potential, greater intra-individual variability is correlated with improved 

learning12.

In the present study, it is possible that individuals demonstrating less variability are at or 

near an asymptote of their abilities, given their neurological status, the extent of lesion 

damage, and the degree to which they have already experienced recovery. While it is 

generally accepted that individuals with aphasia encounter a plateau within the first year 

following stroke29. Intra-individual variability may serve as a more sensitive, individualized 

measure of potential than time post stroke, as well as an immediate and cost efficient means 

of prediction.

The implications for language rehabilitation are of great significance, as predictors of 

response to aphasia treatment are presently limited. Specifically, it may be productive for 

clinicians to target skills in which patients demonstrate high performance variability prior to 

treatment, rather than areas in which limited variability suggests a reduced capacity for gains 

with therapy. It may also be productive to periodically re-assess patient performance on a 

variety of tasks, in order to determine whether cycling through treatment goals, selected on 

the basis of variability as a proxy for potential, may be beneficial. However, such 

possibilities should be interpreted with caution, as the present study represents a new avenue 

of inquiry, and little is yet known about how intra-individual variability changes over the 

course of recovery. Although the present analysis considered time post onset, subjects 

participating in this study were all at chronic aphasia stages. Therefore, there is no 

suggestion that findings would be identical or even similar in acute phases of recovery. 

Additionally, several measures that may impact variability in task performance were not 

included in our assessment, such as attention, mood, and fatigue. Future studies would 

benefit from operationalization and inclusion of these variables.

Further limitations of our study include the potential for practice effects, given the relatively 

short time over which these tests were administered. However, we believe that the lack of 

significant differences between the two pre-therapy time points and the two post-therapy 

time points suggests that this is not a major confound for the present study. While our 

inclusion of fluent vs. nonfluent aphasia classifications did not indicate significant 

differences in benefit between these groups, there was not adequate power in our sample to 

address the differential effects of repetition therapy that may exist for different aphasia 

types. It is also worth noting that our imitation-based therapy was heavily dependent on 

motor processes, as was our repetition outcome measure. Therefore, it is not possible to 

definitively state that intra-individual variability would predict improvement on purely 

cognitively-based tasks.

While extrapolation from the present study to clinical guidelines would be premature, if the 

relationship between behavioral intra-individual variability and post treatment performance 

withstands further exploration, it may suggest that those demonstrating higher levels of 
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baseline variability are good candidates for intervention. Intra-individual variability, in this 

conception, could represent a measure of plastic potential, the extent to which an 

individual’s present neurological status is conducive to the kind of recovery or 

reorganization necessary to manifest improvement with practice and stimulation. However, 

individuals performing consistently at the same level may require different types of 

intervention if they are to realize enhanced function, and these patients may be better 

candidates for referral to clinical trials, pharmacology or more invasive forms of treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Relationships between Pre-treatment Intra-Individual Variability, Pre-treatment Mean and 

Improvement in Mean for the repetition test. Subject 2 was excluded due to missing data, 

leaving 18 subjects. Subjects marked with black crosses are excluded from further analysis 

(see main text).
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Figure 2. 
Relationship between change in Intra-Individual variability and change in Mean for the 

repetition test. Subjects shown are as in Figure 1.
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Table 1

Performance measures for all subjects

MEASURE Mean Pre (SD) Mean Post (SD) Mean Improvement (SD) p value (uncorrected)

WAB-AQ 67.72
(20.00)

70.34
(18.33)

2.61
(3.73)

.0068*

WAB-CQ 71.27
(16.50)

73.89
(15.44)

2.62
(2.72)

.0005*

WAB-SS 12.42
(4.49)

12.81
(3.89)

0.47
(1.36)

.1460

WAB-AVC 164.40
(26.94)

166.42
(25.78)

2.02
(7.67)

.5186

WAB-Rep 67.16
(26.64)

72.00
(24.85)

4.84
(6.49)

.0044*

WAB-NWF 64.61
(29.21)

67.00
(29.19)

2.39
(3.13)

.0037*

Repetition Test 79.40
(19.03)

86.19
(19.11)

6.58
(5.90)

.0002*

The asterisk (*) marks significant values after Bonferroni correction for 2 comparisons (*p < 0.01/2). SD: standard deviation; WAB: Western 
Aphasia Battery; AQ: Aphasia Quotient; CQ: Cortical Quotient; SS: Spontaneous Speech; AVC: Auditory Verbal Comprehension; Rep: Repetition; 
NWF: Naming and Word Finding.
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