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Long-Term Cognitive Outcome in Moderate to Severe
Traumatic Brain Injury: A Meta-Analysis Examining
Timed and Untimed Tests at 1 and 4.5 or More Years

After Injury
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ABSTRACT. Ruttan L, Martin K, Liu A, Colella B, Green
RE. Long-term cognitive outcome in moderate to severe trau-
matic brain injury: a meta-analysis examining timed and un-
timed tests at 1 and 4.5 or more years after injury. Arch Phys
Med Rehabil 2008;89(12 Suppl 2):S69-76.

Objectives: To examine long-term outcome of moderate to
severe traumatic brain injury (TBI) on timed and untimed
cognitive tests using meta-analysis.

Design: Meta-analysis examining outcome at 2 epochs, 6 to
18 months postinjury (epoch 1) and 4.5 to 11 years postinjury
(epoch 2).

Setting: Data source was published articles (1966-2007)
identified through electronic and manual search.

Participants: A total of 1380 subjects with moderate to severe
TBI participated in the 16 studies meeting inclusion criteria.

Interventions: Not applicable.

Main Outcome Measures: Timed and untimed neuropsy-
chologic tests with quantitative results (means, SDs, #, and df
tests) from studies containing a healthy comparison group and
a mean time since injury falling within 1 of the 2 epochs.

Results: Patient versus control weighted effect sizes were
medium to large at epoch 1 for both untimed tasks (r=—.46;
confidence interval [CI], —.32 to —.65) and timed tasks (r=—.46;
CI, —.35 to —.59). At epoch 2, effect sizes were slightly
smaller for untimed tasks (r=-—.38; CI, —.25 to —.60) and
timed tasks (r=—.40; CI, —.32 to —.62).

Conclusions: Patients showed robust, persisting impair-
ments on both timed and untimed tests at recovery plateau (ie,
6—18mo postinjury) and many years later. These findings con-
verge with previous studies, though using an alternative ap-
proach that obviates some of the methodologic problems of
longitudinal studies, such as selective attrition.
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CCORDING TO THE World Health Organization, TBI
will surpass many diseases as the major cause of disability
(and death) by the year 2020, with approximately 10 million

From Toronto Rehabilitation Institute (Ruttan, Liu, Colella, Green); Graduate
Department of Rehabilitation Sciences, University of Toronto (Green); Ontario In-
stitute for Studies in Education, University of Toronto, (Martin), Toronto, ON,
Canada.

No commercial party having a direct financial interest in the results of the research
supporting this article has or will confer a benefit on the authors or on any organi-
zation with which the authors are associated.

Reprint requests to Lesley Ruttan, PhD, Toronto Rehabilitation Institute,
345 Rumsey Rd, Toronto, ON, M4G 1R7, Canada, e-mail: ruttan.lesley@
torontorehab.on.ca.

0003-9993/08/8912S-00275$34.00/0

doi:10.1016/j.apmr.2008.07.007

people affected annually worldwide." The magnitude of the
problem is caused in large part by the persistence of cognitive
impairments,”'® which may cause decades of disability as a
result of the young demographic that TBI afflicts.''"'* In mod-
erate and severe TBI, cognitive deficits are associated strongly
with the ongoing disruption of social networks, employability,
and return to work.'”'” Therefore, gaining an understanding of
the long-term course of cognitive functioning is of marked
clinical importance: knowing whether some or all cognitive
functions show persisting deficits into the longer term would
allow better prognostication, planning, and the likelihood of
developing targeted prophylactic treatments; the last is partic-
ularly important given the small but growing number of find-
ings that some people even show a regression of some cogni-
tive functions over time.®'®2° Because some research has
demonstrated that information processing impairments may
mediate the relationship between TBI severity and post-TBI
adaptive functioning,>’ in the present study, we compared
performance at 2 subacute time points on timed versus untimed
tests.

Prospective studies examining early cognitive recovery after
moderate and severe injury>*>** have generally found that
most recovery occurs within the first 6 to 18 months of injury*?
and that some improvement may continue thereafter at a slower
pace.®?** There has been considerable variability in findings
on the rate and pattern of recovery of different functions,***°
with the exception of speed of processing, which shows the
most consistent findings after moderate to severe TBL>"’
Studies have shown a higher prevalence of compromise®*%-*
and slower speed and extent of recovery*®*! on timed versus
untimed tests, suggesting that speed of processing is uniquely
vulnerable to the effects of moderate and severe brain injury.

With regard to longer-term outcomes, prospective studies of
long-term cognitive recovery are relatively few. As pointed out
by Dikmen et al,** longitudinal cognitive recovery studies have
also contained significant methodologic limitations, with a
follow-up period rarely exceeding 2 years, biased samples (eg,
those referred for clinical care),' and even in prospective, well
defined samples, very high attrition rates.®'*?° As well, test

List of Abbreviations

Cl confidence interval

ES effect size

GCS Glasgow Coma Scale

LOC loss of consciousness

PASAT Paced Auditory Serial Addition Test
PTA posttraumatic amnesia

TBI traumatic brain injury

TSI time since injury
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batteries have often included only 1'® or 2 tests.*> As such,
other approaches to studying long-term outcome are warranted.

Overall, long-term recovery studies have not yet shown
clear-cut patterns of findings across tests,®'®'? although per-
sisting impairments to speed of processin§ seem to be a com-
mon thread across studies. Dikmen et al,*> who maintained an
80% retention rate (but with 60% of the sample in the mild TBI
range), prospectively examined long-term outcome at 3 to 5
years postinjury on a test of verbal learning and recall, and on
the PASAT, a challenging timed test of sustained attention
requiring serial calculations.** Clinically impaired perfor-
mances (2-3 SDs below average) were observed on the
PASAT? at all degrees of severity. However, for verbal learn-
ing, clinically significant impairment was observed only at the
most severe level of injury, and impairment was still only 1.35
deviations below average. Moreover, prior neurologic disor-
ders were present in some patients, and therefore, even this
level of impairment may have been an overestimate. Thus,
definitive persisting deficits on the timed PASAT test were
observed, while the persisting deficits in verbal learning were
milder and more circumscribed.

Salmond et al** reported persistence of deficits across 2 time
points a minimum of 6 months apart, ranging from 6 months
postinjury to 3 years postinjury. While not explicitly men-
tioned, 6 of the 8 variables showing significant differences
between patients and controls were timed variables, and of the
variables showing no between-group differences, only 1 of 6
was a timed variable. These results, too, suggest that perfor-
mance on timed variables may be more significantly affected in
the longer term. These results are consistent with Spikman
et al,*> who examined 51 patients with TBI several years
postinjury and whose findings underscored the persistence of
impairments in speed of processing.

A small number of long-term outcome studies have also
shown a regression in functioning over time. The finding does
not appear to be attributable to age-related decline given the
use of age-scaled normative data or age-matched control
groups in studies. Again, clear patterns in the data have yet to
emerge in this branch of research; also, methodologic weak-
nesses limit the inferences that can be drawn. In a 30-year
follow-up study of 210 patients with TBI, Himanen et al'®
observed slight cognitive decline in 56% of patients on learn-
ing, memory, visuospatial construction, and arithmetic, and
improvement only in semantic memory. However, attrition was
70%, and the study sample was composed of patients specifi-
cally referred for neuropsychologic or neurologic follow-up
and thus likely showed disproportionate impairments. Sal-
mond** found a decline in their battery in spatial recognition
only; however, interestingly, it was the latency (ie, timed)
measure of spatial recognition on which the decline was ob-
served. Finally, in a study of 182 people with mild to severe
TBI carried out by Millis et al,® 15.2% showed a decline,
22.1% showed improvement, and 62.2% were unchanged over
a S-year period. Although the authors reported that most im-
provement was observed on measures of cognitive speed,
visuoconstruction, and verbal memory, it is of interest to note
that 2 of the 3 tests showing the highest decline (grooved
pegboard and Trail-Making Test Part B) were also timed tests.
However, this study, too, had very high attrition (>90%),
rendering the observations regarding patterns across tests
somewhat tenuous.

Taken together, previous studies suggest that cognitive def-
icits—particularly speed of processing—may persist or even
worsen in the longer term, but that a clear pattern of findings
across functions has yet to be identified. One explanation for
variability in findings, as Mathias and Wheaton’ have pointed
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out, is that past studies of recovery may be confounded by the
conflation of timed with untimed tests,*® whereby speed of pro-
cessing deficits compromise performance on tests that are purport-
edly measuring other cognitive functions (eg, spatial recognition),
but nonetheless contain a timed dependent measure.

In sum, cognitive processing is consistently impaired by
moderate and severe TBI, and there is evidence that deficits
persist into the longer term. However, the patterns of persisting
deficits are uncertain to date, because of methodologic limita-
tions of the relatively few studies undertaken, including the
confounding of untimed cognitive processes (eg, memory) with
timed dependent variables. Therefore, further research is war-
ranted to disentangle the contribution of speed of processing
from untimed tests as well as to examine speed of processing
on its own.

The current study employed meta-analysis to examine the
long-term cognitive recovery of timed and untimed processes
at approximately 1 year postinjury and at greater than 4.5 years
postinjury. We were interested in how patients performed to-
ward the end of the early recovery period versus how they fared
many years postinjury, long after therapies would have stopped
for most patients*’ and after a return to prior role would have
been attempted. Meta-analysis has the advantage of allowing
integration of a collection of studies on a particular topic for the
purpose of synthesizing the findings. The method calculates
standardized mean differences or ESs (ie, the difference be-
tween 2 means relative to the pooled SD, resulting in a z score)
to provide a common metric on which to compare studies, with
higher ES reflecting stronger differences between groups than
lower ES. Researchers have noted that meta-analysis can min-
imize errors and heighten understanding of neuropsychologi-
cally meaningful patterns in data by integrating the findings
from multiple studies.***° To our knowledge, there are no
published meta-analytic studies in moderate to severe TBI
specifically examining the performances of people with TBI
versus healthy controls on timed and untimed neuropsycho-
logic tasks at 2 postinjury epochs.

METHODS

Literature Search and Study Selection

A comprehensive search of PsycINFO and Medline elec-
tronic databases was undertaken in order to identify published
studies examining cognition and TBI. Key words used in the
search included brain injury, traumatic brain injury, TBI, and
head injury. These words were combined with cognition, neu-
ropsychology, and neurocognition. Search constraints included
articles published in English and those printed after 1966 (after
the inception of the Medline database) and indexed up until
June 2007. For all articles identified as relevant, a manual
search of the articles’ reference lists was conducted to see
whether there were any cited works that were missed by the
search engines.

Original studies were included in the meta-analysis if they
met the following criteria: (1) neuropsychologic tasks were
administered to patients with TBI who were reported to have
sustained either moderate or severe nonpenetrating brain inju-
ries (ie, GCS score <13, LOC >1h, and/or duration of PTA
>1h); (2) the mean TSI was reported for patients with TBI that
allowed classification of studies into 2 nonoverlapping epochs
(epoch 1: mean TSI, 6-18mo; epoch 2: mean TSI, =4.5y); (3)
the research design included a comparison group composed of
healthy, age-matched control subjects; (4) study statistics ame-
nable for conversion to conventional ESs that reflect group
differences were available (these measures included group
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means and SDs, ¢, and df); and (5) the cognitive tasks included
in the study were adequately described so that a determination
could be made about whether the cognitive task was timed or
untimed. A test was classified as timed if the dependent vari-
able was timed or if exposure to test material was timed,
necessitating speeded processing. All classifications were
agreed on by 3 experts in the field of neuropsychology.

The titles of articles and abstract content obtained in the
literature search were perused for indications that the study met
the inclusion criteria. Copies of the full text of these studies
were obtained and the articles were reviewed to determine
whether they met the inclusion criteria for the study. Each
article was examined by a minimum of 2 of the coauthors to
determine its eligibility for the meta-analysis, and a total of 16
appropriate studies were identified.

Data Collection

For each study included in the meta-analysis (table 1), the
journal name, title, authors, and date of publication were re-
corded. Several sample characteristics were also noted, includ-
ing sample size, mean age, mean education, and sex for patient
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and control samples when available; plus, severity of brain
injury, as measured by GCS, duration of PTA, and length of
LOC for the patient group were recorded, as was TSI at testing.

For some studies, adjustments to the published data were
required in order to allow inclusion of the data in the meta-
analysis. For example, for longitudinal studies of recovery, in
which patients were tested more than once, only data from the
first occasion of testing were included (to avoid contaminating
the results with practice effects). Also, if more than 1 neuro-
psychologic test was used to measure a cognitive domain
within a study, the mean ES was used so that each study had
only 1 ES estimate per grouping of tasks, timed or untimed.
Also, in the case of separate articles conducted by the same
authors in which participants overlapped substantially, the
findings were combined and treated as 1 study.’®'

All cognitive tasks and test variables were included in the
meta-analytic database. Pooling of the numerous and various
cognitive measures for purposes of analysis can raise method-
ologic and theoretical challenges because of the heterogeneity
of test batteries across studies. For the purpose of this study, we
were interested only in examining the global difference be-

Table 1: Demographic Details for the TBI and Control Groups: Injury Data for the TBI Group

Mean
TBI and Age Mean Age Mean Mean Injury Severity
Controls TBI Controls TBI Controls YOE Mean YOE TSI (tests used for
Studies (n) (n) (n) (y) (y) TBI Controls (mo) classification)
Untimed—Epoch 1
Ariza et al®® 40.0 20.0 20.0 25.6 25.4 1.4 12.0 6.0 Mod/Sev (GCS)
Dikmen et al?? 395.0 274.0 121.0 28.9 31.2 12.0 12.0 12.0 Mod/Sev (GCS)
Formisano et al®® 45.0 25.0 20.0 22.3  Matched NA NA 11.2  Sev (GCS)
Mathias et al®? 50.0 25.0 25.0 28.6 28.4 11.8 12.0 7.0 Sev (GCS, LOC)
Salmond et al** 41.0 21.0 20.0 33.0 36.0 NA NA 9.8 Sev (NA)
Mean untimed epoch 1 114.2 73.0 41.2 27.7 28.7 1.7 12.0 9.2
Untimed—Epoch 2
Larson et al®® 50.0 26.0 24.0 40.7 35.9 13.9 13.8 110.0 Mod/Sev (GCS, LOC, PTA)
Schmitter-Edgecombe et al®® 40.0 20.0 20.0 29.5 29.3 14.1 14.5 64.8 Sev (LOC)
Schmitter-Edgecombe et al®* 54.0 27.0 27.0 32.4 32.6 14.0 14.4 60.0 Sev (GCS, LOC)
Schmitter-Edgecombe et al®° 48.0 24.0 24.0 34.4 35.4 14.1 14.2 126.0 Sev (GCS, PTA)
Simpson et al®® 40.0 20.0 20.0 324 32.2 14.3 14.8 72.0 Sev (GCS)
Vickery et al®® 40.0 20.0 20.0 34.1 38.7 12.5 12.7 64.8 Sev (GCS, LOC)
Mean untimed epoch 2 45.3 22.8 225 33.9 34.0 13.8 14.1 63.4
Mean epoch 1 and 2 76.6 45.6 31.0 31.1 31.6 131 13.4 38.8
Timed—Epoch 1
Ariza et al®® 40.0 20.0 20.0 25.6 25.4 11.4 12.0 6.0 Mod/Sev (GCS)
Dikman et al?? 395.0 274.0 121.0 28.9 31.2 12.0 12.0 12.0 Mod/Sev (GCS)
Formisano et al®® 45.0 25.0 20.0 22.3  Matched NA NA 11.2  Sev (GCS)
Mathias et al®? 50.0 25.0 25.0 28.6 28.4 11.8 12.0 7.0 Sev (GCS, LOC)
Perianez et al®* 313.0 90.0 223.0 34.6 38.9 12.9 13.3 12,5 Sev (GCS, PTA)
Spikman et al®® 104.0 44.0 60.0 29.8 28.5 NA NA 12.0 Sev (GCS, PTA)
Vakil et al”® 52.0 25.0 27.0 27.0 25.4 NA NA 4.9 Sev (GCS, LOC)
Mean timed epoch 1 142.7 71.9 70.9 28.1 30.3 12.0 12.3 9.4
Timed—Epoch 2

O’Keeffe et al®? 36.0 18.0 18.0 31.3 32.9 NA NA 38.6 Sev (GCS, PTA)
Park et al®® 24.0 12.0 12.0 53.2 51.5 15.3 15.9 62.4 Sev (NA)
Schmitter-Edgecombe et al®® 40.0 20.0 20.0 29.3 29.5 14.1 14.5 64.8 Sev (PTA)
Schmitter-Edgecombe et al®° 48.0 24.0 24.0 34.4 35.4 14.1 14.2 126.0 Sev (GCS, PTA)
Simpson et al®® 40.0 20.0 20.0 32.3 32.2 14.3 14.8 72.0 Sev (GCS)
Vickery et al®® 48.0 23.0 25.0 34.1 38.7 12,5 12.7 61.7 Sev (GCS, LOC)
Mean timed epoch 2 39.3 19.5 19.8 35.8 36.7 14.0 14.4 51.4
Mean epoch 1 and 2 95.0 a47.7 47.3 31.7 33.2 13.1 13.5 28.8

NOTE. Severity ratings are based on self-description of mean severity level provided by author of article.
Abbreviations: LOC, loss of consciousness; Mod, moderate; NA, not available; YOE, years of education; Sev, severe.
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tween timed and untimed neuropsychologic tests, so the vari-
ous cognitive measures were simply divided into these 2 cat-
egories based on the researchers’ specific knowledge of
neurocognitive tests and/or as per the description provided in
the original articles. A description of the individual cognitive
variables that make up these 2 groups of tasks can be found in
table 2. The studies were then further divided into the 2
nonoverlapping epochs. Epoch 1 was chosen to allow an ex-
amination of performances after the end of the acute recovery
period and when most recovery would be expected to have
occurred based on previous studies. Epoch 2 was selected to be
nonoverlapping, and representative of chronic TBI. We se-
lected a time point of 4 years postinjury as the earliest time
point. Studies that met inclusion criteria ranged from a TSI of
4.5 to 10.6 years (see table 1 for studies included in each
cognitive domain and epoch).

Magnitude of effect. A meta-analysis assumes that each
study estimates real differences between groups. Combining
several estimations thus yields a more veridical estimation of
the real effect. Standardized ESs were initially computed for
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each variable with adequate quantitative information (eg,
mean * SD). ESs were then averaged across studies. While the
d statistic has been the most conventional meta-index previ-
ously used, a recent preference for correlational ES measures is
notable in the literature.®® As such, we used r values in our
report. The d and r indices are interchangeable according to the
relation r=[d*/(d* + 4)]"* (assuming relatively equal sample
sizes).*® Whereas d is interpreted in terms of SD units (ie, mean
difference/pooled SD), mean r values are interpreted in the
same manner as typical correlation coefficients. In Cohen’s*’
qualitative terms, mean r’s of .10, .20, and .50 can be consid-
ered small, medium, and large ESs, respectively, in behavioral-
science research. The r values (weighted and unweighted) and
CIs were calculated by first obtaining the Fisher z-transformed
coefficients from the individual test comparisons within each
study.®’

Weighted r values reported are corrected by sample size,
thereby giving greatest weight to the studies with the most
reliablg estimated study ESs—those with the largest sample
sizes.®® Each mean weighted /* and SD was then used to

Table 2: Summary of Individual Untimed and Timed Cognitive Tests by Domain and Epoch

Untimed Tests E1 E2 Timed Tests E1 E2
Learning and Recall Fluency
AVLT Immediate Recall®? X Controlled Oral Word Association®®5° X
AVLT Delayed Recall®? X Design Fluency®5253:56-57.61 X
California Verbal Learning Test—Total®® X Scanning
California Verbal Learning Test—Trial 1%* X Digital cancellation ms®? X
California Verbal Learning Test—Trial 5°* X Digit cancellation hits®® X
California Verbal Learning Test Short-Delay®* X Psychomotor
Long Delay Free Recall®3%* X Finger tapping—dominant?%5859 X
Prose Delayed Recall®® X Grooved pegboard—dominant hand®® X
Related-Word Delayed Recall®® X Finger tapping—nondominant?256:58.59 X X
Unrelated-Word Delayed Recall®® X Name writing—dominant?? X
WMS—Logical Memory?? X Name writing—nondominant?2°8 X
WMS —Visual Reproduction 22 X Attention
WMS —Logical Memory?%5' X X Dual Attention to Response Task®? X
WMS —Visual Reproduction??’ X X PASAT (adapted)1st Third®® X
WMS-IIl Word List Immediate Recall®® X PASAT (adapted) 2nd Third®® X
WMS-IIl Word List Delayed Recall®® X PASAT (adapted) 3rd Third®® X
WMS-IIl Word List Recognition®® X Sustained Attention to Response Task—Fixed®? X
Selective Reminding Total Recall?? X Sustained Attention to Response Task—Random?®? X
Selective Reminding Total Delayed Recall?? X Trail-Making Test Part A%2:5253.58.64 X
Total Recall after 4-hour delay?? X Word Reading/Naming
Prospective Memory Focal Cue Hits®’ X Stroop—color reading?? X
Prospective Memory Peripheral Cue Hits®' X Stroop—word reading®? X
Executive Function Tests Stroop—color/word reading®¢® X X
Raven’s Progressive Matrices®® X Executive
WCST—Categories®3°* X Trail-Making Test Part B?252:53.64 X
WCST—Errors®? X Trail-Making Test Part B — A%'64 X
WCST—Perseverations®3%4 X Trail-Making Test Part B:A Ratio® X
Category Test??%%57 X Trail-Making Test Part B-A/Trails A%* X
Mental Efficiency
Alphabet Span Test®" X
Seashore Rhythm Test?? X
Visuospatial Skills
Facial Recognition®® X
Rey Figure Copy®® X
Other
Tactual Performance Test?? X
WAIS —Full Scale Intelligence Quotient®'-535° X

Abbreviations: AVLT, Auditory Verbal Learning Test; WAIS, Wechsler Adult Intelligence Test; WCST, Wisconsin Card Sort Test; WMS,

Wechsler Memory Scale.
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Table 3: ES Summary Statistics for TBI Versus Control Groups on Untimed and Timed Cognitive Tasks at Epochs 1 and 2

Total Weighted

Total Unweighted Coefficient of

Groups k n r Score Cls r Score Fail-Safe n Robustness

Untimed cognitive tasks 12 895 —0.45 —0.36to —0.57 34 —2.87

Overall -0.47

Epoch 1 5 323 —0.46 —0.32to —0.65 —0.50 36 -1.83

Epoch 2 7 273 —0.38 —0.25to —0.60 —0.44 70 —2.26
Timed cognitive tasks 13 1295 —0.45 —0.40 to —0.56 -0.49 88 -2.11

Overall —0.52

Epoch 1 7 1015 —0.46 —0.35to —0.59 —0.48 54 -1.60

Epoch 2 6 280 -0.40 —0.32to —0.62 -0.49 141 —-1.44

compute 95% ClIs for both the timed and untimed groups.
Finally, the 7? values were reconverted to r values.®®®” The
95% CI around the weighted r reflects the variability across
studies and, if encompassing 0, indicates nonsignificant
(P>.05) deviation of the mean ES from this null hypothesis
value.

Note that, given the relatively small number of studies
published in this area, the use of weighted r could dispropor-
tionately bias results based on a single study. Therefore, un-
weighted r values are also presented in order to provide the
most comprehensive review possible.

In addition to the ClIs, coefficients of robustness were cal-
culated to compare the observed effects for robustness and
homogeneity. Viewed as a “second-order effect size,”® the
coefficients of robustness provides a common metric in
order to compare average group ESs as they are standardized
by their SDs.

Because of the potential for meta-analyses to be subject to
publication biases—that is, the selective publication of signif-
icant results—fail-safe calculations were also conducted. A
number of different methods have been proposed to deal with
this issue. Consistent with our choice of the r measure of ES,
we applied the Orwin method’® that calculates the number of
additional studies of null effect needed to reduce the average
ES to a minimal size (ie, r=.10).**"!

RESULTS

Participants

A total of 1380 participants from 16 studies were included in
this meta-analysis: 694 people with moderate to severe TBI and
686 control participants. Demographic details for participants
in the studies included in this analysis are summarized in table
1. Participants were similar in terms of their mean age and
years of education. When the ages and educational levels
were compared via ¢ test, the TBI and control groups did not
differ significantly (education, t;s=.55, P>.05; age, t;5=.76,
P>.05), suggesting that these groups were overall well
matched on these variables. Furthermore, participants in stud-
ies across both epochs, and across timed versus untimed tests,
did not appear to differ in their demographic data and injury
characteristics (see table 1). From among these publications, 13
studies had either similar numbers or a matched percentage of
men in both TBI and control groups, 2 studies did not report the
sex of participants in either group,®*’? 1 study reported only
the sex of participants in the TBI group,”® and 4 studies
reported unequal numbers of men between the TBI and control
groups. The overall percentage of men in the TBI group was
75.8, while overall percentage of men in the control group was
69.4. In terms of injury severity, the overall average GCS score

was 7.25, while average length of PTA was 53.23 days. Thus,
participants were, overall, within the severe range of severity.

Untimed versus timed tests. Similar numbers of studies
were used in each epoch for untimed and timed tests (un-
timed=35 studies in epoch 1, and 6 studies in epoch 2; timed="7
studies in epoch 1, and 6 studies in epoch 2).

Table 3 lists the ES differences (weighted r, unweighted r,
CIs, coefficients of robustness, and fail-safe n) between pa-
tients with TBI and healthy controls for the 2 epochs organized
by timed and untimed neuropsychologic tests.

The overall weighted r for each domain collapsed across the
2 epochs shows that patients with TBI performed worse than
controls on both types of tests (table 3; untimed: weighted
r=—.45,CI, —.36 to —.57; timed: weighted r=—.45, CI, —.40
to —.56). Examination of unweighted r yielded similar results.

For untimed tests, a moderate to large negative ES difference
(weighted r) in both epochs (epoch 1: weighted r=—.46, CI,
—.32 to —.65; epoch 2: weighted r=—.38 CI, —.25 to —.60)
was observed. The negative ESs show that patients with TBI
perform consistently worse than controls on untimed tests
across these 2 points in the chronic TBI spectrum. Examination
of unweighted r values yielded similar results. The overall CIs
suggest that the results are reliable; the coefficient of robust-
ness suggests the method of analysis is relatively robust to
outliers and small departures from underlying assumptions.

Similarly, for timed tests, a moderate to large negative ES
difference (weighted r) in both epochs (epoch 1: weighted
r=—.46, CI, —.35 to —.59; epoch 2: weighted r=—.40; CI,
—.32 to —.62) was noted. Like untimed cognitive tasks, the
findings show that patients with TBI consistently performed
worse than controls. Examination of unweighted r yielded a
very similar pattern of findings from epoch 1 to 2.

DISCUSSION

To our knowledge, this is the first research synthesis that has
examined untimed versus timed cognitive processing during 2
subacute periods after moderate to severe TBI. Very few lon-
gitudinal studies of recovery have examined recovery at this
late postinjury phase; of these, most were plagued by signifi-
cant attrition and likely sample bias. Consequently, a clear and
definitive clinical picture of long-term outcome from moderate
and severe TBI has remained elusive.

We observed robust residual cognitive deficits at both ep-
ochs, for both timed and untimed processing. In a meta-analytic
study of subjects with moderate to severe TBI, Schretlen and
Shapiro’* noted large ESs when they explored earlier epochs
than in our study (<6mo postinjury; >24mo postinjury). Our
findings were compatible with these findings in that significant
persisting cognitive impairments were observed during the
chronic stages of recovery.
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In the current study, we further characterized this picture by
separately examining untimed versus timed cognitive process-
ing across epochs, thus avoiding the potential confounding of
untimed performances by impaired speed of processing. We
observed moderate to large ESs at each epoch for untimed and
timed tasks, indicating that significant cognitive impairments
persist even when the dimension of speed of processing is
parceled out from neuropsychologic tests encompassing verbal
learning/recall, visuospatial learning/recall, prospective mem-
ory, executive functioning, mental efficiency, and visuospatial
skills. These findings are consistent with those of a recent
study®® finding that deficits in divided attention, executive
functions, and long-term memory were better explained by a
primary deficit in working memory than a deficit in speed of
processing per se at approximately 1.5 years after brain injury.

That cognitive deficits persist even in the absence of any
speed of processing requirement suggests that patients with
TBI, their families, and the health care professionals that work
with them should be prepared to implement compensatory
strategies and accommodations for a wide variety of deficits
into the long term in order to facilitate functioning and improve
quality of life. These efforts are of particular import given the
negative impact of persistent cognitive deficits post-TBI (eg,
economic toll, increased psychologic distress such as depres-
sion/suicide, psychosocial dysfunction, marital/family/social
network breakdown) and may be guided by findings linking
specific co%nitive deficits to functional outcome (eg, Rass-
ovsky et al*! found that speed of information processing but not
verbal memory mediated the relationship between TBI severity
and post-TBI adaptive functioning).?'

Further, more fine-grained research is needed to characterize
primary, underlying persisting deficits and possible differences
across neuropathologic, demographic, or psychosocial sub-
groups. It is also needed in order to uncover more subtle
chronic changes that may exist, such as the clinically and
scientifically important possibility of postrecovery cognitive
decline. Animal”>’® and human studies’”-’® have suggested
that the brain may atrophy after initial injury and that cognitive
functioning, too, may show a decline for some people in some
domains after an initial normalized period of recovery.®'%-*
For example, Till et al*® found that approximately 1 (27%) in 4
adults with moderate to severe TBI demonstrated some degree of
cognitive decline between the first year of recovery and 2 to 5
postinjury. Ng et al” found visible interval changes on structural
magnetic resonance imaging (read by expert neuroradiologists)
over the same time period, including increased gliosis, increased
white matter signal intensities, and tissue loss.

Persisting cognitive impairments may also leave some people
vulnerable to a downward spiral of neuroplasticity with negative
consequences analogous to that proposed by Mahncke et al**®! in
association with aging. Turner and Green® have argued that
chronic TBI, with its endogenous and exogenous changes similar
to those observed in normative aging (eg, cognitive impairment,
loss of employment, reduced opportunities for social contact),
fosters conditions for negative plasticity.

Study Limitations

It should be noted that our literature search was limited to
articles published in English, and that it is possible that unpub-
lished studies with nonsignificant findings were excluded from
the current meta-analysis. It is also possible that the search
terms used were not exhaustive, resulting in the omission of
relevant articles. Recruitment methods of the included studies
were not assessed (eg, subjects may have be enrolled because
they were symptomatic or had experienced particularly good or

Arch Phys Med Rehabil Vol 89, Suppl 2, December 2008

poor recoveries), and this too could potentially contribute to
outcome heterogeneity.

The ultimate quality of a meta-analysis is guided by the
quality of included primary studies. Mathias and Wheaton?’
describe a number of factors that must be included within TBI
studies in order to allow appropriate evaluation of individual
studies and integration of studies in the form of meta-analyses.
Future authors are advised to include those factors cited and to
examine neuropsychologic recovery course separately for
timed and untimed tasks. One limitation of the primary stud-
ies—which in turn produced limitations in the current meta-
analysis—is that they did not quantify the percentage of vari-
ance accounted for by speed of processing versus other mental
processes. Because the tests used in the studies eligible for
inclusion at epoch 1 differed from those in epoch 2, direct
comparisons across the epochs should be made with caution.

Another reason comparisons across epochs must be made
conservatively is that there may be differences in the samples
that would influence the results. For example, clinical or de-
mographic factors (eg, persisting symptoms, socioeconomic
status, education) could carry greater influences on the proba-
bility of participating in a long-term follow-up study than an
earlier study; studies conducted early postinjury are often in-
corporated into routine clinical care, and thus factors such as
family support, socioeconomic status, and severity of injury are
less likely to influence participation. In this regard, we found
that years of education were slightly higher in epoch 2 than
epoch 1 in the current study, suggesting that those available for
or interested in participating in a neuropsychologic study many
years postinjury might be better educated than those who did
not participate. A mitigating factor for this concern, however,
is that the disparity in education from epoch 1 to epoch 2 was
the same for timed and untimed tests. Therefore, any biases as
a function of TSI may have influenced the 2 test types simi-
larly. Another mitigating factor is that severity of injury was
highly similar across test type and epochs, with most studies
including patients in the severe range of injury on average, and
a few made up of patients in the moderate-to-severe range.

Additional factors that may be worthwhile to include in future
studies and were not evaluated in our study include the presence
of chronic pain symptoms, affective status, and symptom validity
performance. Issues such as chronic pain and affective status are
additional factors associated with TBI that could influence an
individual’s neuropsychologic test performance, resulting in po-
tential decline and/or fluctuation over time. Future work incorpo-
rating these factors would enrich our current knowledge regarding
TBI recovery course and possible moderators.

CONCLUSIONS

People with moderate to severe TBI exhibit wide-ranging neu-
ropsychologic deficits in both the acute and chronic phases of
recovery. Relative to healthy controls, people with moderate to
severe TBI were impaired on both timed and untimed neuropsy-
chologic tasks at 2 chronic postinjury epochs: at or shortly after
recovery plateau, and much later, at 4.5 or more years postinjury.
These results, using meta-analysis, converge with and provide
further specificity to the relatively small number of previous
longitudinal studies of cognitive deficits in chronic TBI.
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