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Examining Moderators of Cognitive Recovery Trajectories
After Moderate to Severe Traumatic Brain Injury

Robin E. Green, PhD, CPsych, Brenda Colella, MA, Bruce Christensen, PhD, CPsych, Kadeen Johns, BA,
Diana Frasca, MSc, Mark Bayley, MD, FRCPC, Georges Monette, PhD

ABSTRACT. Green RE, Colella B, Christensen B, Johns K,
Frasca D, Bayley M, Monette G. Examining moderators of
cognitive recovery trajectories after moderate to severe trau-
matic brain injury. Arch Phys Med Rehabil 2008;89(12 Suppl
2):S16-24.

Objectives: To examine the influence of cognitive reserve-
related moderator variables on recovery trajectories during the
first year after traumatic brain injury (TBI). Using mixed
effects models, we measured (1) the level of cognitive function
at 2 and 12 months postinjury and (2) the trajectories of
cognitive recovery during the first 12 months postinjury.

Design: Repeated-measures design with neuropsychological
testing at 2, 5, and 12 months postinjury.

Setting: Large, urban inpatient neurorehabilitation program.

Participants: Patients (N=75) with moderate-to-severe TBIL

Interventions: Not applicable.

Main Outcome Measures: Primary outcomes: neuropsycho-
logical composite scores including simple speed of processing,
complex speed of processing, memory, untimed executive func-
tions, and attention span. Primary predictors: age, estimated pre-
morbid intelligence quotient (IQ), and years of education.

Results: Only age significantly moderated trajectories. De-
creasing age significantly enhanced recovery of speed of process-
ing, both simple (2-12mo postinjury, P<<.001) and complex
(2-12mo postinjury, P<<.05; 5-12mo postinjury, P<<.005). De-
creasing age and increasing estimated premorbid 1Q were as-
sociated with higher performance at 2 and 12mo postinjury for
simple speed of processing (premorbid IQ, 2 and 12mo), com-
plex speed of processing (age, 2 and 12mo), untimed executive
functions (premorbid 1Q, 2 and 12mo), and memory (premor-
bid IQ, 2 and 12mo).

Conclusions: Recovery of speed of processing (both simple
and complex) was favorably moderated by younger age. Older
age is associated with more neuronal loss and less integrity of
white matter, and speed of processing is associated with white
matter networks. The recuperative effects of younger age may
therefore be attributable to greater reserve capacity (as indexed
by white matter integrity). Lower age and higher estimated
premorbid IQ were associated with higher functioning on a
variety of cognitive outcomes. This may reflect the buffering
effects of reserve capacity or premorbid differences in age and
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IQ-related cognitive functioning. Implications for rehabilita-
tion and recovery mechanisms are discussed.
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FTER TRAUMATIC brain injury, a pressing question of

patients and families is whether a patient will recover their
preinjury level of cognitive functioning, and if so, by when.
However, the heterogeneity of brain injuries and the people
that sustain them represents a challenge for outcome predic-
tion, as does a growing but incomplete understanding of the
mechanisms underlying recovery. Consequently, the ability of
clinicians to predict cognitive outcomes is modest, despite
much research in this area.'™'

The bulk of research to date examines the predictive validity
of injury severity and demographic variables.'"'° Injury severity
studies have generally shown that duration of PTA and length of
coma predict longer-term cognitive outcome,*>7115 and that
the GCS predicts initial level of function, but demonstrates limited
correlation with outcome at 1 year."*%'* Other measures, too,
have been observed to correlate with neuropsycholo§ical out-
come, such as the Head-Abbreviated Injury Scale.**' Demo-
graphic variables shown to correlate with poorer cognitive out-
come after TBI include advancing age,*'*'®*' low education
level,>'>'¢ sex (male),' and minority status.'

Table 1 presents a summary of studies examining demo-
graphic and injury-related predictors of neuropsychological
outcome. As illustrated in the table, while a predictor may
account for significant outcome variance in some studies, other
studies using the same predictor variables may show weak or
no association with cognitive outcomes. This is likely ex-
plained by differences across studies in outcome measures,
timing of assessments, and sample characteristics. However,
methodologic limitations, too, may account for inconsistencies
across studies. As noted by Chu et al,'® many studies employ
short-term follow-up assessments, very small sample sizes, and
weaknesses in statistical analysis. With regard to the last, most
longitudinal studies of cognitive recovery have not allowed for
the heterogeneity in recovery outcomes to be examined be-
cause they have used multivariate analysis of variance. Chu

List of Abbreviations

GCS Glasgow Coma Scale

1Q intelligence quotient

LOS length of stay

NAART North American Adult Reading Test
PTA posttraumatic amnesia

RAVLT Rey Auditory Verbal Learning Test
TBI traumatic brain injury

TMT-A Trail-Making Test part A

TMT-B
WTAR

Trail-Making Test part B
Wechsler Test of Adult Reading
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Table 1: Summary of Literature for Demographic and Injury-Related Predictors of Cognitive Outcome
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Main Findings

Positive Findings

Negative/Weak Findings

Variables Design Design
Demographic Study Pro/Ret Size Cognitive Tests* Study Pro/Ret Size Cognitive Tests

Education Kesler et al'’ Pro S Battery Chu et al'°* Ret RAVLT
Niemeier et al'? Ret L WCST Lannoo et al® Pro L Battery
Novack et al'® Pro L Battery Millis et al® Ret M Battery
Ruff et al® Ret S Battery L
Sherer et al'® Pro M Battery

Age Chu et al'®" Ret L RAVLT Chu et al'®" Ret L RAVLT
Millis et al® Ret L Battery Lannoo et al® Pro M Battery
Novack et al'® Pro L Battery Lezak et al'8" Pro S RAVLT; DS
Sherer et al'® Pro M Battery Ruff et al® Ret S Battery
Zwaagstra et al?'" Ret S SOP

Premorbid 1Q Kesler et al'” Pro S Battery

Injury-Related Positive Findings Negative/Weak Findings

Duration of PTA Chu et al'®" Ret L RAVLT Chu et al'®* Ret L RAVLT
Hellawell et al*" Pro M Battery Formisano et al'® Pro S Battery
Lannoo et al® Pro M Batter Millis et al® Ret L Battery
Levin et al"" N/A N/A  Memory Novack et al™ Pro L Battery
Mandelberg?® Pro L WAIS-VIQ/PIQ

Length of coma Dikmen et al’ Pro M Battery Ruff et al® Ret S Battery
Lannoo et al® Pro M Battery Formisano et al'® Pro S Battery
Levin et al’ Pro S Battery Lannoo et al® Pro M Battery
Lezak et al'®" Pro S RAVLT; DS
Niemeier et al'? Ret L WCST
Ross et al' Pro L Battery
Wong et al'® Ret L WAIS R-PIQ/VIQ

GCS Dikmen et al’ Pro M Battery Lannoo et al® Pro M Battery
Levin et al® Pro L Battery Novack et al'® Pro L Battery

Ruff et al® Ret S Battery
Acute Care LOS Novack et al™ Pro L Battery
Time since injury Formisano et al'® Pro S Battery

NOTE. Summary information is provided for preinjury demographic and injury-related predictors, experimental design, and outcome
measures of studies. Only predictive (as opposed to concurrent) studies have been included. Tests with 3 or more assessments are noted.
Abbreviations: DS, digit span; L, large sample size (N>100); M, medium sample size (N=51-100); PIQ, performance 1Q; Pro, prospective study;
Ret, retrospective study; S, small sample size (N=0-50); SOP, speed of processing; VIQ, verbal 1Q; WAIS-R, Wechsler Adult Intelligence
Scale-Revised; WCST, Wisconsin Cart Sorting Test; WMS-R, Wechsler Memory Scale-Revised.

*Where more than 3 cognitive tests were measured in a study, we have used the word “Battery.”

"Denotes that 3 or more time points of assessments were used.

et al'” highlighted the value of using mixed-effects models,

which can accommodate this intraindividual heterogeneity and
have the additional advantage of accommodating missing data,
which is a common feature of longitudinal TBI studies.”
One of the most important benefits of mixed effects models
for studying recovery from TBI is that they allow for an
examination of the impact of predictor variables on recovery
trajectories. Most previous studies have examined the influence
of variables on level of function, either at the acute or subacute
stages. Such studies can shed light on the protective or buff-
ering effects of a moderator—that is, whether a predictor
variable (eg, higher years of education) results in a milder
impact of the brain injury on level of cognitive performance.
However, an understanding of whether and how a moderator
might augment recovery can only be achieved by an examina-
tion of recovery trajectories. Determining whether a moderator
can enhance or diminish recovery, and whether such putative
effects would manifest during the early or chronic stages of
recovery, could be informative for prognostication and for
decisions regarding distribution of clinical resources. For ex-

ample, patients at risk for a slow early recovery for a given
cognitive function could be alerted to this, and targeted inter-
vention to offset the slow early recovery might theoretically
enhance overall recovery of that function.

Understanding the impact of moderators on recovery trajec-
tories might also allow for a greater understanding of the
mechanisms of recovery. For example, some variables exam-
ined as predictors of TBI outcome are associated directly or
indirectly with the notion of reserve capacity (eg, premorbid
IQ, years of education, age). The concept of reserve capacity
can be used as a heuristic for discussing brain injury. This
construct derives from the observation that the degree of brain
pathology during disease (or after brain injury) is not directly
progozrgtizclnate to the clinical manifestations of that patholo-
gy. =7=" Reserve capacity has been described as being both
actively accrued, through exogenous influences such as educa-
tion and lifestyle, and passively existing because of endoge-
nous factors that determine premorbid brain size, innate intel-
ligence, or numbers of neurons. Implementation of reserve
capacity has been characterized as both the compensatory
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recruitment of alternative pathways (or altered, existing net-
works) to perform a function and as the consumption of a finite
reserve, which, once deg)leted, gives way to the clinical man-
ifestations of illness.'”

If reserve capacity serves solely to buffer the effects of
injury, then we might expect an impact of reserve capacity
variables on initial level of cognitive performance after brain
injury,'® but not on recovery trajectories. On the other hand, if
reserve capacity confers resources that support restitution of
function or functional reorganization of the brain during recov-
ery,?>?® then we would arguably expect an impact of those
variables on the trajectories of recovery. A better understand-
ing of the nature of reserve capacity could be gained by
identifying which cognitive trajectories were moderated by
which predictor variables. For example, if recovery of speed of
processing (associated with functional connectivity and medi-
ated by white matter tracts’*>°) were moderated by years of
education and/or age, one might argue that in the healthy brain,
reserve capacity could accrue with years of education (through
increased complexity/connectivity of white matter tracts) or
diminish through age-related white matter loss.”’

Only a handful of cognitive recovery studies in TBI have
examined recovery trajectories, and of these, few have used
mixed-effects models.'®'52!32 Still fewer have examined
directly the influence of reserve capacity—-related variables on
recovery. Chu et al'® examined the impact of age on memory
recovery from 1 to 5 years postinjury, using the total learning
score of the RAVLT.? Their study retrospectively examined
794 patients from a larger group of patients from a multisite
study of TBI recovery (the TBI Model System program pa-
tients); they also examined length of PTA and early postinjury
memory performance as moderators of recovery. They found
that age and length of PTA significantly predicted level of
memory performance at 1 year postinjury, but none of the
variables influenced the trajectory of recovery from 1 to 5 years
postinjury (see table 1). One limitation of the Chu'® study was
that, looking over a long period, Chu'® used a quadratic term to
capture possible curvature in the recovery trajectory. However,
because TBI recovery trajectories are likely to rise to an
asymptotic level, an asymptotic model may have been more
appropriate in this case (for discussion, see Wong et al'”).
Zwaagstra et al*' used mixed-effects modeling to examine 24
severely brain-injured patients with TBI on a small group of
tests of speed of processing. Testing patients from 3 months to
4 years postinjury, they found that age (and duration of coma)
moderated recovery on simple and complex tests of speed of
processing.

In the current study, we examined predictors of cognitive
recovery in a prospective study with low attrition using mixed
effects modeling. We examined recovery over the first year
postinjury using a linear spline model (ie, a model that allows
a possible change in rate of recovery around 5 months postin-
jury) to capture the asymptotic nature of recovery. (Because we
were not studying recovery over a long period, a true asymp-
totic model was not an option). We examined demographic
predictors that are associated with cognitive reserve: age (indi-
rectly related through loss of neurons/white matter integrity),*’
years of education, and estimated premorbid intellectual func-
tion. The cognitive outcome variables examined were compos-
ite scores representing a series of cognitive domains known to
be disrupted after TBI: simple and complex speed of process-
ing, memory, executive function, and attention span.”> Com-
posite scores were used because of the increased reliability
attained by aggregating related tests. We were particularly
interested in examining speed of processing because it is ar-
guably the most ubiquitous cognitive deficit in TBL>****! and
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its recovery the most protracted.?'*%**> We examined the mod-
erating influences of these variables on level of cognitive
function at 2 months and 12 months postinjury, and on recov-
ery trajectories from 2 to 5, 5 to 12, and 2 to 12 months
postinjury.

METHODS

The study protocol was approved by the Research Ethics
Board at the Toronto Rehabilitation Institute, where the study
was conducted. The procedures of the study were in accor-
dance with the standards of the Research Ethics Board.

Participants

Patients with TBI. The 75 patients with TBI in this study
had been recruited to a larger study investigating the natural
history of cognitive and motor recovery after TBI at the Neu-
rorehabilitation Program of the Toronto Rehabilitation Insti-
tute. The clinical program is publicly funded, but it also re-
ceives patients who have motor vehicle collision insurance and
other forms of private insurance. The catchment area for the
program is province-wide. Overall, the program sees a broad
cross-section of patients of differing age (=17y), socioeco-
nomic status, and ethnicity.

Inclusion criteria for the study were as follows: (1) acute
care medical diagnosis of TBI, (2) PTA of 1 hour or more
and/or GCS of 12 or less either at emergency or the scene of
accident and/or positive computed tomography or magnetic
resonance imaging findings, (3) age between 17 and 80, (4)
able to follow simple commands in English based on speech
language pathologist intake assessment, and (5) competency to
provide informed consent for study or availability of a legal
decision-maker.

Exclusion criteria included the following: (1) orthopedic
injuries affecting both upper extremities and/or both lower
extremities (relevant to the larger study, which also examined
motor recovery); (2) diseases primarily or frequently affecting
the central nervous system, including dementia of Alzheimer
type, Parkinsons disease, multiple sclerosis, Huntingtons dis-
ease, lupus, stroke-based on medical records, and screening of
family members for patients older than 50 years; (3) history of
psychotic disorder; (4) not emerged from PTA by 6 weeks
postinjury, as measured by the Galveston Orientation Amnesia
Test*; (5) TBI secondary to other brain injury (eg, a fall
caused by stroke); and (6) failure on a test of symptom validity
(Test of Memory Malingering)** at any of the assessments.

Table 2 provides demographic and injury characteristics of
the sample, which is a typical sample of moderate to severe
TBI: predominantly male, average estimated premorbid IQ,
and preponderance of injuries caused by motor vehicle colli-
sions. However, because the study excludes patients who were
not out of PTA by 6 weeks postinjury, patients with the most
severe injuries were not included in the study.

Seventy-eight patients were initially recruited. Of those, 3
were not included in the current analyses. One was suspected
of having a comorbid dementia, and 2 developed new neuro-
logic disorders during the course of the study (hydrocephalus
and Korsakoff encephalopathy). Of the 75 patients included, 50
completed 3 assessments, 17 completed 2 assessments, and 8
completed 1 assessment.

Materials

Neuropsychological test battery. All of the tests were se-
lected based on a priori clinical and experimental consensus
regarding the cognitive domains most affected by TBI, and on
the known validity and reliability of the tests for TBL. Cogni-
tive domains assessed included the following:
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Table 2: Injury and Demographic Characteristics of Sample (N=75)

Variable Proportion Range
Age (y) 37.37+15.49  (17-79)
Education (y) 12.71+2.78 (7-21)
Premorbid 1Q (n=62) 100.43+12.51 (78-124)
Sex (% male:female) 80:20
Socioeconomic status (%) (based on
Hollingshead classification)
1 (Major business/professional) 10.0
2 (Medium business/minor
professional, technical) 35.7
3 (Skilled craftsperson, clerical,
sales worker) 20.0
4 (Machine operator, semiskilled
worker) 31.4
5 (Unskilled laborer, menial
service worker) 1.4
Type of injury (%)
Motor vehicle collision 55.7
Fall 32.9
Assault 8.6
Sports injury 29
Acute care LOS (d) 38.03+x17.17 (9-88)
GCS (lowest of recorded scores) 6.97+3.59 (2T-14)
Mild (13-15) 11.4
Moderate (9-12) 15.7
Severe (=8) 58.6
Missing data 14.3
Length of PTA (%)
<5min (very mild) 5.7
1-24h (moderate) 2.9
1-7d (severe) 17.1
1-4wk (very severe) 38.6
>4wk (extremely severe) 12.9
Missing data 22.9

NOTE. Values are means + SDs or as otherwise noted.

1. Simple speed of processing. This domain was composed
of Stroop reading (a test of speeded single word reading)
and Stroop color naming (a test of speeded color nam-
ing).*

2. Complex speed of processing. This domain included the
following: TMT-B minus TMT-A** (connect-the-dots
style, timed psychomotor tests; TMT-A measures speeded
visual attention and scanning; TMT-B additionally mea-
sures speeded set shifting); the Hayling Sentence Comple-
tion Test (modified for computerized administration)*® con-
gruent minus incongruent conditions (a test of generative
and inhibitory processes in which the former requires
speeded completion of sentences missing the last word
with a word that makes sense in the context of the
sentence, and the latter requires speeded sentence com-
pletion with a word that does not make sense in the
context of the sentence); choice reaction time (a test
requiring a speeded decision made to a visual target—the
orientation of an arrow) minus simple reaction time (a
speeded presence/absence response to a visual target, ie,
an arrow); and the Symbol Digit Modalities Test
Oral*’ (a timed test requiring pairing of symbols with
digits).

3. Executive function. This domain included the digit and
spatial spans backward tasks (tests requiring the imme-
diate repetition backward of strings of digits or visual

sequences of increasing length)*®; and the Wechsler
Adult Intelligence Scale, verbal abstraction test (a test
requiring identification of common threads between
pairs of words).**->°

4. Simple attention. This was composed of the digit and

spatial spans forward tasks (immediate repetition of
strings of digits or visual sequences of increasing
length).*®

5. Organized and unorganized verbal and visuospatial

learning and memory. This last domain included the
RAVLT® (a test of recall and recognition of an unor-
ganized list of 15 words); the Rey Visual Design Learn-
ing Test®>® (a visuospatial analog to RAVLT); and the
Wechsler Memory Scale—III, logical memory*3(a test
requiring the immediate and delayed recall of prose
passages).

None of the neuropsychological tests have appreciable floor
or ceiling effects for patients with moderate to severe TBI.
Most tests (except for TMT-A and Symbol Digit Modalities)
have alternate forms, which were administered on repeat test-
ing to minimize practice effects.

In order to avoid contamination of findings by orthopedic
injury or central motor deficits, all timed tests either did not
have manual motor demands or had motor contributions par-
celed out through a subtraction approach (eg, TMT-B minus
TMT-A) in order to measure mental processing speed and not
manual motor speed. The test battery described was part of a
larger comprehensive neuropsychological battery, which re-
quired approximately 4.5 hours to administer.

Collection of moderator variables, age, premorbid 10, and
years of education. Information about age and highest level
of education attained was collected during a structured inter-
view from patients, and corroborated by caregivers where
necessary. Estimated premorbid IQ was estimated for each
participant using the WTAR’' or the NAART.>* (Note that the
study switched from the NAART to the WTAR because the
latter has been demonstrated to show good reliability for mod-
erate and severe TBL.%)

Collection of control variables (injury severity), GCS, PTA,
and acute care LOS. This information was abstracted from
the hospital medical records wherever possible. The lowest
GCS score recorded for each patient, either at the scene of
injury or in the emergency department, was collected where
available and used as a continuous, ordinal scale value. Where
information related to PTA was not recorded in the medical
record, questioning of the patient and caregivers was under-
taken during a structured interview. Length of PTA was de-
scribed according to the classification described by Lezak et
al** and used as a continuous ordinal scale value. Acute care
LOS, in days, was calculated based on admission and discharge
dates from the acute care hospital.

Design and Procedures

The study employed a prospective, repeated-measures de-
sign. Patients were tested at 2, 5, and 12 months postinjury. The
cognitive battery was divided into 5 blocks of tests, with a fixed
order of tests within each block designed to minimize interfer-
ence between tests (eg, verbal memory test contained nonver-
bal tests between learning and delayed recall phases). Test
blocks were matched as much as possible for the number of
timed tests and effortful tests. Each block contained a maxi-
mum of 1 memory test. Block order was counterbalanced, but
each participant received the same block order across testing
sessions. Cognitive tests with known practice effects contained
2 or more alternate forms. When the same form was adminis-
tered a second time (ie, where only 2 alternate forms were
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available), this administration occurred no less than 10 months
after the first administration in order to minimize practice
effects. Order of alternate forms was counterbalanced across
subjects. The 2-month testing window ranged from 1 to 3
months postinjury and took place during the inpatient stay.
Neuropsychological assessment was administered over a
maximum 72-hour period, with individual testing sessions
ranging from 0.5 to 3 hours, as tolerated by the patient. The
5-month window ranged from 3.5 to 5.5 months postinjury,
and all testing took place over a 2-day period. The 12-month
window ranged from 11 to 13 months postinjury and again,
all testing took place during the same 2-day period.

Data Analysis

Data transformation and reduction. In order to increase
reliability of neuropsychological tests, all cognitive test scores
were transformed to a common metric and combined into their
respective larger aggregate. To combine the tests, each test
with normative data was converted to a z score using external
standardization. (Percentile norms were converted to z scores
by using the normative score corresponding to the percen-
tile.) To combine tests without normative data, we used the
means and SDs of the tests in the later stages of recovery (ie,
5mo and ly postinjury) to generate a z score. The z scores
for the tests in a common aggregate were then added and the
sum restandardized using an estimated SD derived from the
empirical correlations between the tests.

Mixed-effects models. With longitudinal mixed models, it
is possible to study whether expected values of the intercepts
and slopes—that is, the level and shape of recovery trajecto-
ries—are affected by other variables. Participants were tested
at approximately 2, 5, and 12 months after injury, and the rate
of recovery may differ between the 2-month to 5-month
period and the 5-month to 12-month period. A model for
individual recovery trajectories that allows a possible
change in rate around 5 months uses a linear spline. The
model at the individual level for a response variable Y is
given by the following:

Y= B+ BTy + Bzi(Tn - 5)+ +e&;

where Y, is the measured response variable for subject i on
occasion t, T}, is the number of months postinjury when testing
was performed, measured to the nearest day, and the quantity
(T,,—5), equals to 0 if T;, and equals T;,—5 if T;,,=5. The error
term, €;, which is assumed to have a normative distribution
with mean 0 and unknown variance o, represents the random
variability in the measurement of the response for the ith
subject.

These definitions for the variables representing time postin-
jury imply the following interpretations of the parameters f3,,
B and B By, is the intercept at time 7=0, 3, is the rate of
change a month before the fifth month, 3,,+f3,; is the rate of
change a month after the fifth month, and B,; is the difference
between these 2 rates. The expected response level at time T
postinjury is given by the following:

Boi+ BT+ BT —5).

The parameters 3, B, and 3,; of the individual-level model
are then treated as outcomes in a between-individual model in
which the relationship between trajectories and other variables,
such as age, can be estimated.

For example, a model to study the relationship between age
and the extent and speed of recovery could have the following
form:

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

Boi = Yoo T Yoage.z; + 8y
Bii = Yo+ ynage.z + 51,»
Bai = Y20 T+ Yva108€.2; + 8y

where age.z; is a z score for the age of subject i at injury. The
error terms, 0,, 0,; and §,; are assumed to have a multivariate
normative distribution with mean O and a variance covariance
matrix to be estimated or specified in the analysis. These error
terms represent departures of the ith subject’s trajectory from
the trajectory predicted by age. If the variance of §,; or §,; is
estimated to be very small, the variance and associated covari-
ance may be treated as if they were 0.

For g equal to 1, 2, or 3, the parameters vy,, are the mean
population values of the corresponding S, for a subject whose
age equals the sample average, and vy, is the expected differ-
ence in B, associated with a difference of 1 SD of age. If vy,
and vy,, are not both 0, then age acts as a moderator because
there is an interaction between age and time in their effect on
the response.

In short, mixed-effects models allow us to examine the
impact of potential moderators on recovery trajectories as well
as on the level of impairment (in this case, at 2 and 12mo
postinjury). The purpose of these analyses is to identify which
variables affect the shape of recovery trajectories. The mixed-
effects model hypothesizes a recovery trajectory for each sub-
ject, where trajectories vary randomly from subject to subject
in both height and shape, corresponding to differences in the
degree and speed of recovery. Using the first 3 waves of the
data in which subjects were measured at 2, 5, and 12 months
postinjury, we studied the amount of recovery from 2 to 5
months, from 5 to 12 months, and from 2 to 12 months
postinjury.

Five outcome measures (aggregates) were examined. The
first (preliminary) analyses undertaken were simple predictor
(or regression) models in which we sought those variables that
accounted for the most variance at initial level of performance
that were themselves not affected by performance level (as
would be a behavioral measure, for example) and that were
available for most subjects. Identifying these variables allowed
us to then use them as covariates in the recovery models to
control for differences between participants in terms of initial
level of impairment (ie, different starting points). We included
age, estimated premorbid IQ, years of education, length of
PTA, GCS, and acute care LOS and looked at these potential
control variables individually and interactively.

In the next set of analyses, the effects of the 3 moderator
variables of interest (age, estimated premorbid 1Q, and years of
education) on the 5 cognitive outcome aggregates were initially
examined. We adjusted for multiple comparisons, with an
initial P value of .05, using a Bonferroni-Holm adjustment.’*
We then examined for each variable whether there was evi-
dence of an overall effect—that is, the contribution of the
moderator to the model through both main effects and interac-
tions combined. Taking a conservative approach, only if an
overall effect was present after adjusting for multiple compar-
isons did we then examine whether the predictor was signifi-
cantly related to the slopes (ie, 2-5, 5-12, or 2—12mo) and/or
levels (at 2mo or ly) for the trajectory.

RESULTS

In preliminary models examined for all cognitive aggregates,
moderators, and control variables, premorbid IQ was found to
be a significant predictor of initial level of impairment and was
used as a covariate in subsequent models, except those exam-
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Fig 1. Relationship between
age and recovery of complex
speed of processing across
time. Y-axis values are z
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centile, meaning that 20% of I
the participants are 19 years
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ining premorbid IQ as a moderator. In some cases, an interac-
tion between premorbid IQ and age as predictors of initial level
of impairment was found (ie, untimed attention—years of edu-
cation; untimed attention—acute care LOS; memory—premorbid
IQ, memory—years of education, memory—acute care LOS),
and in these cases, age was added as a covariate in the models.

In the main analyses, after the Bonferroni-Holm adjustment,
the significance level for the overall effect was P equal to .013.
The variables for which overall effects attained significance
were age for the complex speed of processing and simple speed
of processing aggregates, and premorbid IQ for the simple
speed of processing, untimed executive, and memory aggre-
gates. For these models, we were then able to examine the
specific effects of the moderator on the recovery trajectories.
Years of education showed no significant overall effects; in-
deed, none of the findings for years of education approached
significance, even prior to adjustment for multiple compari-
sons.

Age and simple and complex speed of processing. Age
moderated overall recovery of simple speed of processing
(F;3,6,=4.259, P<.01). On inspection of the specific recovery
curves, there was a significant impact of age from 2 to 12
months postinjury (zg;=—3.48, P<.001).

Age also had a significant overall effect on complex speed of
processing (F; ¢, =7.437, P<.001). Figure 1 illustrates the re-
lationship between differing levels of the moderator on the
trajectory of complex speed of processing across time. As can
be seen in figure 1, there was a significant impact of age on
recovery trajectories for complex speed of processing from 2 to
12 months postinjury (#5;=—2.221, P<.05) and from 5 to 12
months postinjury (tg,=—2.95, P<<.005).

Month

In addition, age significantly predicted outcome at 2 months
(ts;=—3.03, P<<.005) and at 12 months postinjury for complex
speed of processing (#s;=—4.567, P<<.001).

Premorbid 1Q, simple speed of processing tests. Premor-
bid IQ showed a significant overall effect for simple speed of
processing tests (F3 ¢3=11.27; P<.001). It did not significantly
impact recovery trajectories of the simple speed of processing
tests; however, as can be seen in the parallel curves of figure 2,
it did show a robust impact on levels of impairment at both 2
months postinjury (¢,;=5.613, P<<.001) and 12 months postin-
jury (te3=3.513, P<<.001), as illustrated by the differing
heights of the curves as a function of premorbid IQ level.

Premorbid 1Q, untimed executive tests. Premorbid IQ
showed a significant overall effect for untimed executive func-
tioning tests (F; 43=8.538; P<.001). As with simple speed of
processing, it did not significantly impact recovery trajectories
of the untimed executive tests, but it did show a significant
impact on levels of impairment at both 2 months postinjury
(t3=4.627, P<.001) and 12 months postinjury (z5;=2.265,
P<.05).

Premorbid 1Q, memory. Premorbid IQ showed a signifi-
cant overall effect on memory tests (F; 4;=7.89; P<<.001) with
a highly significant impact on outcomes at 2 months postinjury
(ts3=4.837, P<.001) and 12 months postinjury (#5;=3.60,
P<.001), but no effect on trajectories.

DISCUSSION

Using mixed-effects models, we examined a series of clin-
ically and theoretically relevant variables with the potential to
moderate both the level of cognitive functioning and recovery
slopes after TBI. We found that for speed of processing, age
significantly moderated the trajectory of recovery as well as

Arch Phys Med Rehabil Vol 89, Suppl 2, December 2008
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levels of performance at discrete time points during the first
year of recovery from TBI. Younger age fostered better
recovery from 2 to 12 months postinjury for both simple and
complex speed of processing; it also enhanced later recovery
in particular (from 5-12mo postinjury) for complex speed of
processing. Premorbid 1Q influenced outcomes, but only for
level of functioning. These results are broadly consistent
with those of Chu et al,'® who, like us, found no moderating
effects of age on memory recovery trajectories (1-5y postin-
jury), and Zwaagstra et al,?! who found moderating effects of
age on recovery trajectory for speed of processing (3mo—4y
postinjury) in a sample of 24 patients. There was no evidence
in this study that years of education moderated either recovery
trajectories or level of function.

Understanding whether a variable influences the degree of
recovery is critical for our full understanding of the recovery
process. For example, such information allows us to identify, at
different stages of recovery, subgroups of people who are
showing greater or lesser recovery. The current findings carry
both favorable and unfavorable implications from a clinical
point of view. Demographic and injury-related variables cannot
be changed; therefore, as pointed out by Chu,'° it might be
better if such factors did not have an impact on recovery.
However, an understanding of these factors does allow for
better scientific and clinical hypothesis testing on how to en-
hance outcome.

For example, the current findings revealed that older age was
negatively associated with recovery for speed of processing,
both simple and complex, but there was no evidence of an
effect on memory, untimed executive function, or simple at-
tention. This pattern of findings supports the theoretical possi-
bility that a passive reserve capacity (ie, attributable to endog-
enous factors) is associated with white matter integrity. Thus,

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

ticipants in our sample have
an estimated 1Q of 119.1 or
higher).
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these findings (together with those of Zwaagstra et al*') would
support the investigation of treatments that entail targeted
interventions to enhance white matter connectivity. From a
clinical point of view, the present findings also suggest more
selective targeting of therapy for older patients that focuses on
speed of processing, particularly during the latter part of the
first year postinjury.

It is interesting to note that premorbid IQ and years of
education, which are strongly associated with the notion of
reserve capacity,'”?* did not show any evidence of augmenting
recovery in our study. There was some evidence of a buffering
effect of premorbid IQ. However, this impact of premorbid IQ
on outcome cannot be disentangled here from preinjury effects
of IQ on cognitive test performance. Further research, using an
IQ and education—matched control group, would enable better
quantification of any buffering effects of premorbid IQ (and
years of education) on brain injury.

Study Limitations

We sought to control those factors that influenced initial
level of performance. For each variable, separate models were
constructed to assess which control variables most strongly
influenced initial level of performance. Using a single site,
prospective design imposes limits on the number of partici-
pants that can be recruited over a given period; given sample
size constraints, we could include a maximum of 2 control
variables in our moderator models. Consequently, control of
factors affecting initial level of performance may have been
incomplete. A larger sample size is needed to replicate the
current findings with more complex models. Stronger statistical
evidence is needed, in particular, for acceptance of the null
findings in this study, namely the absence of impact of pre-
morbid IQ and years of education on recovery trajectories, and
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on the circumscribed impact of age on recovery trajectories for
speed of processing only. These null findings, if verified, would
have significant clinical and scientific implications. We used a
rigid criterion for allowing a close examination of the results
from our models. We required that the predictor show a sig-
nificant overall effect on recovery levels and trajectories, after
adjusting for multiple comparisons, and only then would we
examine the response levels, specific effects, and interactions.
While this approach helped to protect from type I error, our
study might have been at risk of missing bona fide moderators
of recovery. Again, further research with a larger sample size
would be valuable to ascertain whether acceptance of the null
is valid.

CONCLUSIONS

Age appears to moderate recovery of speed of processing
during the first year after severe TBI. Years of education and
premorbid IQ showed no evidence of playing a recuperative
role but the latter showed a possible buffering influence. The
results have clinical implications and offer hypotheses for
future research. Further research is needed using larger sam-
ples, which would allow the use of more complex statistical
models with multiple control variables. Finally, rehabilitation
research targeting white matter connectivity in older patients
may be a promising area of future investigation.

Acknowledgments: We thank Han Sol Kang for her administra-
tive help and Gary Turner, PhD, for his insightful contributions.

The authors acknowledge the support of Toronto Rehabilitation
Institute who receives funding under the Provincial Rehabilitation
Research Program from the Ministry of Health and Long-Term Care in
Ontario. The views expressed do not necessarily reflect those of the
Ministry.

Finally, we gratefully acknowledge Joel Verwegen for his numer-
ous, valuable contributions to the manuscript.

References

1. Dikmen S, Machamer J, Temkin N, McLean A. Neuropsycholog-
ical recovery in patients with moderate to severe head injury: 2
year follow-up. J Clin Exp Neuropsychol 1990;12:507-19.

2. Dikmen S, Reitan RM, Temkin NR. Neuropsychological recovery
in head injury. Arch Neurol 1983;40:333-8.

3. Dikmen SS, Machamer JE, Powell JM, Temkin NR. Outcome 3 to
5 years after moderate to severe traumatic brain injury. Arch Phys
Med Rehabil 2003;84:1449-57.

4. Hellawell DJ, Taylor R, Pentland B. Cognitive and psychosocial
outcome following moderate or severe traumatic brain injury.
Brain Inj 1999;13:489-504.

5. Lannoo E, Colardyns F, Jannes C, De Soete G. Course of neuro-
psychological recovery from moderate-to-severe head injury: a
2-year follow-up. Brain Injury 2001;15:1-13.

6. Levin HS, Gary HE Jr, Eisenberg HM, et al. Neurobehavioral
outcome 1 year after severe head injury: experience of the Trau-
matic Coma Data Bank. J Neurosurg 1990;73:699-709.

7. Levin HS, Grossman RG, Rose JE, Teasdale G. Long-term neu-
ropsychological outcome of closed head injury. J Neurosurg 1979;
50:412-22.

8. Millis SR, Rosenthal M, Novack TA, et al. Long-term neuropsy-
chological outcome after traumatic brain injury. J Head Trauma
Rehabil 2001;16:343-55.

9. Ruff RM, Young D, Gautille T, et al. Verbal learning deficits
following severe head injury: heterogeneity in recovery over 1
year. J Neurosurg 1991;75(5 Suppl):S50-8.

10. Chu BC, Mills S, Arango-Lasprilla JC, Hanks R, Novack T, Hart
T. Measuring recovery in new learning and memory following
traumatic brain injury: a mixed-effects modeling approach. J Clin
Exp Neuropsychol 2007;29:617-25.

11.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

S23

Levin HS. Prediction of recovery from traumatic brain injury.
J Neurotrauma 1995;12:913-22.

. Niemeier JP, Marwitz JH, Lesher K, Walker WC, Bushnik T.

Gender differences in executive functions following traumatic
brain injury. Neuropsychol Rehabil 2007;17:293-313.

Novack TA, Bush BA, Meythaler JM, Canupp K. Outcome after
traumatic brain injury: pathway analysis of contributions from
premorbid, injury severity, and recovery variables. Arch Phys
Med Rehabil 2001;82:300-5.

. Ross BL, Temkin NR, Newell D, Dikmen SS. Neuropsychological

outcome in relation to head injury severity: contributions of coma
length and focal abnormalities. Am J Phys Med Rehabil 1994;73:
341-7.

Wong PP, Monette G, Weiner NI. Mathematical models of cog-
nitive recovery. Brain Inj 2001;15:519-30.

Sherer M, Stouter J, Hart T, et al. Computed tomography findings
and early cognitive outcome after traumatic brain injury. Brain Inj
2006;20:997-1005.

Kesler SR, Adams HF, Blasey CM, Bigler ED. Premorbid intel-
lectual functioning, education, and brain size in traumatic brain
injury: an investigation of the cognitive reserve hypothesis. Appl
Neuropsychol 2003;10:153-62.

Lezak MD. Recovery of memory and learning functions following
traumatic brain injury. Cortex 1979;15:63-72.

Formisano R, Carlesimo GA, Sabbadini M, V, et al. Clinical
predictors and neuropsychological outcome in severe traumatic
brain injury patients. Acta Neurochir (Wien) 2004;146:457-62.
Mandleberg IA. Cognitive recovery after severe head injury, 3:
WAIS verbal and performance 1Qs as a function of post-traumatic
amnesia duration and time from injury. J Neurol Neurosurg Psy-
chiatry 1976;39:1001-7.

Zwaagstra R, Schmidt I, Vanier M. Recovery of speed of infor-
mation processing in closed-head-injury patients. J Clin Exp Neu-
ropsychol 1996;18:383-93.

Singer JD, Willett JB. Applied longitudinal data analysis. New
York: Oxford Univ Pr; 2003.

Ropacki MT, Elias JW. Preliminary examination of cognitive
reserve theory in closed head injury. Arch Clin Neuropsychol
2003;18:643-54.

Stern Y. What is cognitive reserve? theory and research appli-
cation of the reserve concept. J Int Neuropsychol Soc 2002;8:
448-60.

Stern Y, Habeck C, Moeller J, et al. Brain networks associated
with cognitive reserve in healthy young and old adults. Cereb
Cortex 2005;15:394-402.

Luria AR. Restoration of function after brain injury. Oxford:
Pergamon; 1963.

Luria AR, Naydin VL, Tsvetkova LS, Vinarskaya EN. Restoration
of higher brain function following local brain damage. In:
Viknken PJ, Bruyn GW, editors. Handbook of clinical neurology.
New York: Elsevier; 1975. p 368-433.

Robertson IH, Murre JM. Rehabilitation of brain damage: brain
plasticity and principles of guided recovery. Psychol Bull 1999;
125:544-75.

Felmingham KL, Baguley 1J, Green AM. Effects of diffuse axonal
injury on speed of information processing following severe trau-
matic brain injury. Neuropsychology 2004;18:564-71.

Van Zomeren A, Brouwer W. Clinical Neuropsychology of At-
tention. New York: Oxford Univ Pr; 1994.

Charlton RA, Barrick TR, Mclntyre DJ, et al. White matter
damage on diffusion tensor imaging correlates with age-related
cognitive decline. Neurology 2006;66:217-22.

Spikman JM, Timmerman ME, Zomeren van AH, Deelman BG.
Recovery versus retest effects in attention after closed head injury.
J Clin Exp Neuropsychol 1999;21:585-605.

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

Downloaded for Anonymous User (n/a) at University Health Network from ClinicalKey.com by Elsevier on August 17,
2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



S24

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lezak MD, Howieson DB, Loring DW. Neuropsychological as-
sessment. 3rd ed. New York: Oxford Univ Pr; 2004.

Rassovsky Y, Satz P, Alfano MS, et al. Functional outcome in TBI
II: verbal memory and information processing speed mediators.
J Clin Exp Neuropsychol 2006;28:581-91.

Ferraro FR. Cognitive slowing in closed-head injury. Brain Cogn
1996;32:429-40.

Madigan NK, DeLuca JP, Diamond BJ, Tramontano G, Averill A.
Speed of information processing in traumatic brain injury: modal-
ity-specific factors. J Head Trauma Rehabil 2000;15:943-56.
Mathias JL, Bigler ED, Jones NR, et al. Neuropsychological and
information processing performance and its relationship to white
matter changes following moderate and severe traumatic brain
injury: a preliminary study. Appl Neuropsychol 2004;11:134-52.
Mathias JL, Wheaton P. Changes in attention and information-
processing speed following severe traumatic brain injury: a meta-
analytic review. Neuropsychology 2007;21:212-23.

Stuss DT, Stethem LL, Hugenholtz H, Picton T, Pivik J, Richard
MT. Reaction time after head injury: fatigue, divided and focused
attention, and consistency of performance. J Neurol Neurosurg
Psychiatry 1989;52:742-8.

Veltman JC, Brouwer WH, van Zomeren AH, van Wolffelaar PC.
Central executive aspects of attention in subacute severe and very
severe closed head injury patients: planning, inhibition, flexibility,
and divided attention. Neuropsychology 1996;10:357-67.

Zahn TP, Mirsky AF. Autonomic activity during task performance
in adults with closed head injury. Int J Psychophysiol 1999;33:
113-26.

Ruttan L, Martin K, Liu A, Colella B, Green R. Long-term
cognitive outcome in moderate to severe traumatic brain injury: a

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

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

MODERATORS OF RECOVERY, Green

meta-analysis examining timed and untimed tests at 1 and 4.5 or
more years after injury. Arch Phys Med Rehabil 2008;89(12 Suppl
2):569-76.

Levin HS, O’Donnell VM, Grossman RG. Galveston Orientation
and Amnesia Test (GOAT). Washington (DC): American Psychi-
atric Association; 1979.

Tombaugh TN. Test of Memory Malingering (TOMM). New
York: Multi-Health Systems Inc; 1996.

Stroop JR. Studies of inference in serial verbal reactions. J Exp
Psychol 1935;18:643-62.

Burgess P, Shallice T. Hayling & Brixton Tests. Bury St. Ed-
munds: Thames Valley Test Company; 1997.

Smith A, editor. The Symbol Digit Modalities Test (SDMT)
manual. Los Angeles: Western Publication Services; 1982.
Wechsler D. Wechsler Memory Scale—Third Edition (WMS-III).
San Antonio: Psychological Corp; 1997.

Wechsler D. Wechsler Abbreviated Scale of Intelligence (WASI).
San Antonio: Psychological Corp; 1999.

Wechsler D. Wechsler Adult Intelligence Scale—3rd Edition
(WAIS-III). San Antonio: Psychological Corp; 1997.

Wechsler D. Wechsler Test of Adult Reading (WTAR). San
Antonio: Psychological Corp; 2001.

Blair JR, Spreen O. Predicting premorbid 1Q: a revision of the
National Adult Reading Test. Clin Neuropsychol 1989;3:129-36.
Green RE, Melo B, Christensen B, Ngo LA, Monette G, Brad-
bury C. Measuring premorbid IQ in traumatic brain injury: an
examination of the validity of the Wechsler Test of Adult
Reading (WTAR). J Clin Exp Neuropsychol 2008;30:163-72.
Holm S. A simple sequentially rejective multiple test procedure.
Scan J of Statist 1979;6:65-70.

Downloaded for Anonymous User (n/a) at University Health Network from ClinicalKey.com by Elsevier on August 17,
2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



	Examining Moderators of Cognitive Recovery Trajectories After Moderate to Severe Traumatic Brain Injury
	METHODS
	Participants
	Patients with TBI

	Materials
	Neuropsychological test battery
	Collection of moderator variables, age, premorbid IQ, and years of education
	Collection of control variables (injury severity), GCS, PTA, and acute care LOS

	Design and Procedures
	Data Analysis
	Data transformation and reduction
	Mixed-effects models


	RESULTS
	Age and simple and complex speed of processing
	Premorbid IQ, simple speed of processing tests
	Premorbid IQ, untimed executive tests
	Premorbid IQ, memory

	DISCUSSION
	Study Limitations

	CONCLUSIONS
	Acknowledgments
	References


