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ABSTRACT. Green RE, Colella B, Christensen B, Johns K,
rasca D, Bayley M, Monette G. Examining moderators of
ognitive recovery trajectories after moderate to severe trau-
atic brain injury. Arch Phys Med Rehabil 2008;89(12 Suppl

):S16-24.

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

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

Setting: Large, urban inpatient neurorehabilitation program.
Participants: Patients (N�75) with moderate-to-severe TBI.
Interventions: Not applicable.
Main Outcome Measures: Primary outcomes: neuropsycho-

ogical composite scores including simple speed of processing,
omplex speed of processing, memory, untimed executive func-
ions, and attention span. Primary predictors: age, estimated pre-
orbid intelligence quotient (IQ), and years of education.
Results: Only age significantly moderated trajectories. De-

reasing age significantly enhanced recovery of speed of process-
ng, both simple (2–12mo postinjury, P�.001) and complex
2–12mo postinjury, P�.05; 5–12mo postinjury, P�.005). De-
reasing age and increasing estimated premorbid IQ were as-
ociated with higher performance at 2 and 12mo postinjury for
imple speed of processing (premorbid IQ, 2 and 12mo), com-
lex speed of processing (age, 2 and 12mo), untimed executive
unctions (premorbid IQ, 2 and 12mo), and memory (premor-
id IQ, 2 and 12mo).
Conclusions: Recovery of speed of processing (both simple

nd complex) was favorably moderated by younger age. Older
ge is associated with more neuronal loss and less integrity of
hite matter, and speed of processing is associated with white
atter networks. The recuperative effects of younger age may

herefore be attributable to greater reserve capacity (as indexed
y white matter integrity). Lower age and higher estimated
remorbid IQ were associated with higher functioning on a
ariety of cognitive outcomes. This may reflect the buffering
ffects of reserve capacity or premorbid differences in age and
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Q-related cognitive functioning. Implications for rehabilita-
ion and recovery mechanisms are discussed.

Key Words: Brain injuries; Prognosis; Rehabilitation.
© 2008 by the American Congress of Rehabilitation Medicine

FTER TRAUMATIC brain injury, a pressing question of
patients and families is whether a patient will recover their

reinjury level of cognitive functioning, and if so, by when.
owever, the heterogeneity of brain injuries and the people

hat sustain them represents a challenge for outcome predic-
ion, as does a growing but incomplete understanding of the
echanisms underlying recovery. Consequently, the ability of

linicians to predict cognitive outcomes is modest, despite
uch research in this area.1-21

The bulk of research to date examines the predictive validity
f injury severity and demographic variables.1-10 Injury severity
tudies have generally shown that duration of PTA and length of
oma predict longer-term cognitive outcome,1,4,5,7,10-15 and that
he GCS predicts initial level of function, but demonstrates limited
orrelation with outcome at 1 year.1,4-6,13 Other measures, too,
ave been observed to correlate with neuropsychological out-
ome, such as the Head-Abbreviated Injury Scale.3,21 Demo-
raphic variables shown to correlate with poorer cognitive out-
ome after TBI include advancing age,8,10,16,21 low education
evel,9,12,16 sex (male),12 and minority status.12

Table 1 presents a summary of studies examining demo-
raphic and injury-related predictors of neuropsychological
utcome. As illustrated in the table, while a predictor may
ccount for significant outcome variance in some studies, other
tudies using the same predictor variables may show weak or
o association with cognitive outcomes. This is likely ex-
lained by differences across studies in outcome measures,
iming of assessments, and sample characteristics. However,
ethodologic limitations, too, may account for inconsistencies

cross studies. As noted by Chu et al,10 many studies employ
hort-term follow-up assessments, very small sample sizes, and
eaknesses in statistical analysis. With regard to the last, most

ongitudinal studies of cognitive recovery have not allowed for
he heterogeneity in recovery outcomes to be examined be-
ause they have used multivariate analysis of variance. Chu

List of Abbreviations

GCS Glasgow Coma Scale
IQ 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 Trail-Making Test part B

WTAR Wechsler Test of Adult Reading
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S17MODERATORS OF RECOVERY, Green
t al10 highlighted the value of using mixed-effects models,
hich can accommodate this intraindividual heterogeneity and
ave the additional advantage of accommodating missing data,
hich is a common feature of longitudinal TBI studies.22

One of the most important benefits of mixed effects models
or studying recovery from TBI is that they allow for an
xamination of the impact of predictor variables on recovery
rajectories. Most previous studies have examined the influence
f variables on level of function, either at the acute or subacute
tages. Such studies can shed light on the protective or buff-
ring effects of a moderator—that is, whether a predictor
ariable (eg, higher years of education) results in a milder
mpact of the brain injury on level of cognitive performance.
owever, an understanding of whether and how a moderator
ight augment recovery can only be achieved by an examina-

ion of recovery trajectories. Determining whether a moderator
an enhance or diminish recovery, and whether such putative
ffects would manifest during the early or chronic stages of
ecovery, could be informative for prognostication and for

Table 1: Summary of Literature for Demographic

Variables

Positive Findings

Study

Design

CogDemographic Pro/Ret Size

Education Kesler et al17 Pro S Batt
Niemeier et al12 Ret L WC
Novack et al13 Pro L Batt
Ruff et al9 Ret S Batt
Sherer et al16 Pro M Batt

Age Chu et al10† Ret L RAV
Millis et al8 Ret L Batt
Novack et al13 Pro L Batt
Sherer et al16 Pro M Batt
Zwaagstra et al21† Ret S SOP

Premorbid IQ

Injury-Related Positive Findings

Duration of PTA Chu et al10† Ret L RAV
Hellawell et al4† Pro M Batt
Lannoo et al5 Pro M Batt
Levin et al11 N/A N/A Mem
Mandelberg20 Pro L WA

Length of coma Dikmen et al1 Pro M Batt
Lannoo et al5 Pro M Batt
Levin et al7 Pro S Batt
Lezak et al18† Pro S RAV
Niemeier et al12 Ret L WC
Ross et al14 Pro L Batt
Wong et al15 Ret L WA

GCS Dikmen et al1 Pro M Batt
Levin et al6 Pro L Batt

Acute Care LOS
Time since injury

OTE. Summary information is provided for preinjury demograp
easures of studies. Only predictive (as opposed to concurrent) stu
bbreviations: DS, digit span; L, large sample size (N�100); M, mediu
et, retrospective study; S, small sample size (N�0–50); SOP, spe
cale-Revised; WCST, Wisconsin Cart Sorting Test; WMS-R, Wechs
Where more than 3 cognitive tests were measured in a study, we
Denotes that 3 or more time points of assessments were used.
ecisions regarding distribution of clinical resources. For ex- c
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mple, patients at risk for a slow early recovery for a given
ognitive function could be alerted to this, and targeted inter-
ention to offset the slow early recovery might theoretically
nhance overall recovery of that function.

Understanding the impact of moderators on recovery trajec-
ories might also allow for a greater understanding of the
echanisms of recovery. For example, some variables exam-

ned as predictors of TBI outcome are associated directly or
ndirectly with the notion of reserve capacity (eg, premorbid
Q, years of education, age). The concept of reserve capacity
an be used as a heuristic for discussing brain injury. This
onstruct derives from the observation that the degree of brain
athology during disease (or after brain injury) is not directly
roportionate to the clinical manifestations of that patholo-
y.17,23,24 Reserve capacity has been described as being both
ctively accrued, through exogenous influences such as educa-
ion and lifestyle, and passively existing because of endoge-
ous factors that determine premorbid brain size, innate intel-
igence, or numbers of neurons. Implementation of reserve

Injury-Related Predictors of Cognitive Outcome

Main Findings

Negative/Weak Findings

Tests* Study

Design

Cognitive TestsPro/Ret Size

Chu et al10† Ret RAVLT
Lannoo et al5 Pro L Battery
Millis et al8 Ret M Battery

L

Chu et al10† Ret L RAVLT
Lannoo et al5 Pro M Battery
Lezak et al18† Pro S RAVLT; DS
Ruff et al9 Ret S Battery

Kesler et al17 Pro S Battery

Negative/Weak Findings

Chu et al10† Ret L RAVLT
Formisano et al19 Pro S Battery
Millis et al8 Ret L Battery
Novack et al13 Pro L Battery

Q/PIQ
Ruff et al9 Ret S Battery
Formisano et al19 Pro S Battery
Lannoo et al5 Pro M Battery

S

IQ/VIQ
Lannoo et al5 Pro M Battery
Novack et al13 Pro L Battery
Ruff et al9 Ret S Battery
Novack et al13 Pro L Battery
Formisano et al19 Pro S Battery

nd injury-related predictors, experimental design, and outcome
have been included. Tests with 3 or more assessments are noted.
mple size (N�51–100); PIQ, performance IQ; Pro, prospective study;
f processing; VIQ, verbal IQ; WAIS-R, Wechsler Adult Intelligence
emory Scale-Revised.
used the word “Battery.”
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S18 MODERATORS OF RECOVERY, Green

A

ecruitment of alternative pathways (or altered, existing net-
orks) to perform a function and as the consumption of a finite

eserve, which, once depleted, gives way to the clinical man-
festations of illness.17,25

If reserve capacity serves solely to buffer the effects of
njury, then we might expect an impact of reserve capacity
ariables on initial level of cognitive performance after brain
njury,19 but not on recovery trajectories. On the other hand, if
eserve capacity confers resources that support restitution of
unction or functional reorganization of the brain during recov-
ry,26-28 then we would arguably expect an impact of those
ariables on the trajectories of recovery. A better understand-
ng of the nature of reserve capacity could be gained by
dentifying which cognitive trajectories were moderated by
hich predictor variables. For example, if recovery of speed of
rocessing (associated with functional connectivity and medi-
ted by white matter tracts29,30) were moderated by years of
ducation and/or age, one might argue that in the healthy brain,
eserve capacity could accrue with years of education (through
ncreased complexity/connectivity of white matter tracts) or
iminish through age-related white matter loss.31

Only a handful of cognitive recovery studies in TBI have
xamined recovery trajectories, and of these, few have used
ixed-effects models.10,15,21,32 Still fewer have examined

irectly the influence of reserve capacity–related variables on
ecovery. Chu et al10 examined the impact of age on memory
ecovery from 1 to 5 years postinjury, using the total learning
core of the RAVLT.33 Their study retrospectively examined
94 patients from a larger group of patients from a multisite
tudy of TBI recovery (the TBI Model System program pa-
ients); they also examined length of PTA and early postinjury
emory performance as moderators of recovery. They found

hat age and length of PTA significantly predicted level of
emory performance at 1 year postinjury, but none of the

ariables influenced the trajectory of recovery from 1 to 5 years
ostinjury (see table 1). One limitation of the Chu10 study was
hat, looking over a long period, Chu10 used a quadratic term to
apture possible curvature in the recovery trajectory. However,
ecause TBI recovery trajectories are likely to rise to an
symptotic level, an asymptotic model may have been more
ppropriate in this case (for discussion, see Wong et al15).
waagstra et al21 used mixed-effects modeling to examine 24
everely brain-injured patients with TBI on a small group of
ests of speed of processing. Testing patients from 3 months to

years postinjury, they found that age (and duration of coma)
oderated recovery on simple and complex tests of speed of

rocessing.
In the current study, we examined predictors of cognitive

ecovery in a prospective study with low attrition using mixed
ffects modeling. We examined recovery over the first year
ostinjury using a linear spline model (ie, a model that allows
possible change in rate of recovery around 5 months postin-

ury) to capture the asymptotic nature of recovery. (Because we
ere not studying recovery over a long period, a true asymp-

otic model was not an option). We examined demographic
redictors that are associated with cognitive reserve: age (indi-
ectly related through loss of neurons/white matter integrity),31

ears of education, and estimated premorbid intellectual func-
ion. The cognitive outcome variables examined were compos-
te scores representing a series of cognitive domains known to
e disrupted after TBI: simple and complex speed of process-
ng, memory, executive function, and attention span.33 Com-
osite scores were used because of the increased reliability
ttained by aggregating related tests. We were particularly
nterested in examining speed of processing because it is ar-

uably the most ubiquitous cognitive deficit in TBI,29,34-41 and t

rch Phys Med Rehabil Vol 89, Suppl 2, December 2008
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ts recovery the most protracted.21,30,42 We examined the mod-
rating influences of these variables on level of cognitive
unction at 2 months and 12 months postinjury, and on recov-
ry trajectories from 2 to 5, 5 to 12, and 2 to 12 months
ostinjury.

METHODS
The study protocol was approved by the Research Ethics

oard at the Toronto Rehabilitation Institute, where the study
as conducted. The procedures of the study were in accor-
ance with the standards of the Research Ethics Board.

articipants
Patients with TBI. The 75 patients with TBI in this study

ad been recruited to a larger study investigating the natural
istory of cognitive and motor recovery after TBI at the Neu-
orehabilitation Program of the Toronto Rehabilitation Insti-
ute. The clinical program is publicly funded, but it also re-
eives patients who have motor vehicle collision insurance and
ther forms of private insurance. The catchment area for the
rogram is province-wide. Overall, the program sees a broad
ross-section of patients of differing age (�17y), socioeco-
omic status, and ethnicity.
Inclusion criteria for the study were as follows: (1) acute

are medical diagnosis of TBI, (2) PTA of 1 hour or more
nd/or GCS of 12 or less either at emergency or the scene of
ccident and/or positive computed tomography or magnetic
esonance imaging findings, (3) age between 17 and 80, (4)
ble to follow simple commands in English based on speech
anguage pathologist intake assessment, and (5) competency to
rovide informed consent for study or availability of a legal
ecision-maker.
Exclusion criteria included the following: (1) orthopedic

njuries affecting both upper extremities and/or both lower
xtremities (relevant to the larger study, which also examined
otor recovery); (2) diseases primarily or frequently affecting

he central nervous system, including dementia of Alzheimer
ype, Parkinsons disease, multiple sclerosis, Huntingtons dis-
ase, lupus, stroke-based on medical records, and screening of
amily members for patients older than 50 years; (3) history of
sychotic disorder; (4) not emerged from PTA by 6 weeks
ostinjury, as measured by the Galveston Orientation Amnesia
est43; (5) TBI secondary to other brain injury (eg, a fall
aused by stroke); and (6) failure on a test of symptom validity
Test of Memory Malingering)44 at any of the assessments.

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

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

aterials
Neuropsychological test battery. All of the tests were se-

ected based on a priori clinical and experimental consensus
egarding the cognitive domains most affected by TBI, and on
he known validity and reliability of the tests for TBI. Cogni-

ive domains assessed included the following:
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S19MODERATORS OF RECOVERY, Green
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).45

2. Complex speed of processing. This domain included the
following: TMT-B minus TMT-A33 (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)46 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—
Oral47 (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-

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 IQ (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 2.9

Acute care LOS (d) 38.03�17.17 (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

OTE. Values are means � SDs or as otherwise noted.
diate repetition backward of strings of digits or visual t
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sequences of increasing length)48; and the Wechsler
Adult Intelligence Scale, verbal abstraction test (a test
requiring identification of common threads between
pairs of words).49,50

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).48

5. Organized and unorganized verbal and visuospatial
learning and memory. This last domain included the
RAVLT33 (a test of recall and recognition of an unor-
ganized list of 15 words); the Rey Visual Design Learn-
ing Test33 (a visuospatial analog to RAVLT); and the
Wechsler Memory Scale—III, logical memory48(a test
requiring the immediate and delayed recall of prose
passages).

None of the neuropsychological tests have appreciable floor
r ceiling effects for patients with moderate to severe TBI.
ost tests (except for TMT-A and Symbol Digit Modalities)

ave alternate forms, which were administered on repeat test-
ng to minimize practice effects.

In order to avoid contamination of findings by orthopedic
njury or central motor deficits, all timed tests either did not
ave manual motor demands or had motor contributions par-
eled out through a subtraction approach (eg, TMT-B minus
MT-A) in order to measure mental processing speed and not
anual motor speed. The test battery described was part of a

arger comprehensive neuropsychological battery, which re-
uired approximately 4.5 hours to administer.
Collection of moderator variables, age, premorbid IQ, and

ears of education. Information about age and highest level
f education attained was collected during a structured inter-
iew from patients, and corroborated by caregivers where
ecessary. Estimated premorbid IQ was estimated for each
articipant using the WTAR51 or the NAART.52 (Note that the
tudy switched from the NAART to the WTAR because the
atter has been demonstrated to show good reliability for mod-
rate and severe TBI.53)

Collection of control variables (injury severity), GCS, PTA,
nd acute care LOS. This information was abstracted from
he hospital medical records wherever possible. The lowest
CS score recorded for each patient, either at the scene of

njury or in the emergency department, was collected where
vailable and used as a continuous, ordinal scale value. Where
nformation related to PTA was not recorded in the medical
ecord, questioning of the patient and caregivers was under-
aken during a structured interview. Length of PTA was de-
cribed according to the classification described by Lezak et
l33 and used as a continuous ordinal scale value. Acute care
OS, in days, was calculated based on admission and discharge
ates from the acute care hospital.

esign and Procedures
The study employed a prospective, repeated-measures de-

ign. Patients were tested at 2, 5, and 12 months postinjury. The
ognitive battery was divided into 5 blocks of tests, with a fixed
rder of tests within each block designed to minimize interfer-
nce between tests (eg, verbal memory test contained nonver-
al tests between learning and delayed recall phases). Test
locks were matched as much as possible for the number of
imed tests and effortful tests. Each block contained a maxi-
um of 1 memory test. Block order was counterbalanced, but

ach participant received the same block order across testing
essions. Cognitive tests with known practice effects contained
or more alternate forms. When the same form was adminis-
ered a second time (ie, where only 2 alternate forms were

Arch Phys Med Rehabil Vol 89, Suppl 2, December 2008
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S20 MODERATORS OF RECOVERY, Green

A

vailable), this administration occurred no less than 10 months
fter the first administration in order to minimize practice
ffects. Order of alternate forms was counterbalanced across
ubjects. The 2-month testing window ranged from 1 to 3
onths postinjury and took place during the inpatient stay.
europsychological assessment was administered over a
aximum 72-hour period, with individual testing sessions

anging from 0.5 to 3 hours, as tolerated by the patient. The
-month window ranged from 3.5 to 5.5 months postinjury,
nd all testing took place over a 2-day period. The 12-month
indow ranged from 11 to 13 months postinjury and again,

ll testing took place during the same 2-day period.

ata Analysis
Data transformation and reduction. In order to increase

eliability of neuropsychological tests, all cognitive test scores
ere transformed to a common metric and combined into their

espective larger aggregate. To combine the tests, each test
ith normative data was converted to a z score using external

tandardization. (Percentile norms were converted to z scores
y using the normative score corresponding to the percen-
ile.) To combine tests without normative data, we used the
eans and SDs of the tests in the later stages of recovery (ie,

mo and 1y postinjury) to generate a z score. The z scores
or the tests in a common aggregate were then added and the
um restandardized using an estimated SD derived from the
mpirical correlations between the tests.
Mixed-effects models. With longitudinal mixed models, it

s possible to study whether expected values of the intercepts
nd slopes—that is, the level and shape of recovery trajecto-
ies—are affected by other variables. Participants were tested
t approximately 2, 5, and 12 months after injury, and the rate
f recovery may differ between the 2-month to 5-month
eriod and the 5-month to 12-month period. A model for
ndividual recovery trajectories that allows a possible
hange in rate around 5 months uses a linear spline. The
odel at the individual level for a response variable Y is

iven by the following:

Yit � �0i � �1iTit � �2i�Tit � 5��
� �it

here Yit is the measured response variable for subject i on
ccasion t, Tit is the number of months postinjury when testing
as performed, measured to the nearest day, and the quantity

Tit�5)� equals to 0 if Tit and equals Tit�5 if Tit�5. The error
erm, �it, which is assumed to have a normative distribution
ith mean 0 and unknown variance �2

	, represents the random
ariability in the measurement of the response for the ith
ubject.

These definitions for the variables representing time postin-
ury imply the following interpretations of the parameters �0i,
1i, and �2i: �0i is the intercept at time T�0, �1i is the rate of
hange a month before the fifth month, �1i��2i is the rate of
hange a month after the fifth month, and �2i is the difference
etween these 2 rates. The expected response level at time T
ostinjury is given by the following:

�0i � �1iT � �2i�T � 5��

he parameters �0i, �1i, and �2i of the individual-level model
re then treated as outcomes in a between-individual model in
hich the relationship between trajectories and other variables,

uch as age, can be estimated.
For example, a model to study the relationship between age

nd the extent and speed of recovery could have the following

orm: u

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

Downloaded for Anonymous User (n/a) at University Health Netwo
2023. For personal use only. No other uses without permission. C
�0i � 
00 � 
01age.zi � �0i

�1i � 
10 � 
11age.zi � �1i

�2i � 
20 � 
21age.zi � �2i

here age.zi is a z score for the age of subject i at injury. The
rror terms, �it, �1i and �2i are assumed to have a multivariate
ormative distribution with mean 0 and a variance covariance
atrix to be estimated or specified in the analysis. These error

erms represent departures of the ith subject’s trajectory from
he trajectory predicted by age. If the variance of �1i or �2i is
stimated to be very small, the variance and associated covari-
nce may be treated as if they were 0.

For g equal to 1, 2, or 3, the parameters 
g0 are the mean
opulation values of the corresponding �g0 for a subject whose
ge equals the sample average, and 
g1 is the expected differ-
nce in �g0 associated with a difference of 1 SD of age. If 
11
nd 
12 are not both 0, then age acts as a moderator because
here is an interaction between age and time in their effect on
he response.

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

ostinjury.
Five outcome measures (aggregates) were examined. The

rst (preliminary) analyses undertaken were simple predictor
or regression) models in which we sought those variables that
ccounted for the most variance at initial level of performance
hat were themselves not affected by performance level (as
ould be a behavioral measure, for example) and that were

vailable for most subjects. Identifying these variables allowed
s to then use them as covariates in the recovery models to
ontrol for differences between participants in terms of initial
evel of impairment (ie, different starting points). We included
ge, estimated premorbid IQ, years of education, length of
TA, GCS, and acute care LOS and looked at these potential
ontrol variables individually and interactively.

In the next set of analyses, the effects of the 3 moderator
ariables of interest (age, estimated premorbid IQ, and years of
ducation) on the 5 cognitive outcome aggregates were initially
xamined. We adjusted for multiple comparisons, with an
nitial P value of .05, using a Bonferroni-Holm adjustment.54

e then examined for each variable whether there was evi-
ence of an overall effect—that is, the contribution of the
oderator to the model through both main effects and interac-

ions combined. Taking a conservative approach, only if an
verall effect was present after adjusting for multiple compar-
sons did we then examine whether the predictor was signifi-
antly related to the slopes (ie, 2–5, 5–12, or 2–12mo) and/or
evels (at 2mo or 1y) for the trajectory.

RESULTS
In preliminary models examined for all cognitive aggregates,
oderators, and control variables, premorbid IQ was found to

e a significant predictor of initial level of impairment and was

sed as a covariate in subsequent models, except those exam-
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S21MODERATORS OF RECOVERY, Green
ning premorbid IQ as a moderator. In some cases, an interac-
ion between premorbid IQ and age as predictors of initial level
f impairment was found (ie, untimed attention–years of edu-
ation; untimed attention–acute care LOS; memory–premorbid
Q, memory–years of education, memory–acute care LOS),
nd in these cases, age was added as a covariate in the models.

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

Age and simple and complex speed of processing. Age
oderated overall recovery of simple speed of processing

F3,62�4.259, P�.01). On inspection of the specific recovery
urves, there was a significant impact of age from 2 to 12
onths postinjury (z87��3.48, P�.001).
Age also had a significant overall effect on complex speed of

rocessing (F3,61�7.437, P�.001). Figure 1 illustrates the re-
ationship between differing levels of the moderator on the
rajectory of complex speed of processing across time. As can
e seen in figure 1, there was a significant impact of age on
ecovery trajectories for complex speed of processing from 2 to
2 months postinjury (t ��2.221, P�.05) and from 5 to 12

ig 1. Relationship between
ge and recovery of complex
peed of processing across
ime. Y-axis values are z
cores. The 5 curves on the
raph describe the data in
uantiles representing age
ercentiles (eg, the top curve
epresents the average trajec-
ory for a 19-year-old, which is
ocated at the twentieth per-
entile, meaning that 20% of
he participants are 19 years
f age or younger).
81
onths postinjury (t81��2.95, P�.005). s
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In addition, age significantly predicted outcome at 2 months
t61��3.03, P�.005) and at 12 months postinjury for complex
peed of processing (t61��4.567, P�.001).

Premorbid IQ, simple speed of processing tests. Premor-
id IQ showed a significant overall effect for simple speed of
rocessing tests (F3,63�11.27; P�.001). It did not significantly
mpact recovery trajectories of the simple speed of processing
ests; however, as can be seen in the parallel curves of figure 2,
t did show a robust impact on levels of impairment at both 2
onths postinjury (t63�5.613, P�.001) and 12 months postin-

ury (t63�3.513, P�.001), as illustrated by the differing
eights of the curves as a function of premorbid IQ level.
Premorbid IQ, untimed executive tests. Premorbid IQ

howed a significant overall effect for untimed executive func-
ioning tests (F3,63�8.538; P�.001). As with simple speed of
rocessing, it did not significantly impact recovery trajectories
f the untimed executive tests, but it did show a significant
mpact on levels of impairment at both 2 months postinjury
t63�4.627, P�.001) and 12 months postinjury (t63�2.265,
�.05).
Premorbid IQ, memory. Premorbid IQ showed a signifi-

ant overall effect on memory tests (F3,63�7.89; P�.001) with
highly significant impact on outcomes at 2 months postinjury

t63�4.837, P�.001) and 12 months postinjury (t63�3.60,
�.001), but no effect on trajectories.

DISCUSSION
Using mixed-effects models, we examined a series of clin-

cally and theoretically relevant variables with the potential to
oderate both the level of cognitive functioning and recovery

lopes after TBI. We found that for speed of processing, age

ignificantly moderated the trajectory of recovery as well as

Arch Phys Med Rehabil Vol 89, Suppl 2, December 2008
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evels of performance at discrete time points during the first
ear of recovery from TBI. Younger age fostered better
ecovery from 2 to 12 months postinjury for both simple and
omplex speed of processing; it also enhanced later recovery
n particular (from 5–12mo postinjury) for complex speed of
rocessing. Premorbid IQ influenced outcomes, but only for
evel of functioning. These results are broadly consistent
ith those of Chu et al,10 who, like us, found no moderating

ffects of age on memory recovery trajectories (1–5y postin-
ury), and Zwaagstra et al,21 who found moderating effects of
ge on recovery trajectory for speed of processing (3mo–4y
ostinjury) in a sample of 24 patients. There was no evidence
n this study that years of education moderated either recovery
rajectories or level of function.

Understanding whether a variable influences the degree of
ecovery is critical for our full understanding of the recovery
rocess. For example, such information allows us to identify, at
ifferent stages of recovery, subgroups of people who are
howing greater or lesser recovery. The current findings carry
oth favorable and unfavorable implications from a clinical
oint of view. Demographic and injury-related variables cannot
e changed; therefore, as pointed out by Chu,10 it might be
etter if such factors did not have an impact on recovery.
owever, an understanding of these factors does allow for
etter scientific and clinical hypothesis testing on how to en-
ance outcome.
For example, the current findings revealed that older age was

egatively associated with recovery for speed of processing,
oth simple and complex, but there was no evidence of an
ffect on memory, untimed executive function, or simple at-
ention. This pattern of findings supports the theoretical possi-
ility that a passive reserve capacity (ie, attributable to endog-

nous factors) is associated with white matter integrity. Thus, m

rch Phys Med Rehabil Vol 89, Suppl 2, December 2008
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hese findings (together with those of Zwaagstra et al21) would
upport the investigation of treatments that entail targeted
nterventions to enhance white matter connectivity. From a
linical point of view, the present findings also suggest more
elective targeting of therapy for older patients that focuses on
peed of processing, particularly during the latter part of the
rst year postinjury.
It is interesting to note that premorbid IQ and years of

ducation, which are strongly associated with the notion of
eserve capacity,17,25 did not show any evidence of augmenting
ecovery in our study. There was some evidence of a buffering
ffect of premorbid IQ. However, this impact of premorbid IQ
n outcome cannot be disentangled here from preinjury effects
f IQ on cognitive test performance. Further research, using an
Q and education–matched control group, would enable better
uantification of any buffering effects of premorbid IQ (and
ears of education) on brain injury.

tudy Limitations
We sought to control those factors that influenced initial

evel of performance. For each variable, separate models were
onstructed to assess which control variables most strongly
nfluenced initial level of performance. Using a single site,
rospective design imposes limits on the number of partici-
ants that can be recruited over a given period; given sample
ize constraints, we could include a maximum of 2 control
ariables in our moderator models. Consequently, control of
actors affecting initial level of performance may have been
ncomplete. A larger sample size is needed to replicate the
urrent findings with more complex models. Stronger statistical
vidence is needed, in particular, for acceptance of the null
ndings in this study, namely the absence of impact of pre-

Fig 2. Relationship between
premorbid IQ (pmIQ) and re-
covery of simple speed of pro-
cessing across time. Y-axis
values are z scores. The 5
curves on the graph describe
the data in quantiles repre-
senting estimated premorbid
IQ percentiles (eg, the top
curve represents the average
trajectory for an individual
with an estimated premorbid
IQ of 119.1, which is located at
the twentieth percentile,
meaning that 20% of the par-
ticipants in our sample have
an estimated IQ of 119.1 or
higher).
orbid IQ and years of education on recovery trajectories, and
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n the circumscribed impact of age on recovery trajectories for
peed of processing only. These null findings, if verified, would
ave significant clinical and scientific implications. We used a
igid criterion for allowing a close examination of the results
rom our models. We required that the predictor show a sig-
ificant overall effect on recovery levels and trajectories, after
djusting for multiple comparisons, and only then would we
xamine the response levels, specific effects, and interactions.
hile this approach helped to protect from type I error, our

tudy might have been at risk of missing bona fide moderators
f recovery. Again, further research with a larger sample size
ould be valuable to ascertain whether acceptance of the null

s valid.

CONCLUSIONS
Age appears to moderate recovery of speed of processing

uring the first year after severe TBI. Years of education and
remorbid IQ showed no evidence of playing a recuperative
ole but the latter showed a possible buffering influence. The
esults have clinical implications and offer hypotheses for
uture research. Further research is needed using larger sam-
les, which would allow the use of more complex statistical
odels with multiple control variables. Finally, rehabilitation

esearch targeting white matter connectivity in older patients
ay be a promising area of future investigation.
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