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Functional recovery after moderate/severe

traumatic brain injury

A role for cognitive reserve?

ABSTRACT

Objective: To evaluate the hypothesis that educational attainment, a marker of cognitive reserve,
is a predictor of disability-free recovery (DFR) after moderate to severe traumatic brain injury
(TBI).

Methods: Retrospective study of the TBI Model Systems Database, a prospective multicenter
cohort funded by the National Institute on Disability and Rehabilitation Research. Patients were
included if they were admitted for rehabilitation after moderate to severe TBI, were aged 23 years
or older, and had at least 1 year of follow-up. The main outcome measure was DFR 1 year post-
injury, defined as a Disability Rating Scale score of zero.

Results: Of 769 patients included, 214 (27.8%) achieved DFR at 1 year. In total, 185 patients
(24.1%) had <12 years of education, while 390 (50.7%) and 194 patients (25.2%) had 12 to
15 years and =16 years of education, respectively. DFR was achieved by 18 patients (9.7 %)
with <12 years, 120 (30.8%) with 12 to 15 years, and 76 (39.2%) with =16 years of education
(0 < 0.001). In a logistic regression model controlling for age, sex, and injury- and rehabilitation-
specific factors, duration of education of =12 years was independently associated with DFR
(odds ratio 4.74, 95% confidence interval 2.70-8.32 for 12-15 years; odds ratio 7.24, 95%
confidence interval 3.96-13.23 for =16 years).

Conclusion: Educational attainment was a robust independent predictor of 1-year DFR even
when adjusting for other prognostic factors. A dose-response relationship was noted, with longer
educational exposure associated with increased odds of DFR. This suggests that cognitive
reserve could be a factor driving neural adaptation during recovery from TBI. Neurology®
2014;82:1636-1642

GLOSSARY

Cl = confidence interval; DFR = disability-free recovery; DRS = Disability Rating Scale; ED = emergency department;
GCS = Glasgow Coma Scale; OR = odds ratio; TBI = traumatic brain injury.

After moderate to severe traumatic brain injury (TBI), some patients experience lifelong disabil-
ity while others with similar clinical characteristics achieve full recovery. This heterogeneity in
outcome has been linked to patient- and injury-specific factors as well as physiologic disturban-
ces encountered in the acute setting. However, existing prognostic models fail to provide a full or
accurate account of the variance seen in TBI recovery.'?

Cognitive reserve has been identified as a driver of the degree to which brain disorders are
phenotypically expressed.” Among patients with Alzheimer disease, the extent of pathologic
damage to the brain does not correlate directly with clinical signs of dementia.* The cognitive
reserve hypothesis explains this discrepancy by proposing that individuals have inherent differ-
ences in their vulnerability to the effects of aging or brain lesions, and perhaps also in their
capacity to adapt or compensate for such processes.” The cognitive reserve hypothesis is sup-
ported by studies demonstrating intrinsic lifestyle, neuroanatomical, and functional brain
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characteristics linked to disease expression.>®
One of the factors most robustly associated
with cognitive reserve is the level of educa-
tional attainment. Hence, educational attain-
ment is widely accepted as a valid surrogate
marker for underlying cognitive reserve.”

Studies of cognitive reserve have focused pri-
marily on patients with evolving chronic neuro-
degenerative conditions such as Alzheimer
disease, HIV, or multiple sclerosis.>®? The rel-
evance of this paradigm to the clinical expres-
sion of TBI remains poorly understood.’™'" We
hypothesized that educational attainment, a
marker of cognitive reserve, would predict func-
tional recovery in individuals with moderate to
severe TBI.

METHODS Standard protocol approvals, registrations,
and patient consents. After approval from the Institutional
Review Board of the Johns Hopkins Medical Institutions and
from the TBI Model Systems Study Group, we successfully
applied for access to datasets collected in the TBI Model Systems
cohort. The TBI Model Systems is a prospective, multicenter,
observational study, supported by the National Institute on Dis-
ability and Rehabilitation Research and the US Department of
Education, which examines recovery and outcomes associated
with acute neurotrauma and inpatient rehabilitation.'” To be
enrolled in the TBI Model Systems cohort, patients must be at
least 16 years of age at the time of injury, admitted to a TBI
Model Systems participating emergency department (ED) within

[ Figure 1 Study flow diagram ]

N=2,606

Individuals entering TBI Model
Systems Inpatient Rehabilitation after TBI after
September 30, 2007 with at least one year of
follow-up by January 15, 2011

Individuals
eligible for study

N=769

Individuals excluded: N=1,837

.

Age <23 or missing age data
(n=534)

Missing education data (n=10)
Chemically paralyzed in ED
(n=535)

Missing GCS Motor Score data
(n=47)

Missing DRS scores at rehab
admission (n=28)

With rehab LOS <1 or >90
days, or missing (n=38)
Missing DRS at 1 year (n=512)
With pre-injury work limitations
(n=114)

Missing ED CT data (n=5)
Missing ED shock data (n=14)

TBI Model Systems patients eligible, included, and excluded in the study, including reasons
for exclusion. DRS = Disability Rating Scale; ED = emergency department; GCS = Glasgow

Coma Scale; LOS = length of stay; TBI = traumatic brain injury.

24 hours of injury, receive both acute care and inpatient rehabili-
tation in hospitals designated as TBI Model Systems centers, and
provide informed consent. Follow-up interviews of TBI Model
Systems patients are conducted 12 months postinjury via a
standardized assessment protocol.'?

Patients were included in the current study if they had
moderate to severe TBI (Glasgow Coma Scale [GCS] score on
arrival in the ED of 12 or less), were 23 years or older at the time
of injury, entered inpatient rehabilitation after September 30,
2007, and had completed at least 1 year of postinjury
follow-up as of January 15, 2011. The lower age cutoff was
selected so that it would be theoretically possible for all individu-
als to have had the opportunity to pursue formal education for 16
years at the time of their injury. Subjects were excluded from the
study if their education level and other important information
concerning their demographics, injury, or outcome were not
available. Individuals were also excluded if there was an indication
of any premorbid physical or mental condition that limited their
ability to work (see figure 1).

The primary predictor variable of interest was educational
attainment measured in years. Specifically, education was exam-
ined as a categorical variable with the first category corresponding
to an incomplete high school education (<12 years of education),
the second corresponding to high school completion with some
postsecondary education (12-15 years of education), and the
third corresponding to sufficient years of education to achieve
at least an undergraduate degree (=16 years of education).

The primary outcome variable was disability-free recovery
(DFR), defined as a score of zero on the Disability Rating Scale
(DRS) assessed 1 year postinjury. The DRS is a quantitative
instrument that has been extensively validated in the TBI popu-
lation."'* Components of the DRS include assessments of arousal
and awareness, ability to handle self-care functions, physical
dependence on others, and psychosocial adaptability for work,
housework, or school. The scores range from zero (no disability)
to 29 (complete disability). The DRS score was dichotomized
between zero and greater than zero because this demarcation is
thought to be highly relevant from a patient-centered standpoint.
A DRS of zero is defined as the ability to completely resume
preinjury occupational activity (work or education). While a
DRS score of zero indicates freedom from significant disability,
this scale is not designed to evaluate cognitive impairments, and a
DRS score of zero does not exclude the possibility of subtle func-

tional challenges.

Statistical analysis. We identified subjects who achieved DFR
and compared their characteristics with those who did not (DRS
score >0 at 1 year postinjury). Univariate differences in group
variables were examined using parametric and nonparametric tests
where appropriate (Student £ test, Wilcoxon rank-sum test, analysis
of variance, and x? test). Multivariable logistic regression was used
to quantify the relationship between educational attainment and
DEFR, adjusting for factors known or observed to be associated
with educational attainment or functional outcome. The final
logistic regression models examined the odds of achieving a DFR
(DRS score = 0) across education levels, controlling for age,
sex, GCS motor score at the time of arrival in the ED, the
presence of circulatory shock in the ED, the presence of
subarachnoid hemorrhage or intraventricular hemorrhage, or
brain compression on initial CT scan, as well as DRS score
at admission to rehabilitation. An age-based subset logistic
regression analysis was conducted examining the relationship
between educational attainment and DFR in individuals aged
50 years and older using the same modeling parameters above.

Also, while the principal outcome of interest was DFR, analysis
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[ Table 1 Patient demographics and injury characteristics by level of education (N = 769) ]

<12 y of education

(n = 185)

Mean age, y (SD) 46.9 (16.8)
Female, n (%) 33(17.8)
Race, n (%)

White 96 (51.9)

Black 52 (28.1)

Hispanic 34 (18.4)

Asian 2(1.1)

Other 1 (0.5)
Mean ED GCS motor score (SD) 4.5 (1.9)
SAH, n (%) 133 (71.9)
IVH, n (%) 44 (23.8)
Compression, n (%) 94 (49.2)
Circulatory shock, n (%) 5(2.7)
Mean DRS score at admission (SD) 11.1 (4.9)
Rehabilitation length of stay, d (SD) 23.9 (16.5)

12-15 y of education >16 y of education

(n = 390) (n = 194) p Value

486 (17.8) 54.3 (17.7) <0.001

118 (30.3) 57 (29.4) 0.006
<0.001

281 (72.1) 161 (83.0)

74 (19.0) 11(5.7)

24 (6.2) 3(1.6)

7(1.8) 16 (8.3)

4(1.0) 3(1.6)

4.6 (1.8) 4.9 (1.8) 0.094

273 (70.0) 133 (68.6) 0.777

109 (26.0) 46 (23.7) 0.413

149 (38.2) 82 (42.3) 0.044

15 (3.9) 3(1.6) 0.297

11.0 (4.9) 10.7 (5.2) 0.688

23.3(16.1) 229 (13.7) 0.815

Abbreviations: DRS = Disability Rating Scale; ED = emergency department; GCS = Glasgow Coma Scale; IVH = intra-

ventricular hemorrhage; SAH = subarachnoid hemorrhage.

of variance and Kruskal-Wallis tests were used to examine DRS
scores by education group, both at the time of admission to
rehabilitation and 1 year postinjury.

To further explore the possibility of dose response, a regres-
sion model was run whereby education was grouped into 4 cate-
gories as follows: incomplete high school education (<12 years of
education), high school completion with or without some post-
secondary education (12-15 years of education), sufficient years
of education to achieve an undergraduate degree with or without
some postgraduate education (16-20 years of education), and 4

Mean Disability Rating Scale score

Figure 2
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B Admission DRS
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Mean (95% confidence interval) Disability Rating Scale (DRS) scores on admission to reha-
bilitation and at 1 year in patients grouped by years of education.
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or more years of education beyond the undergraduate degree

(=20 years of education).

RESULTS From 2,606 records examined, a total of
769 patients met inclusion criteria and underwent
analysis (figure 1). Among these, 214 (27.8%)
achieved DFR at 1 year. Overall, 185 subjects
(24.1%) had fewer than 12 years of education, 390
(50.7%) had 12 to 15 years of education, and 194
(25.2%) had 16 or more years of education. The youn-
gest individual in the study sample to have completed
16 years of education was 23 years of age.
Characteristics of the study population are detailed
in table 1. The mean age of patients with 16 or more
years of education was 54.3 years, compared with
48.6 years in the group with 12 to 15 years of edu-
cation and 46.9 years in the group with fewer than 12
years of education (p < 0.001). Subjects with fewer
than 12 years of education were less likely to be
female (17.8%), compared with those who had 12
to 15 years (30.3%) and those with 16 or more years
(29.4%) of education (p = 0.0006). Individuals with
at least 16 years of education were more likely to be
white (83.0%), compared with those who had 12 to
15 years (72.1%) or those with fewer than 12 years
(51.9%) of education (p < 0.001). Mean GCS motor
score in the ED was higher in the group with 16 or
more years of education (4.9), compared with those
who had 12 to 15 years (4.6) and those with fewer
than 12 years (4.5) of education, but this difference
was not significant (p < 0.094). Motor vehicle
crashes were the most common mechanism of injury



across all groups, involving 47.0% of those subjects
with fewer than 12 years of education, 53.6% of those
with 12 to 15 years, and 44.9% of those with 16 or
more years; falls were less common in individuals
with fewer than 12 years (30.8%) or 12 to 15 years
(30.3%) compared with those having 16 or more
years (42.3%) of education, with other mechanisms
of injury being most common among those with
fewer than 12 (22.2%) vs 12 to 15 (15.9%) or 16
or more (12.9%) years of education (p = 0.024). No
other significant differences were observed across the
3 education groups for either demographic or injury-
related variables. There was also no difference across
education groups for mean DRS score at admission to
inpatient rehabilitation or length of stay in inpatient
rehabilitation.

One year after injury, DFR was achieved by 214 pa-
tients (27.8%), of whom 18 (9.7%) had fewer than 12
years of education, 120 (30.8%) had 12 to 15 years, and
76 (39.2%) had 16 or more years of education (p <
0.001). Overall, mean DRS scores at the time of admis-
sion did not differ across educaton groups (11.1

[SD 4.9] for <12 years vs 11.0 [SD 4.9] for 12-15
years vs 10.7 [SD 5.2] for =16 years; p = 0.688);
however, mean DRS scores were significantly different
across groups at 1 year postinjury (3.9 [SD 3.5] for <12
years vs 2.4 [SD 2.9] for 12-15 years vs 2.0 [SD 3.1]
for =16 years; p < 0.001) (figure 2). The distributions
of DRS scores at the time of admission rehabilitation
and at 1 year postinjury are represented in figure 3.

In multivariable logistic regression, educational
attainment was independently associated with DFR
(odds ratio [OR] 4.74, 95% confidence interval
[CI] 2.70-8.32 for 12-15 years; OR 7.24, 95% CI
3.96-13.23 for =16 years). Increased patient age and
rehabilitation length of stay were associated with
reduced odds of DFR (OR 0.41, 95% CI 0.28-
0.62 and OR 0.97, 95% CI 0.96-0.99, respectively),
and higher DRS scores at admission, by quartile,
demonstrated (quartiles 2 and 4) or trended toward
(quartile 3) reduced odds of DFR (see table 2).

In a sensitivity analysis of subjects aged 50 years
and older (n = 341), education retained its indepen-
dent association with DFR (OR 4.11, 95% CI

[ Figure 3 DRS score distribution
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[ Table 2 Multivariate odds of DFR ]
DFR (DRS score = 0) OR 95% Cl
Education and demographics

12-15 y of education 4.74 2.70-8.32
216 y of education 7.24 3.96-13.23
Age >40 y 0.41 0.28-0.62
Female 1.24 0.83-1.85
Injury/ED factors
Shock 0.22 0.06-1.16
Revised Trauma Scale (per point) 1.00 1.00-1.00
ED GCS motor score
1 0.82 0.43-1.56
2 0.18 0.02-1.47
3 0.28 0.06-1.28
4 0.64 0.34-1.21
5 1.40 0.85-2.30
CT findings
Subarachnoid hemorrhage 141 0.95-2.10
Intraventricular hemorrhage 0.71 0.46-1.10
Compression 0.80 0.56-1.15
Rehabilitation factors
Admission DRS quartile 2 0.60 0.38-0.95
Admission DRS quartile 3 0.63 0.39-1.01
Admission DRS quartile 4 0.47 0.25-0.88
Rehabilitation length of stay (per additional day) 0.97 0.96-0.99

Abbreviations: Cl = confidence interval; DFR = disability-free recovery; DRS = Disability
Rating Scale; ED = emergency department; GCS = Glasgow Coma Scale; OR = odds ratio.
Reference groups: <12 years of education, male, ED GCS score = 6, highest functioning
(first quartile of DRS) at rehabilitation admission.

1640

1.71-9.88 for 12-15 years; OR 5.22, 95% CI 2.12—
12.83 for =16 years); aside from educational attain-
ment, the only other significant predictor of DFR was
high disability on admission to rehabilitation (lowest
DRS score quartile, OR 0.32, 95% CI 0.12-0.85).
A further multivariate analysis was completed to
evaluate individuals with 20 or more years of educa-
tion (n = 32). In this model, individuals with 20
or more years of education had a 9-fold increased
odds of DFR compared with individuals with fewer
than 12 years of education (OR 9.33, 95% CI 3.78-
23.01), adjusting for the factors mentioned above.

DISCUSSION Our findings, obtained from a large,
prospective, multicenter cohort, demonstrate that
more than one-quarter of patients with moderate or
severe TBI who undergo intensive rehabilitation are
free of significant functional impairment 1 year after
injury. In addition, we found that preinjury educational
attainment is a strong independent predictor of long-
term functional outcome in this population. The
plausibility of this result is supported by a graded

Neurology 82 May 6, 2014

“dose-response” relationship whereby higher levels of
educational attainment were associated with greater
odds of achieving functional independence. The
association between education and functional outcome
was maintained even after adjustment for other major
outcome classifiers. Taken together, these data indicate
that educational status, a marker of cognitive resetve, is a
major and largely unaccounted determinant of functional
recovery after TBL

A substantial body of evidence generated from the
study of patients with progressive neurologic disorders,
such as Alzheimer disease, HIV encephalopathy, and
multiple sclerosis, indicates that cognitive reserve is a
fundamental factor modulating disease expression.®'>'¢
Despite these converging results, a unifying biological
theory of cognitive reserve is lacking, highlighting the
need for hypothesis-driven translational research in this
area.’ Recent studies suggest that the variability in recov-
ery from TBI may be driven by differences in brain
anatomical” and functional'®" connectivity. While
such connectivity differences may reflect heterogeneity
in the severity of injury, it is also possible that they reflect
preinjury differences in cognitive reserve. Research is
needed to unravel the complex relationships among pre-
injury variables, including cognitive reserve, injury sever-
ity, and postinjury reparative and compensatory factors.
Clarification of cognitive reserve biology and its link to
neural plasticity could identify targets for interventions
to improve outcomes for patients with neurologic dis-
ease and injury, including TBI.*

A few clinical studies support the view that cogni-
tive reserve modulates recovery after acute disorders
such as ischemic stroke®’ and TBL'®" In a study of
25 patients who underwent brain MRI scanning before
TBI, patients with lower preinjury total intracranial
volume and educational status had lower postinjury
IQ regardless of injury severity.'” In a retrospective
analysis of 52 children who had neuropsychological
testing before and after TBI, premorbid test scores
were not predictive of postinjury performance.'’ Nei-
ther of these 2 studies evaluated functional outcome,
nor was there any adjustment for covariates that might
contribute to post-TBI outcome.

Ovur data indicate a robust association between edu-
cational attainment and functional recovery in a large
sample of patients after TBI; however, limitations of
the study must be recognized. First, it is important
to acknowledge that educational attainment is a surro-
gate, and not a direct, marker of cognitive reserve.
While available published research supports the con-
struct of education as a marker of reserve, it remains
unclear whether higher educational achievement is
causatively linked to greater cognitive reserve, results
from it, or both.”'® Educational attainment itself is
not solely reflective of intellectual or cognitive abilities.
Motivation to succeed and self-discipline, as well as



socioeconomic status, are likely also associated with
higher levels of education and may have important
roles in determining the degree of post-TBI recovery.
A second limitation is that only patients admitted to
TBI Model Systems inpatient rehabilitation facilities
were studied; therefore, findings may not be general-
izable to the other TBI populations. Third, only pa-
tients with moderate to severe TBI were included, and
although we suspect that cognitive reserve may have an
important role in functional outcomes among individ-
uals with milder forms of TBI, this cannot be extra-
polated from our data. Fourth, beyond whether
preinjury work limitations existed, we did not evaluate
the role of preinjury occupational or socioeconomic
status (the data were not available), other physical or

(comment:
Importance of cognitive reserve in traumatic brain injury

The expectation for moderate to severe traumatic brain injury (TBI) is perma-
nent damage and lasting deficits. However, in a multicenter investigation, Schneider
et al.! show that by 1 year postinjury, one-fourth of patients with TBI achieve
disability-free recovery (DFR), defined as a score of zero on the Disability Rating
Scale. Of importance, cognitive reserve (CR) in the form of educational attainment
was related to DFR.

The neural basis for learning and memory depends on network integrity.
Functional neuroimaging studies show the modifiability and strengthening of
large-scale networks by educational training.? In this sense, educational attainment
likely represents a proxy for neural processes that reflect network integrity.

Once injured, how networks mend or adapt determines TBI outcome. Does
educational attainment function passively, whereby established networks provide
the neural scaffolding for rerouting and adaption? Or is there something more
active that leads to DFR? If educational attainment implicates more efficient neural
networks, established networks may be better able to respond to the treatment
milieu associated with intervention and rehabilitation after TBL. Regardless, these
findings provide intriguing hypotheses about the role of CR in brain structure and
function as well as response to injury.

Sumowski et al.> have shown that educational attainment also attenuates the
level of cognitive impairment in TBL. CR is a major factor related to resiliency in
aging and the timing and expression of dementing illnesses. The investigations by
Schneider et al.! and others®* firmly establish a CR role in TBI outcome.

Of course, caution is needed so as not to overinterpret the role of educational
attainment. The Disability Rating Scale is but a rating scale with low and overly broad
thresholds that lead to DFR classification. Nonetheless, because the brain is an
experience-dependent organ, educational attainment must reflect neural integrity at
some level, which in turn represents an important factor for the clinician to consider
in understanding TBI outcome.

1. Schneider EB, Sur S, Raymont V, et al. Functional recovery after moderate/severe
traumatic brain injury: a role for cognitive reserve? Neurology 2014;82:1636—1642.

2. Mackey AP, Miller Singley AT, Bunge SA. Intensive reasoning training alters patterns
of brain connectivity at rest. ] Neurosci 2013;33:4796-4803.

3. Sumowski JF, Chiaravalloti N, Krch D, Paxton J, Deluca J. Education attenuates the
negative impact of traumatic brain injury on cognitive status. Arch Phys Med Rehabil
2013;94:2562-2564.

4. LeviY, Rassovsky Y, Agranov E, Sela-Kaufman M, Vakil E. Cognitive reserve components
as expressed in traumatic brain injury. J Int Neuropsychol Soc 2013;19:664—671.

Erin D. Bigler, PhD

From the Magnetic Resonance Imaging Research Facility, Brigham Young University, Provo, and University

of Utah School of Medicine, Salt Lake City.

Study funding: No targeted funding reported.

Disclosure: E. Bigler serves on the executive advisory board for the Department of Defense, Injury

and Traumatic Stress Consortium and on the scientific advisory board, HIV Neurobehavioral

Research Program, University of California at San Diego; serves as an associate editor for Brain

Imaging and Behavior and Neuropsychology; receives publishing royalties from Oxford University

Press; receives research support from the NIH and the National Institute of Mental Health; and has
given expert testimony in a medicolegal case. Go to Neurology.org for full disclosures.

\

psychiatric difficulties, or alcohol/substance abuse, each
of which might be significant effect modifiers in TBI
recovery. Nevertheless, recent work in cohorts of elderly
patients indicates that educational attainment is a more
robust and independent predictor of later cognitive
performance than occupation.” Fifth, a single year of
follow-up may be insufficient to enable an adequate
understanding of how cognitive reserve, as measured
by educational attainment, relates to lifelong functional
ability in patients with TBI. Sixth, in analysis of subsets
of patients, particularly the subset with more than 20
years of education, the small number of eligible individ-
uals limits our power to definitively detect meaningful
differences. Seventh, it is possible that our exclusion of
patients who had been chemically paralyzed in the ED
or who were missing ED GCS data, or those for whom
1-year DRS scores were unavailable may have biased our
results substantially. Lastly, the DRS is a relatively sim-
ple tool that is heavily biased toward the assessment of
functional capacity and may fail to capture subtle but
clinically important neuropsychological impairments.

Recovery without disability, as measured using the
DRS, was achieved in a substantial proportion of sub-
jects with moderate to severe TBI who underwent
inpatient rehabilitation. This study provides evidence
that educational attainment, a marker of cognitive
reserve, is associated with a substantially increased like-
lihood of recovery in this setting. Research is needed to
clucidate the biological mechanisms of cognitive
reserve and how this process is related to learning, edu-
cation, injury, and resilience. It is expected that explor-
ing these relationships will help identify interventions
to promote greater degrees of recovery after TBL
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