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Abstract

Objective: To evaluate the impact of physical, mental, and total health condition burden on
functional outcome and life satisfaction up to 10 years after moderate-to-severe traumatic brain
injury (TBI).

Setting: Six TBI Model Systems centers.
Participants: 393 participants in the TBI Model Systems National Database.

Design: Retrospective cohort study.
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Main Measures: Self-reported physical and mental health conditions at 10-years post-injury.
Functional Independence Measure Motor and Cognitive subscales and the Satisfaction with Life
Scale measured at 1, 2, 5, and 10 years.

Results: In 10-year longitudinal individual growth curve models adjusted for covariates and
inverse probability weighted to account for selection bias, greater physical and mental health co-
morbidity burden were negatively associated with functional cognition and life satisfaction
trajectories. Physical, but not mental, co-morbidity burden was negatively associated with
functional motor trajectories. Higher total health burden was associated with poorer functional
motor and cognitive trajectories and lower life satisfaction.

Conclusions: This study offers evidence that co-morbidity burden negatively impacts
longitudinal functional and life satisfaction outcomes after TBI. The findings suggest better
identification and treatment of co-morbidities may benefit life satisfaction, functional outcome,
reduced healthcare costs, and decreased re-injury. Specific guidelines are needed for the
management of co-morbidities in TBI populations.

INTRODUCTION

Recognition of moderate-severe traumatic brain injury (TBI) as a chronic health conditionl-2
has sparked interest in identifying factors that may contribute to change over time,
particularly deterioration. Corrigan and colleagues® found that more than half of individuals
who receive inpatient rehabilitation for TBI will deteriorate or die during the time from
rehabilitation discharge to 5 years post-injury. Mortality studies have found a variety of
conditions associated with excess mortality,* which has inspired investigation into how the
presence of co-morbidities, or the concurrent medical conditions a patient has with TBI, may
affect trajectories of recovery. Indeed, studies of older adults with TBI have consistently
shown that the presence of co-morbid conditions is a substantial negative prognostic
indicator.>6

Several studies have found that co-morbid conditions, which include both pre-existing and
new onset conditions, are quite common among individuals who seek medical care for TBI.
A population-based study of older adults treated for a TBI in an Emergency Department
(ED) found a majority suffered from at least two co-morbid conditions and almost one-third
had three or more.” Kumar and colleagues8 identified three clusters of conditions that most
often co-occurred among adults over 50 who received rehabilitation for TBI characterized
as: acute medical complications, chronic conditions, and substance use disorders.8 Another
study of older adults who had received acute rehabilitation for TBI found those with fewer
co-morbid conditions were more independent two years post-injury.

Co-morbidity indices like the Elixhauser® and the Charlsonl® were designed to combine
multiple co-morbidities into a single dimension predicting risk for healthcare utilization
and/or mortality. These indices were developed for the general population of hospital
inpatients and have been most widely used for predicting death. Their utility in TBI is
unclear. At least one study of older adults with TBI admitted to a trauma service did not find
the Elixhauser Index improved prediction of either mortality or discharge functional
independence.® An alternative method of quantifying chronic disease burden that has been
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widely used in clinical research involves calculating a simple sum score of health conditions,
11-13 hyt this approach has not yet been applied to the study of TBI outcomes.

A recent TBI Model Systems (TBIMS) study4 examined the impact of individual co-
morbid conditions independently on the trajectory of functional independence and life
satisfaction. Among all prevalent co-morbidities (pre-existing and new onset conditions),
those conditions present in at least 5% of the cohort that were associated with motor
function were chronic heart conditions, asthma, cataracts, and depression.1* The trajectory
of recovery for cognitive function was also altered by chronic heart conditions, asthma, and
depression; but also included back pain, generalized anxiety disorder, and PTSD.14 Life
satisfaction was associated with a host of physical and behavioral health conditions;
specifically, rheumatoid arthritis, sleep disorders, fractures, back pain, alcoholism,
generalized anxiety disorder, panic attacks, PTSD, depression, and bipolar disorder.14 In all
cases, regardless the outcome being modeled, the presence of the co-morbidity was
associated with worse outcome.

Converging evidence across multiple TBI studies suggests individual physical and mental
health conditions negatively impact recovery. However, there remains little knowledge of the
cumulative burden of co-morbidities among patients with TBI. Because health conditions do
not occur in isolation, it is necessary to elucidate how the cumulative effects of diseases,
including pre-existing and incident conditions, affect trajectories of recovery from TBI.

Evaluating long-term recovery of patients with TBI does require certain methodological
considerations. Longitudinal TBI studies evaluating co-morbidities}4-17 have not accounted
for cohort selection, which could bias estimates because the unhealthiest participants are
also generally the most likely to be deceased or lost to follow-up and excluded from
longitudinal models. Widely used and well-validated epidemiological methods exist to

address the selection and survival bias that is intrinsic in observational longitudinal research.
18

The present study builds upon two prior TBIMS studies417 and aimed to examine the
associations of physical, mental, and total health burden with longitudinal trajectories of
motor, cognitive, and life satisfaction over the first 10 years following TBI in a sample of
adults weighted to account for selection bias. We developed an interactive tool that
dynamically plots longitudinal functional and life satisfaction trajectories after TBI based on
individual demographic and injury variables, and physical, mental, and total health burden.

METHODS

Participants

Data for this project were gathered through a modular project of the TBIMS National
Database, a multicenter longitudinal prospective cohort study. Criteria for inclusion in the
TBIMS as follows: 16+ years old at time of injury; moderate or severe TBI [post-traumatic
amnesia greater than 24 hours, intracranial neuroimaging abnormalities on computed
tomography scan, loss of consciousness > 30 minutes, or Glasgow Coma Scale score in the
ED < 13]. Participants presented to an acute care hospital within 72 hours of injury, and
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received inpatient rehabilitation at a designated TBIMS facility. Individuals were eligible for
the current study if they came due for a 10 year follow-up interview between July 2013 and
September 2017. For longitudinal modeling, participants were required to have non-missing
outcome data for at least three follow-up time points. Two prior studies have used data from
this TBIMS modular study.1#17 Each participating center obtained local Institutional
Review Board approval.

Physical and Mental Health Conditions—We collected health information from
participants or informants at 10-years post-injury. Specifically, we queried respondents about
27 physical health conditions from the National Health and Nutrition Examination Survey,1°
and 17 mental health conditions from the National Co-morbidity Survey Replication.2® All
questions were posed with the anchor, “Has a doctor ever told you that you had...”.

Covariates—Covariates in the primary analysis included sex, race/ethnicity, marital status,
education, employment status, age at time of injury, time to first follow commands,
discharge FIM™ Motor and Cognitive subscales, and rehabilitation length of stay (LOS).
The covariates selected were designed to build upon the models presented in previous study
by Malec and colleages.1* We grouped covariates to be consistent with prior studies using
this dataset.1417 Missing data for included covariates were low (<4%). We considered
additional covariates to adjust for selection bias due to loss to follow-up.

Outcomes—The outcome measures of this study were the FIM21 Motor and Cognitive
subscales and Satisfaction with Life Scale (SWLS).22 The FIM Motor measures functional
motor capabilities, with scores ranging from 13-91. The FIM Cognitive measures functional
ability in areas of comprehension, expression, social interaction, problem solving and
memory, with scores ranging from 5-35. The SWLS is a 5-item scale designed to measure
subjective report of one’s life satisfaction with scores ranging from 5-35.22 The SWLS
required completion by only the person with TBI, and as a result, the number of cases with
SWLS data is lower than other outcomes that could be completed by proxy. For all 3
measures, higher scores reflect better outcomes. The outcomes were gathered at 1, 2, 5, and
10 years post-injury.

Statistical Analysis

Sample characterization—Consistent with Malec et a/14, physical and mental health
conditions with low prevalence (<10 subjects) were excluded, resulting in 28 health
conditions (18 physical and 10 mental) for analyses (see Supplemental Table 1). We created
physical, mental, and total health burden scores for each participant by summing the total
number of conditions reported. We did not calculate burden scores for individuals with
missing data on at least one health condition. As in prior studies, 2324 we defined
“multimorbidity” as everhaving two or more health conditions (excluding TBI) by 10 year
post-TBI. We compared demographic and clinical characteristics by multimorbidity (0-1 vs.
at least two) using chi-square tests for categorical characteristics, two sample #tests for
normally distributed continuous characteristics, and Wilcoxon rank-sum tests for markedly
skewed continuous characteristics.
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Individual Growth Curve (IGC) Longitudinal Models—We used IGC models to
assess the relationship between each health burden score (physical, mental, and total) and
the longitudinal trajectories of each of the three outcomes (FIM Motor, FIM Cognitive,
SWLS) over time from 1-10 years post-injury. Previous work utilizing these data (Malec et
al)1* described quadratic relationships between FIM (Motor and Cognitive) and time, and a
linear relationship between SWLS and time as the best functional form for the IGC
trajectories. These relationships were critically assessed for this analysis and found to be
appropriate. The health burden scores were modeled as continuous variables. The
trajectories varied as a function of health burden score by including interaction effects
between the intercept, linear, and quadratic growth parameters and health burden score.
Within each model, a “joint” hypothesis test of the intercept and slopes tested if the
“average” quadratic (or linear) trajectories varied as a function of the health burden score.

Application of Inverse Probability Weighting (IPW) for Selection Bias—Because
selection into the analytic cohort required participants to survive to 10-years post-TBI and
have at least three follow-up interviews, there exists potential for bias among individuals
systematically selected out. To account for potential bias, we used IPW,18 a methodology
that weights individuals based on the inverse of the predicted probability of inclusion into a
cohort. The result of IPW is a pseudo-population that is balanced on relevant baseline
demographic and clinical variables associated with inclusion.

Prediction of inclusion was based upon all individuals enrolled into the TBI-MS during the
same window of injury dates and from the same six study sites. To identify relevant
variables, we first descriptively compared individuals in the analytic cohort, deceased
individuals, and 10-year survivors selected out of the analytic cohort for any reason.
Covariates associated (p<0.1) with inclusion were considered in the IPW models. We
performed two different multiple logistic regression models (with and without mortality
group) predicting likelihood of inclusion. We used IPWs to calculate two weighted estimates
of the IGC models. Because SWLS could only be completed by participants with TBI, we
calculated separate IPWs for SWLS completion.

IGC Interactive Tool—To aid in the interpretation of this work, we developed an
interactive tool based on our fitted IGC models. This tool allows stakeholders the
opportunity to model individualized longitudinal trajectories real-time, based on patient
demographics, injury characteristics, and physical, mental, and total health burden. For
illustration purposes, we plotted hypothetical trajectories comparing the 99t, 90t 75t and
25t percentile of the total health burden score for three unique cases. We set demographic
and clinical covariates to different clinically-relevant values for the three cases. All analyses
were conducted using SAS v.9.425 assuming a 5% level of significance unless otherwise
noted.

Sample characterization

The flow diagram for the derivation of our analytic cohort is shown in Figure 1. There were
404 individuals administered the health questionnaire, but 11 had missing data on at least
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one medical condition and were excluded from analyses. Therefore, the final analytic cohort
includes 393 individuals. We characterized demographic and clinical variables by
multimorbidity (Table 1). Multimorbidity rate in our cohort of 10-year survivors with TBI
was 69.5%. Individuals with multimorbidity were on average older and more likely to be
white and less likely to be Hispanic. There were no significant differences in injury
characteristics by multimorbidity. Distributions of the physical, mental, and total health
burden scores are provided in Figures 2a—c. The median physical health score was 2
(25t-75t percentile: 1-3). The median mental health score was 1 (251-75t percentile: 0-2).
The median total health score was 3 (25-75! percentile: 1-5).

IGC Longitudinal Models

The results of the joint tests of interaction for the IGC models are presented in Table 2.
Mean differences (75t vs. 25t percentile health score) in outcomes by follow-up period are
presented in Supplemental Table 2.

FIM Motor.—A quadratic trajectory was fit for FIM Motor models per previously reported
model selection process.1# The joint test of the interaction (unweighted) between health
burden score and the set of time parameters (intercept, linear slope, and quadratic slope) was
statistically significant for the physical (o= 0.0197) and total (v = 0.0469) health burden
scores, but was not significant for mental health burden (p= 0.1656). That is, the shape of
the FIM Motor trajectory varied significantly as a function of the physical and total health
burden, but not across mental health burden. In general, for those with low health burden
scores, the FIM Motor trajectory had a concave downward shape, with FIM Motor scores
improving between 1 and 5 years then declining somewhat by year 10, still remaining higher
than at year 1. However, for those with higher health burden scores, FIM Motor scores
decreased over time, with the greatest decline occurring 5-10 years post injury.

FIM Cognitive.—A quadratic trajectory was fit for all FIM Cognitive models. The joint
test of the interaction (unweighted) between health burden score and the set of time
parameters (intercept, linear slope, and quadratic slope) was statistically significant for the
physical (p=0.0275), mental (p < 0.0001), and total (p < 0.0001) health burden scores. That
is, the shape of the FIM Cognitive trajectory varied as a function of the health burden scores.
In general, for those with low health burden scores, the FIM Cognitive trajectory had a
concave downward shape, with FIM Cogpnitive scores slightly improving between 1 and 5
years then declining to levels similar to year 1. However, for those with higher health burden
scores, FIM Cognitive scores were lower at year 1 and declined over time. In particular,
those with the highest mental and total health burden scores showed a more rapid decline
during the first 5 years post-injury than 5-10 years post-injury.

SWLS.—SWLS data were available for only 326 of 393 subjects (83.0%) in this cohort. A
linear trajectory was fit for all SWLS models. The joint test of the interaction (unweighted)
between health burden score and the set of time parameters (intercept and linear slope) was
statistically significant for the physical (p = 0.0266), mental (p < 0.0001), and total (p <
0.0001) health burden scores. That is, the shape of the SWLS trajectory varied significantly
as a function of health burden score, primarily in terms of the intercept. In general, SWLS
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trajectory was constant over time for those with low health burden scores, but as health
burden scores increased, SWLS scores were lower initially and declined slightly over time.

Application of IPW for Selection Bias

Of 817 individuals potentially eligible for inclusion, 404 (49.4%) were part of the cohort,
141 were deceased prior to year 10, and 272 survived but were selected out for any of the
following reasons: withdrawal, lost to follow-up, or <3 follow-up visits. Demographic and
clinical factors associated with these groups are provided in Supplemental Table 3. We
constructed two IPW weights (with and without mortality group). The first IPW model
(including mortality group) adjusted for age, race, marital status, rehabilitation payor,
employment status, education, residence after discharge, and FIM Motor at rehabilitation
discharge. The second IPW (not including mortality group) adjusted for race, marital status,
rehabilitation payor, employment status, education, residence after discharge, FIM Cognitive
and Motor at rehabilitation discharge, and DRS at rehabilitation discharge. After IPW
adjustment, the estimates from the joint tests of interactions differed modestly (Table 2).

Interactive Tool and Case Examples

We developed an interactive tool using the fitted IGC models that can be used to plot
longitudinal trajectories to understand the relationships between health burden and outcomes
across various combinations of subject characteristics (see Supplemental Digital Content).
We provide an illustration of the tool by plotting divergent longitudinal trajectories
(weighted models excluding mortality group) among three hypothetical cases with four
scenarios for health burden: one, five, seven, and 11 total health conditions (see Figures 3a—

c).

Case #1 provides an illustration of FIM Motor trajectories for an average 37 year old white
male. In plotting four hypothetical conditions of total health burden, we observed similar
functional motor performance 1 year after injury, but under hypothetical conditions of very
high total health burden (seven or 11 health conditions) there was considerable decline in
FIM Motor from years 2-10. For case #2, a 55 year old black female, we determined FIM
Cogpnitive roughly follows a concave down trajectory under a hypothetical scenario of one
total health condition, but the opposite, a concave up shape under a hypothetical extreme
scenario of 11 total health conditions. For case #3, a 65 year old Hispanic female, SWLS
varied at 1 year post injury under different hypothetical total health burden scenarios, with
greater health burden consistently corresponding to lower satisfaction. Life satisfaction
remained mostly constant over time, with the exception of a slightly declining linear slope
over time in a hypothetical extreme scenario of 11 total health conditions.

DISCUSSION

Using a sample of 10-year survivors that received acute inpatient rehabilitation for TBI, we
found multimorbidity (2+ conditions not including TBI) occurred in nearly 70% of
individuals. We found that greater physical health co-morbidity burden was negatively
related to long-term functional motor, cognitive, and life satisfaction after TBI. Mental
health co-morbidity was associated with functional cognition and life satisfaction
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trajectories. Health burden as measured in this study represents the accumulation of pre-
injury and post-injury health conditions; therefore, current findings suggest that, regardless
of its causal link to TBI, co-morbidity burden has long-term relevance for recovery from
injury.

Several previous TBI studies have documented individual co-morbid conditions that are
prevalent following TBI and that impact recovery from injury.1726 Here, we characterized
burden from multiple co-morbidities, which may better reflect real-world conditions. In
practice, diseases rarely occur in isolation and are often co-occurring and may have common
underlying causes. Physical and mental health conditions can be mutually exacerbating; that
is, they can have interactive effects on health-related quality of life. For example, research in
the general population of adults has shown that individuals with physical health conditions,
including arthritis, diabetes, and asthma, were more likely to have depression than people
without these conditions.2’

The effect of health morbidities on functional outcome trajectories after TBI may be
particularly significant for the prevention of secondary age-associated conditions. For
example, chronic medical and psychiatric health conditions may be a modifiable point of
intervention to prevent late-life dementia in TBI populations. Past studies that evaluated
dementia risk among individuals with and without TBI, reported higher rates of diabetes,
cerebrovascular, and cardiovascular disease among individuals with TBI, suggesting patients
with TBI have greater rates of chronic diseases compared to individuals without TBI in the
population.28:2% Researchers have long posited that aggressive management of hypertension,
cholesterol, and diabetes may lower risk for dementia in late life.30 Others have theorized
earlier-life depression may also have a causal link to incident dementia.31 Additionally,
previous work from Dams-O’Connor and colleagues3? determined that cerebrovascular
disease, depressive symptoms, and functional status predict risk for incident TBI among
older adults, suggesting that accumulated health burden, and the associated functional
decline, may also increase risk for re-injury in this already-vulnerable population.

There are limitations to this study that warrant consideration. We relied on self-report for
measuring health, which requires awareness and memory of one’s conditions and may result
in over- or under-reporting. While verification of self-report against medical records was not
possible, the TBIMS cohort has shown good-to-excellent test-retest reliability for the health
condition questions used in the present study.33 Other studies have found self-report and
physician ratings have strong congruence and stability over time, with instances of
misclassification in the direction of overestimating health (under-reporting).34 Only a select
set of possible conditions were studied, and we did not have detailed information on the
type, severity, or treatment. Our method of summing health conditions treated each condition
equally and may not reflect the differential impact of individual health problems. We did not
have access to administrative diagnosis codes or clinical data that might have allowed us to
calculate validated co-morbidity indices.?10:35 It is likely that disease burden increased over
time but this was not considered in the present study because we did not have detailed
information on timing of diagnoses. Mortality and attrition accounted for 50% of those
otherwise eligible for this study. Our descriptive characterization of individuals not included
in the analysis revealed that deceased individuals are systematically different (older age,
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more often white race, retired, living with other patients/residents/personal care attendants
and living in nursing homes pre-injury) than survivors that were selected out for any reason.
This descriptive analysis exemplifies issues of selection bias to generalizability of findings
in longitudinal TBI research. We have incorporated the use of IPW models to help allay
selection concerns in the present study.

The findings of the present study illustrate that, by negatively impacting rehabilitation
outcome trajectories, cumulative burden of both physical and mental health conditions may
impact domains of life that extend beyond the morbidity of the diseases themselves. This
work lays the ground work for future research needed to improve co-morbidity care and
outcomes for patients with TBI. Rates of co-morbid conditions need to be systematically
evaluated among individuals with TBI and their demographically-similar counterparts in the
general population. There also is need for a health burden score that differentially weights
individual conditions based on their incremental effects on long-term outcomes from TBI-
no such index has been validated in rehabilitation research. Another important consideration
is identifying when individual conditions most often occur to better recognize opportunities
to prevent accumulation of disease. Models of proactive, coordinated care aimed at
decreasing health burden, minimizing polypharmacy, and improving rehabilitation outcome
need to be developed and tested in TBI populations.

A majority of 10-year survivors of TBI have multimorbidity, and higher burden of disease is
negatively related to long-term functional cognition and life satisfaction. These results
highlight an urgent need to enhance education, prevention, surveillance, and treatment
interventions that address TBI co-morbidities. The findings suggest that potential benefits of
better identification and treatment of co-morbidities among individuals with TBI may
include improved life satisfaction, functional outcome, reduced healthcare costs, and
decreased re-injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2A-C:
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Histogram of Mental Health Burden Score
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The histogram for physical, mental, and total health burden in plots 2a-c, respectively. The
median (IQR) for the three health scores were as follows: A) Physical health score,
Median=2 (IQR: 1,3); Mental health score, Median=1 (IQR: 0, 2); Total health score,

Median=3 (IQR: 1, 5).
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Figure 3:
The following plots represent trajectories for three exemplar cases that exhibited the

following demographic and clinical characteristics. A) Case 1: 37 year old, male, white race,
not married, less than HS education, employed, 3 days to follow commands, 21 day rehab
LOS, 72 FIM Motor rehab discharge, 25 FIM Cognitive at rehab discharge; B) Case 2: 55
year old, black female, married, less than HS education, not employed, 8 days to follow
commands, 80 FIM motor, 30 FIM cognitive, 18 day rehab LOS; C) Case 3: 65 year old,
Hispanic female, not married, less than HS education, employed, 12 days to follow
commands, 78 FIM mator at rehab discharge, 28 FIM cognitive at rehab discharge, 20 day
Rehab LOS. We plot 10-year trajectories in four counterfactual scenarios for a given case for
three different outcomes (1, 5, 7, and 11 total health conditions).
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Table 1.

Demographic and Clinical Variables by Multimorbidity¥Status

Variable No Multimorbidity (N=120)  Multimorbidity (N=273) p-value
Age, Mean (SD) 32.3(13.7) 40.0 (16.1) <0.001*
Male Sex, Count (%) 97 (80.8) 202 (74.0) 0.143
Race, Count (%) <0.001"
White 70 (58.3) 204 (74.7)
Black 23(19.2) 53 (19.4)
Hispanic 19 (15.8) 11 (4.0)
Other 8(6.7) 5(1.8)
Marital Status, Count (%) 0.159
Married 36 (30.0) 102 (37.4)
Not Married 84 (70.0) 171 (62.6)
Education, Count (%) 0.824
Less than High School 43(35.8) 90 (33.0)
High School or GED 34 (28.3) 72 (26.4)
Some College 24 (20.0) 65 (23.8)
College or Higher 19 (15.8) 46 (16.9)
Employment, Count (%) 0.086
Employed 90 (75.0) 181 (66.3)
Not employed 30 (25.0) 92 (33.7)
FIM™ Motor at Rehab Discharge, Mean (SD) 70.4 (17.4) 68.7 (18.3) 0.379
FIM™ Cognitive at Rehab Discharge, Mean (SD) 23.1(6.4) 23.7 (6.6) 0.354
Length of stay in rehabilitation, Mean (SD) 21 (14-33) 21 (13-35) 0.949
Days to Follow Commands, Median (IQR) 3(1-14) 2(0.5-12) 0.231

Page 15

¥Mu|timorbidity is defined as having = 2 health conditions, not including TBI; No Multimorbidity is 0 or 1 health condition, not including TBI; SD

= standard deviation;

*
indicates statistically significant (a=0.05)
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Joint Test of Interactions between Time Parameters (Intercept and Slopes) and Health Burden Scores

Table 2:

FIM Motor  FIM Cognitive SWLS+

Health Burden Score p-value p-value p-value

Unweighted Physical 0.0197 0.0275 0.0266
Mental 0.1656 <0.0001 <0.0001

Total 0.0469 <0.0001 <0.0001

Weighted (including mortality group)  Physical 0.0173 0.0309 0.0225
Mental 0.2133 <0.0001 <0.0001

Total 0.0552 <0.0001 <0.0001

Weighted (excluding mortality group)  Physical 0.0197 0.0172 0.0243
Mental 0.1510 <0.0001 <0.0001

Total 0.0485 <0.0001 <0.0001

7a

separate IPW was calculated for the SWLS outcome, as that was a reduced cohort relative to FIM Motor and Cognitive
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