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Abstract

Objective: To update the life expectancy estimates according to age, sex, mobility, and feeding skills reported in the 2015 study of Brooks et al.

To examine trends in survival over the past decade.

Design: Observational cohort study.

Setting: Poisson regression and life table analysis applied to long-term follow-up data on United States (US) Traumatic Brain Injury (TBI) Model

Systems patients recorded in the national database. Functional mobility and feeding skills were assessed with FIM.

Participants: A total of 14,803 persons with TBI during the years 1988-2019 who underwent inpatient rehabilitation and provided at least 1 long-

term assessment of functional skills 1 year or more postinjury (N=14,803).

Interventions: Not applicable.

Main Outcome Measures: Survival, mortality rates, and life expectancy.

Results: Life expectancy was lower than that of the age- and sex-matched general population. Older age and severity of functional impairments were

risk factors for mortality (both P<.0001 in regression models). Among ambulatory individuals, mortality was 51% (95% confidence interval, 35%-

69%) higher in men than women. Life expectancy of 20-year-old women who walked well (FIM ambulation score 7) was 55 (SE=0.8) additional

years to age 75, representing a reduction of 6.9 years from the normal general population figure. For 20-year-old men who walked well, the life expec-

tancy was 49 (SE=0.5) additional years, representing a reduction of 8.1 years from normal. Life expectancies for men and women who did not walk

and were fed by others were much lower. There was no significant change in mortality rates during the study period (hazard ratio, 1.008; P=.07).

Conclusions: There has been no significant change in the long-term survival of persons with TBI in the US since the late 1980s. The life expectan-

cies reported here are similar to those reported in the 2015 study of Brooks et al, although they are more precise because of the larger sample size

and longer follow-up.
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Accurate life expectancy estimates are a critical component of

long-term care planning for persons with traumatic brain injury

(TBI) who require lifelong support. Numerous TBI cohort studies

have documented increased mortality and reduced life expectancy
The Traumatic Brain Injury (TBI) Model Systems National Database is a multicenter study of

the TBI Model Systems Centers Program and is supported by the National Institute on Disability

and Rehabilitation Research (NIDRR) of the US Department of Education. However, these contents

do not necessarily reflect the opinions or views of the TBI Model Systems Centers, NIDRR, or the

US Department of Education.

Disclosures: none

0003-9993/$36 - see front matter � 2021 The American Congress of Rehabilitat

https://doi.org/10.1016/j.apmr.2021.05.015
by comparison with uninjured and general population (GP) refer-

ence groups,1-10 and these often serve as empirical guides to the

determination of life expectancy in practice. The data underlying

these studies, however, are necessarily historical and their rele-

vance to contemporary patients with TBI depends in part on

whether there have been significant secular trends, that is, changes

over time, in long-term survival. It is therefore important to exam-

ine secular trends and to estimate life expectancy using the most

up-to-date empirical data.
ion Medicine. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.apmr.2021.05.015
http://www.archives-pmr.org
https://doi.org/


ARTICLE IN PRESS
2 J.C. Brooks et al
The 2015 study by Brooks et al1,2 estimated life expectancies

using models of age-, sex-, and disability-specific mortality rates.

These were externally validated with empirical follow-up data

from 2 separate cohorts with TBI. One of the 2 cohorts included

persons who completed inpatient rehabilitation and long-term fol-

low-up assessment with the United States (US) TBI Model Sys-

tems (TBIMS) during the years 1988-2010. Life expectancy was

related to functional walking and feeding skills. There were no

significant secular trends in survival for any of the TBI compari-

son groups, a finding that contrasted with improvements in US GP

life expectancy during the same period.

The present study examines secular trends in TBI survival dur-

ing the most recent decade, 2010-2019, and updates the life expec-

tancy estimates from Brooks et al1,2 by applying the same

validated analytical methods to an extended and expanded TBIMS

national database. The database contains information on new

patients who sustained injuries through year 2019 as well as addi-

tional follow-up of the previously studied cohort.
Methods

This study was approved by the HCA-HealthOne Institutional

Review Board at Craig Hospital for the TBIMS National Data and

Statistical Center.

The TBIMS database and analytical methodology were

described in the previous study.1,2 The present study incorporates

additional data for persons injured in the years 1988-2019. In

brief, the sample included persons who were aged ≥16 years with

a moderate to severe TBI, underwent inpatient rehabilitation, and

provided complete follow-up assessment data at the 1-year postin-

jury evaluation or later. Those who died before completing a long-

term functional assessment were not included in the analysis.

Study participants were classified into 1 of 4 groups based on their

walking and feeding skills:

� Walks well: FIM ambulation score of 7.
� Some walking: FIM ambulation score of 6.
� Does not walk, self feeds: FIM ambulation score ≤5 or uses a

wheelchair as the primary means of functional mobility, and

FIM eating score ≥4.
� Does not walk, fed by others: FIM ambulation score ≤5 or uses
a wheelchair as the primary means of functional mobility, and

FIM eating score ≤3.

Mortality rates were estimated under the validated Poisson

regression model in Brooks et al 2015,1 which was refit to the

updated data. We examined secular trends and time since injury

effects by adding time-dependent covariates to the model.

To estimate life expectancies, we constructed standard actuarial

life tables that used the maximum of (1) our model-based mortality

rates and (2) the age- and sex-specific mortality rates in the US GP

as the inputs. SEs were computed using a bootstrap procedure.
List of abbreviations:

CI confidence interval

GP general population

TBI traumatic brain injury

TBIMS Traumatic Brain Injury Model Systems

US United States
Results

The cohort included 14,803 persons (mean age 43§19y, 73% male)

who were collectively followed for 115,376 person-years after their

first complete long-term follow-up assessment. There were 2268

deaths for an overall mortality rate of 19.7 deaths per 1000 persons

per year. Regarding functional abilities and disabilities, 58% walked

well, 28% had some walking, 11% did not walk but did feed them-

selves, and 3% did not walk and were fed by others.

The fitted Poisson regression model is summarized in table 1.

Mortality rates increased with age and severity of disability. The

highest mortality was observed in persons who did not walk or

feed themselves. Mortality increased by 6.4% (95% confidence

interval [CI], 6.1%-6.6%) per year of current age among persons

who walked or fed themselves. The increase per year of age for

those who did not walk and were fed by others was somewhat

lower at 4.3% (95% CI, 3.6%-5.0%). Mortality rates for ambula-

tory men were 51% (95% CI, 35%-69%) higher than those for

ambulatory women.

Calendar year (hazard ratio, 1.008; P=.0704) and time since

injury (hazard ratio, 1.005; P=.2431) were not significantly associ-

ated with mortality rates after current age, sex, and walking and

feeding skills had been taken into account.

Updated life expectancies are shown in table 2. The mean num-

ber of additional years of survival was inversely related to current

age and severity of functional disabilities. For the “walks well”

group the absolute reductions from the GP life expectancy were

similar for men and women, declining from about 7-8 years at age

20 to about 4 years at age 60. The relative reductions from the GP

life expectancy for those who walked well were somewhat smaller

for women (13%-15%) than for men (14%-20%). This follows

from the fact that GP life expectancies for women are higher than

those for men.

Persons with greater functional walking limitations had lower

life expectancies. Although the life expectancies for nonambula-

tory men and women were equivalent, there were notable absolute

and relative differences by comparison with the sex-specific GP

figures. For example, the life expectancies for 20-year-old men

and women in the “does not walk, fed by others” groups were

both 24 additional years. For men, this represented a reduction of

33.1 years or 58% from the GP life expectancy. For women, life

expectancy was reduced by 37.9 years or 61% from the GP figure.

SEs of the life expectancy estimates reported in table 2 are <1
year in nearly every case.
Discussion

The results reported here update and supersede those in the 2015

study of Brooks et al.1,2 The life expectancies themselves are not

markedly different because mortality rates did not change signifi-

cantly during the most recent decade. The new estimates, how-

ever, are more precise given the larger sample size and longer

follow-up. They are also based on the most up-to-date empirical

data and therefore should be preferred to those in our earlier study

for practical work related to long-term care planning.

There was no improvement in TBI survival during the last

decade 2010-2019, a finding that is consistent with the results of

our previous study.1 The reasons underlying this result are not

clear and may well be complex. It is notable that improvements in

GP life expectancy in many developed countries including the US

slowed considerably during the last decade. Some proposed
www.archives-pmr.org
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Table 2 Life expectancy: additional years (SE)

Sex/Age Does Not Walk, Fed by Others Does Not Walk, Self-Feeds Some Walking Walks Well General Population*

Female

20 24 (1.5) 40 (0.8) 49 (0.8) 55 (0.8) 61.9

30 19 (1.1) 32 (0.7) 40 (0.7) 45 (0.8) 52.2

40 14 (0.8) 25 (0.6) 32 (0.6) 37 (0.7) 42.7

50 11 (0.7) 18 (0.5) 24 (0.6) 29 (0.6) 33.5

60 8 (0.6) 13 (0.4) 18 (0.5) 21 (0.6) 24.8

Male

20 24 (1.5) 40 (0.8) 43 (0.6) 49 (0.5) 57.1

30 19 (1.1) 32 (0.7) 35 (0.5) 40 (0.5) 47.8

40 14 (0.8) 25 (0.6) 27 (0.5) 32 (0.4) 38.7

50 11 (0.7) 18 (0.5) 20 (0.4) 24 (0.4) 29.9

60 8 (0.6) 13 (0.4) 14 (0.3) 18 (0.3) 21.8

* US general population, 2018.

Table 1 Poisson regression model for long-term mortality rates*

Covariate Hazard Ratio 95% CI P Value

Male £ ambulatory 1.5 1.4 1.7 .0001

Walks well (reference) 1.0 − − −
Some walking 1.5 1.4 1.7 .0001

Does not walk, self-feeds 2.8 2.4 3.2 .0001

Does not walk, fed by others 21.1 12.9 34.5 .0001

Age £ (ambulatory or self-feeds) 1.06 1.06 1.07 .0001

Age £ (does not walk, fed by others) 1.04 1.04 1.05 .0001

* For details see the prior study.1,2
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explanations for stalling life expectancy improvements in the GP

include diminishing improvements in cardiovascular mortality,

increased alcohol and prescription medication misuse, and higher

prevalence of obesity. It is possible that these issues may be exac-

erbated among persons with TBI. Examination of trends in cause-

specific mortality in persons with TBI may provide greater insight

into the lack of improvement documented here. Such an analysis

is beyond the scope of the present study but may become possible

as the TBIMS collect more data.

The updated life expectancies reported here are applicable to

persons after a period of 1 year or more postinjury. Time since

injury did not have a significant effect on mortality among 1-year

survivors after age, sex, and functional disabilities were taken into

account. Functional improvement, however, may be observed

beyond 1 year and this should be considered for prognosis in indi-

vidual cases.
Study limitations

Practical limitations are similar to those identified in our 2015

study.1,2 The walking-feeding comparison groups are broad, and

some refinement of the life expectancy figures to reflect a particu-

lar individual’s pattern of abilities and disabilities may be indi-

cated for prognosis in some cases. For example, the life

expectancies for the “does not walk, fed by others” group are too

high for persons with the most extreme neurologic disabilities

including those with disorders of consciousness or dependence on

gastrostomy. Conversely, those for the “walks well” group are

overly pessimistic for persons who are able to live completely
www.archives-pmr.org
independently and are capable of remunerative employment.

Finally, the figures did not consider additional risk factors such as

pre- and postinjury problematic use of alcohol and/or drugs or

other psychiatric issues, which are not uncommon among those

hospitalized for TBI. These will be considered in a follow-up

study. Finally, the data studied here reflect conditions before the

onset of the coronavirus pandemic. Its effect on long-term mortal-

ity among persons with TBI is an area for future research.
Conclusions

The life expectancy of persons with TBI is lower than that of the

age- and sex-matched GP. A key determinant is the severity of

impairment in functional walking and feeding skills. There has

been no significant secular trend toward improved survival since

1988, including in the most recent decade from 2010-2019.
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