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Abstract

IMPORTANCE Traumatic brain injury (TBI) has been associated with mortality and chronic
conditions, including dementia. However, research is limited regarding the disease process by which
TBI leads to long-term mortality.

OBJECTIVE To assess TBI incidence over decades and its association with long-term all-cause and
dementia-related mortality among participants in the Framingham Heart Study (FHS), with the
hypothesis that the association would be largely attributable to dementia-related mortality.

DESIGN, SETTING, AND PARTICIPANTS This cohort study used data from the original and offspring
cohorts of the FHS, a multigenerational, community-based cohort study conducted from 1948 to
2022. Participants with TBI were matched 1:3 to unexposed participants based on birth year, sex, and
generational cohort. TBI data were collected from comprehensive medical record review and study
examination visit records from the time of enrollment until death or conclusion of data collection.
Data analysis was performed from February 1, 2023, to November 1, 2024.

EXPOSURE Traumatic brain injury.

MAIN OUTCOMES AND MEASURES The primary outcomes assessed were all-cause and dementia-
related mortality. Time-to-event analyses were conducted using data from the FHS original and
offspring cohorts.

RESULTS This study included 10 333 FHS participants: 5209 from the original cohort (mean [SD]
age at enrollment, 44 [9] years; 55.2% female; mean follow-up, 35 [15] years) and 5124 from the
offspring cohort (mean [SD] age at enrollment, 36 [11] years; 51.5% female; mean follow-up, 39 [11]
years). A total of 886 participants (17.0%) in the original cohort and 1243 (24.3%) in the offspring
cohort experienced at least 1 TBI, with incidence rates of 7.02 (95% CI, 6.63-7.40) and 9.11 (95% CI,
8.70-9.51) TBI events per 1000 person-years and a mean (SD) age at TBI of 74 (16) and 71 (15) years,
respectively. Falls were the most common mechanism of TBI in both the original (65.4%) and
offspring (82.8%) cohorts. TBI was associated with all-cause mortality (hazard ratio [HR], 1.15 [95%
CI, 1.06-1.26]) in a dose-dependent fashion with TBI severity (mild: HR, 1.06 [95% CI, 0.96-1.16];
moderate to severe: HR, 1.82 [95% CI, 1.48-2.25]). TBI was also associated with dementia-related
mortality in a dose-dependent fashion (mild TBI: HR, 1.60 [95% CI, 1.31-1.97]; moderate to severe TBI:
HR, 3.67 [95% CI, 2.31-5.80]) but not with non–dementia-related mortality.

CONCLUSIONS AND RELEVANCE In this study of FHS community-based original and offspring
cohorts followed up over 7 decades, most TBIs occurred late in life and were related to falls. TBI was
associated with an increased risk of long-term, all-cause mortality in a dose-dependent fashion, with
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Abstract (continued)

dementia-related mortality largely contributing to this association. Preventing falls to reduce TBI
could have important implications for dementia and mortality.
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Introduction

Traumatic brain injury (TBI), defined as an alteration in brain functioning or brain pathology due to an
external force, is a leading cause of disability and death in the US.1,2 An estimated 2.8 to 3 million US
residents are diagnosed with a TBI annually, and approximately 3.2 to 5.3 million US residents are
currently living with a TBI-related disability.2-5 In 2017, 25% of all injury-related deaths in the US
involved TBIs, and in 2021, 190 Americans died from TBI-related injuries each day.6,7 Previous studies
investigating TBI and neurodegenerative diseases have found a history of TBI to be associated with
the development of dementia, although research is inconsistent regarding underlying etiology.8-13

Additionally, compared with individuals without TBI, those hospitalized with mild TBI had a greater
risk of death within 15 years after hospitalization, and those with moderate or severe TBI had an
increased risk of death with a decrease in life expectancy by 7 years.14-16 With these findings,
researchers have argued for TBI to be considered a chronic condition or a silent epidemic.17-19

Although research has begun to characterize TBI as a chronic condition associated with long-
term consequences such as dementia and mortality, traditional TBI treatments and care models
prioritize acute care.17,20 Research examining TBI as a risk factor for initiating or accelerating
neurodegenerative disease is mixed, and studies investigating the connection between history of TBI
and mortality are limited.14,21-24 Previous research frequently relied on death certificates (on which
dementia as a contributory cause is often omitted25-27), eliminating the possibility that dementia may
lead to premature mortality following TBI.28-31 Additionally, population-based studies have relied on
data collected from either hospital admissions or self-report alone, thereby limiting their
characterization of TBI. Further systematic, scientifically rigorous research examining TBI in relation
to neurodegenerative disease and mortality is limited.17,21-24

This study used data collected between 1948 and 2022 from medical record review, self-report,
and study examination visit records of the original and offspring cohorts of the Framingham Heart
Study (FHS) to examine the incidence of TBI over time and across time- and age-decades, including
reporting setting and mechanism of injury. Additionally, among those who survived at least 1 year
post injury, we investigated the risk of long-term mortality associated with TBI, and we hypothesized
that dementia-related mortality would largely contribute to the association. Finally, we examined
the association between severity and number of TBIs and long-term mortality.

Methods

Study Design and Participants
The FHS is a longitudinal, community-based cohort study.21 Analyses for this cohort study included
participants from the first 2 FHS generation cohorts, including the original cohort with enrollment
beginning in 1948 and the offspring cohort with enrollment beginning in 1971.31,32 Participants were
characterized longitudinally until death, with comprehensive examinations at study visits and
surveillance questionnaires between examinations. At the conclusion of this study’s data collection,
the original cohort had undergone 32 examinations that were conducted every 2 years and were
concluded in 2014, and the offspring cohort had undergone 10 examinations that were conducted
every 4 years.31 Participants also released medical records to the FHS from hospital visits, nursing
home facilities and hospice care, urgent care centers, and outpatient and primary care visits from the
time of recruitment until death. Additional information, can be found in the studies by Dawber et al32
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and Feinleib et al.33 The Boston University Medical Center institutional review board approved the
study protocols and consent forms. All participants provided written informed consent. The study
followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline.

TBI Data Collection and Adjudication
TBI data came from both comprehensive medical record review and self-report TBI questionnaires.
Medical records were requested on an ongoing basis from the time of enrollment, during each core
visit, and during annual health status updates. Study personnel reviewed every FHS and medical
record across all participants from both cohorts to find instances of head impact, TBI
symptomatology, confounding factors, neuroimaging reports, and postinjury sequelae. Study
personnel conducting medical record review were extensively trained, and strict quality control
procedures were implemented. When questions or discrepancies arose, cases were elevated to
senior personnel, the principal investigator (J.M.), or both for resolution. Self-report TBI questions
were administered at a subset of core examinations (original cohort: examinations 19, 22, and 23; and
offspring cohort: examinations 7, 8, and 9). For a full description of this process, see the eMethods
and eFigure 1 in Supplement 1.

Injuries were categorized as either (1) head injury but not meeting TBI criteria or (2) TBI, which
was further categorized based on severity as mild, moderate, or severe. TBI severity was classified
using modified American Congress of Rehabilitation Medicine and US Veterans Affairs/Department
of Defense criteria (eTable 1 in Supplement 1).34

Mortality
We monitored participants until death or conclusion of the follow-up period (August 15, 2022). Death
reviews were conducted using data from hospital and emergency department records, imaging and
laboratory reports, physicians’ notes, death certificates, and autopsy or medical examiners’
reports.35 Diagnoses of dementia were assigned by a dementia review panel, including neurologists
and neuropsychologists, using Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition)
(DSM-IV) criteria.31,36,37 We categorized causes of death as dementia related and nondementia
related. Dementia-related mortality included participants who were determined at death review to
have died from other causes and were adjudicated as having dementia based on neuropsychological
testing and gold-standard consensus adjudication using DSM-IV criteria.31,37 Dementia-related
mortality was further subdivided into pure Alzheimer disease (AD)–related mortality (based on an
adjudicated diagnosis of National Institute of Neurological and Communicative Disorders and Stroke
[NINCDS] probable AD) and other dementia-related mortality (those with dementia-related
mortality but not meeting NINCDS probable AD criteria).38 Nondementia-related mortality included
participants who were determined to have died from cardiovascular disease (CVD), cerebrovascular
accident (CVA), cancer, other causes (without having been adjudicated to have dementia), or
unknown causes.

Covariates
Additional factors (CVD, current smoking, hypertension, type 2 diabetes, and education level) were
extracted from the examination closest to the TBI event and at the same time for the matched
unexposed group. CVD was defined as the presence of any of the following: atrial fibrillation, stroke,
or coronary heart disease, which were assessed by physicians who reviewed each participant’s study
data and medical records systematically. Diagnoses of hypertension and type 2 diabetes were
similarly assessed by physicians who systematically reviewed each participant’s study data and
medical records. Detailed methods of the surveillance, evaluation, and diagnoses have been
described elsewhere.36 Education was classified into 4 ordered levels: no high school, high school
diploma, some college, and college degree. Smoking status was defined as having ever smoked.
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Statistical Analysis
TBI incidence was calculated in number of TBI events per 1000 person-years throughout the
participant lifespan as well as across age- and time-decades and by mechanism of injury. Only TBI
events and person-years occurring after participant enrollment were considered. A Poisson
distribution was assumed to calculate 95% CIs for the TBI incidence rates.

To investigate associations between TBI and long-term mortality, participants with and without
incident TBI were randomly matched on study cohort, birth year, and sex in a 1:3 ratio. Participants
with TBI reported in the medical record as occurring prior to study enrollment (ie, prevalent TBI)
were excluded. Because we were interested in long-term mortality, participants who died within a
year of the TBI event were excluded. We used the same constraint for matches without TBI, who
could not die within 1 year of the corresponding TBI. Missing values for covariates were imputed
using multiple imputation by chained equations, creating 10 imputed datasets. All covariates
informed imputation. Individual imputation models used logistic regression to impute ordered
categorical variables. eTable 2 in Supplement 1 provides missingness rates.

For primary analyses, we estimated the association between TBI and all-cause mortality by
occurrence and severity using Cox proportional hazards regression. The clustering induced by
matching was handled in the Cox regression using a robust (sandwich) variance estimator clustered
on the matched set that accounts for the within-set dependence without changing the point
estimates. Due to the relatively small number of participants with moderate or severe TBI, we
grouped them together. For the TBI group, person-time was considered to begin at the time of first
TBI and at the equivalent time for the matched group. Analysis using the matched cohort and
anchored follow-up at the time of TBI was conducted to maintain comparability between participants
with and without TBI and to avoid including person-time before TBI in the unexposed group,
potentially introducing a mixture of 2 distinct groups. Subsequently, we explored the association
between TBI and dementia-related and non–dementia-related mortality using a cause-specific
competing risk model. All models were adjusted for covariates, including education status, cigarette
smoking, diabetes, hypertension, CVD, and stroke history. We tested the proportional hazards
assumption using Schoenfeld residuals. The significance threshold for all models was established at
2-sided P < .05.

In sensitivity analyses, we repeated analyses only among participants with TBI prior to cognitive
impairment onset and matched control participants (without cognitive impairment or TBI). We also
repeated analyses only among participants with TBI after cognitive impairment onset and matched
control participants (without TBI and with cognitive impairment). In addition, we repeated analyses
excluding participants and their matches who died within 2 years of TBI. In secondary analyses, we
evaluated the association between TBI and mortality stratified by sex and age at TBI (<60 and �60
years). For each subgroup analysis, we conducted formal tests of statistical interaction. To investigate
the role of multiple TBIs among participants with TBI, we matched participants with a single TBI in a
2:1 ratio to those with multiple TBIs by study cohort, age at first TBI, and sex and examined the risk of
all-cause and dementia-related mortality by number of TBIs (single vs multiple). This matching
approach was chosen rather than comparing each group to those without TBI, because of marked
age differences between those with single and multiple TBIs that would have otherwise been
unaddressed.

We reran the cause-specific competing risk models for each cause of death rather than grouping
the non–dementia-related causes together. Additionally, we reran the cause-specific competing risk
models to further stratify dementia-related mortality into pure AD dementia-related mortality and
other dementia-related mortality.

Data collection was performed using REDCap.39 Statistical analyses were performed using SAS,
version 9.4 (SAS Institute Inc); R, version 3.3.1 (R Project for Statistical Computing); and Python,
version 3.12.4 (Python Software Foundation). Data analysis was performed from February 1, 2023, to
November 1, 2024.
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Results

Participant-level demographic data for the FHS original and offspring cohorts (N = 10 333) stratified
by participants’ most severe TBI are summarized in Table 1. A total of 5209 participants (55.2%
female and 44.8% male) from the original cohort and 5124 (51.5% female and 48.5% male) from the
offspring cohort were followed up for a mean (SD) of 35 (15) and 39 (11) years, respectively. The mean
(SD) age at enrollment was 44 (9) years for the original cohort and 36 (11) years for the offspring
cohort. All 5209 participants (100%) from the original cohort and 2330 (45.5%) from the offspring
cohort were deceased at the end of monitoring. A total of 886 participants (17.0%) in the original
cohort and 1243 (24.3%) in the offspring cohort experienced at least 1 TBI within the study period.
There were 3166 total TBIs, with 1264 TBIs in the original cohort and 1902 TBIs in the offspring
cohort. Few TBIs were ascertained from self-report alone (32 of 3166 [1.0%]), with most ascertained
from medical records alone (2660 of 3166 [84.0%]) or both medical records and self-report (474 of
3166 [15.0%]).

Characteristics of TBIs stratified by severity experienced by the original and offspring cohorts
are summarized in Table 2. The mean (SD) age at TBI was 74 (16) years and 71 (15) years for the
original and offspring cohorts, respectively. For the original and offspring cohorts, the most common
TBI setting was residential (56.6% and 60.6%), and falls were the most common mechanism of TBI
(65.4% and 82.8%).

Incidence rates were higher in the offspring cohort compared with the original cohort. Among
the original cohort, incidence was 7.02 (95% CI, 6.63-7.40) TBI events per 1000 person-years. By
severity strata, incidence (in TBI events per 1000 person-years) in the original cohort was 6.06 (95%
CI, 5.70-6.42) for mild TBI, 0.41 (95% CI, 0.32-0.50) for moderate TBI, and 0.54 (95% CI, 0.44-0.65)
for severe TBI. Female participants experienced TBIs 26.9% more frequently (7.68 [95% CI, 7.16-
8.21] TBI events per 1000 person-years) compared with male participants (6.05 [95% CI, 5.49-6.61]
TBI events per 1000 person-years).

Among the offspring cohort, incidence was 9.11 (95% CI, 8.70-9.51) TBI events per 1000
person-years, which was 29.8% higher compared with 7.02 in the original cohort. By severity strata,
incidence (in TBI events per 1000 person-years) in the offspring cohort was 7.06 (95% CI, 6.70-7.42)
for mild TBI, 0.46 (95% CI, 0.37-0.56) for moderate TBI, and 1.58 (95% CI, 1.41-1.76) for severe TBI.
Males experienced 9.06 (95% CI, 8.46-9.67) TBI events per 1000 person-years, and females
experienced 9.14 (95% CI, 8.58-9.70) TBI events per 1000 person-years.

Figure 1A and B show TBI incidence stratified by age-decade and sex for the original and
offspring cohorts, respectively. In both cohorts, TBI incidence increased markedly with older age
(particularly ages 70-89 and �90 years), with rates growing rapidly in the 8th, 9th, and 10th
decades of life. Figure 1C illustrates TBI incidence in both cohorts, stratified by time-decade and age.
Within the same age group, TBI incidence increased beginning in the 1990s, with greater increases
in the 2000s and 2010s. This increase was most pronounced among the older age groups. Figure 1D
and E illustrate TBI incidence from transportation-related mechanisms (eg, motor vehicle crashes)
and falls for the original and offspring cohorts, respectively. Among the original cohort, the most
common TBI mechanisms were transportation related (72.1%) for those aged younger than 70 years
and falls (83.8%) for those aged 70 years or older. Among the offspring cohort, transportation-
related mechanisms (32.7%) and falls (32.1%) had similar rates for those aged younger than 50 years,
and falls (81.5%) were the most common mechanism for those aged 50 years or older.

eFigure 2 in Supplement 1 illustrates the flow of included participants in the time-to-event
analyses. Baseline characteristics by TBI status within the matched sample are presented in eTable 2
in Supplement 2. Figure 2 shows the hazard ratios (HRs) and survival probabilities of all-cause
mortality for TBI occurrence and severity. TBI was associated with all-cause mortality, with an HR of
1.15 (95% CI, 1.06-1.26) among participants with TBI compared with those without TBI. Moderate to
severe TBI, but not mild TBI, was associated with all-cause mortality. The HRs for all-cause mortality
among participants with mild and moderate to severe TBI were 1.06 (95% CI, 0.96-1.16) and 1.82
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Table 2. Prevalence and Characteristics of TBIs Experienced by the Framingham Heart Study Original
and Offspring Cohortsa

Characteristic

TBI severity

All TBIsMild TBI Moderate TBI Severe TBI

Original cohort

TBIs 993/1264 (78.6) 173/1264 (13.7) 98/1264 (7.8) 1264/1264 (100)

Sex

Female 665/993 (67.0) 109/173 (63.0) 46/98 (46.9) 820/1264 (64.9)

Male 328/993 (33.0) 64/173 (37.0) 52/98 (53.1) 444/1264 (35.1)

Age at injury, mean (SD)
[range], y

73 (17) [31-103] 81 (14) [41-102] 79 (12) [38-97] 74 (16) [31-103]

Setting of injury

Residential 397/765 (51.9) 113/151 (74.8) 60/92 (65.2) 570/1008 (56.6)

Recreational 27/765 (3.5) 4/151 (2.6) 4/92 (4.3) 35/1023 (3.4)

Transportation 301/765 (39.4) 19/151 (12.6) 24/92 (26.1) 344/1008 (34.1)

Occupational 14/765 (1.8) 2/151 (1.3) 2/92 (2.2) 18/1008 (1.8)

Organized sports 0 1/151 (0.7) 0 1/1008 (0.1)

Military 4/765 (0.5) 2/151 (1.3) 1/92 (1.1) 7/1008 (0.7)

Other 22/765 (2.9) 10/151 (6.6) 1/92 (1.1) 33/1008 (3.3)

Mechanism of injury

Acceleration or
deceleration

46/939 (4.9) 2/163 (1.2) 1/90 (1.1) 49/1192 (4.1)

Head struck by or against
an object

68/939 (7.2) 10/163 (6.1) 3/90 (3.3) 81/1192 (6.8)

Fall with trauma to the
head

574/939 (61.1) 139/163 (85.3) 66/90 (73.3) 779/1192 (65.4)

Force generated by a
blast or explosion

9/939 (1.0) 1/163 (0.6) 0 10/1192 (0.8)

Foreign body penetrating
the brain

1/939 (0.1) 1/163 (0.6) 3/90 (3.3) 5/1192 (0.4)

Motor vehicle crash,
mechanism unknownb

234/939 (24.9) 10/163 (6.1) 16/90 (17.8) 260/1192 (21.8)

Other 7/939 (0.8) 0 1/90 (1.1) 8/1192 (0.7)

Imaging findings

Skull fracture 0 17/173 (9.8) 5/98 (5.1) 22/1264 (1.7)

Epidural or extradural
hematoma

0 3/173 (1.7) 3/98 (3.1) 6/1264 (0.5)

Subdural hematoma 0 11/173 (6.4) 3/98 (3.1) 14/1264 (1.1)

Subarachnoid
hemorrhage

0 32/173 (18.5) 20/98 (20.4) 52/1264 (4.1)

Intraparenchymal
hemorrhage

0 17/173 (9.8) 15/98 (15.3) 32/1264 (2.5)

Intraventricular
hemorrhage

0 3/173 (1.7) 7/98 (7.1) 10/1264 (0.8)

Cerebral edema 0 1/173 (0.6) 5/98 (5.1) 6/1264 (0.5)

Diffuse axonal injury 0 1/173 (0.6) 0 1/1264 (0.1)

Midline shift 0 14/173 (8.1) 13/98 (13.3) 27/1264 (2.1)

Highest level of care

Hospitalc 722/993 (77.7) 153/173 (88.4) 78/98 (79.6) 1003/1264 (79.4)

Outpatient 68/993 (6.9) 5/173 (2.9) 1/98 (1.0) 74/1264 (5.9)

Evaluation sought but
level unclear

108/993 (10.9) 4/173 (2.3) 2/98 (2.0) 114/1264 (9.0)

Offspring cohort

TBIs 1474/1902 (77.5) 266/1902 (14.0) 162/1902 (8.5) 1902/1902 (100)

Sex

Female 806/1474 (54.7) 145/266 (54.5) 80/162 (49.4) 1031/1902 (54.2)

Male 668/1474 (45.3) 121/266 (45.5) 82/162 (50.6) 871/1902 (45.8)

Age at injury, mean (SD)
[range], y

70 (15) [11-101] 72 (14) [30-92] 70 (17) [17-99] 71 (15) [11-101]

(continued)
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(95% CI, 1.48-2.25), respectively, compared with those without TBI. The Kaplan-Meier curve plots for
all-cause mortality showed a more rapid decrease in cumulative survival among participants with
moderate to severe TBI compared with those without TBI (Figure 2). The decrease in cumulative
survival was similar for participants with mild TBI and those without TBI. Given the observed
differences between mild and moderate to severe TBI, further results are presented stratified by TBI
severity.

Dementia-related and non–dementia-related mortality results are illustrated in Figure 3. Mild
TBI and moderate to severe TBI were associated with dementia-related mortality. The HRs for
dementia-related mortality among participants with mild and moderate to severe TBI were 1.60
(95% CI, 1.31-1.97) and 3.67 (95% CI, 2.31-5.80), respectively, compared with those without TBI. The
Kaplan-Meier curve plots in Figure 3C and D for dementia-related mortality show a more rapid
decrease in cumulative survival among participants with mild and moderate to severe TBI compared

Table 2. Prevalence and Characteristics of TBIs Experienced by the Framingham Heart Study Original
and Offspring Cohortsa (continued)

Characteristic

TBI severity

All TBIsMild TBI Moderate TBI Severe TBI

Setting of injury

Residential 683/1136 (60.1) 141/230 (61.3) 89/141 (63.1) 913/1507 (60.6)

Recreational 191/136 (16.8) 42/230 (18.3) 15/141 (10.6) 248/1507 (16.5)

Transportation relatedb 181/1136 (15.9) 27/230 (11.7) 23/141 (16.3) 231/1507 (15.3)

Occupational 26/1136 (2.3) 3/230 (1.3) 8/141 (5.7) 37/1507 (2.5)

Organized sports 24/1136 (2.1) 1/230 (0.4) 0 25/1507 (1.7)

Military 1/1136 (0.1) 4/230 (1.7) 0 5/1507 (0.3)

Other 30/1136 (2.6) 12/230 (5.2) 6/141 (4.3) 48/1507 (3.2)

Mechanism of injury

Acceleration or
deceleration

50/1301 (3.8) 3/244 (1.2) 2/154 (1.3) 55/1699 (3.2)

Head struck by or against
an object

161/1301 (12.4) 36/244 (14.8) 25/154 (16.2) 222/1699 (13.1)

Fall with trauma to the
head

1088/1301 (83.6) 200/244 (82.0) 119/154 (77.3) 1407/1699 (82.8)

Force generated by a
blast or explosion

1/1301 (0.1) 0 0 1/1699 (0.1)

Foreign body penetrating
the brain

0 2/244 (0.8) 8/154 (5.2) 10/1699 (0.6)

Other 1/1301 (0.1) 3/244 (1.2) 0 4/1699 (0.2)

Imaging findings

Skull fracture 0 14/266 (5.3) 9/162 (5.6) 23/1902 (1.2)

Epidural or extradural
hematoma

0 11/266 (4.1) 4/162 (2.5) 15/1902 (0.8)

Subdural hematoma 0 74/266 (27.8) 55/162 (34.0) 129/1902 (6.8)

Subarachnoid
hemorrhage

0 75/266 (28.2) 17/162 (10.5) 92/1902 (4.8)

Intraparenchymal
hemorrhage

0 22/266 (8.3) 26/162 (16.0) 48/1902 (2.5)

Intraventricular
hemorrhage

0 10/266 (3.8) 6/162 (3.7) 16/1902 (0.8)

Cerebral edema 0 5/266 (1.9) 11/162 (6.8) 16/1902 (0.8)

Diffuse axonal injury 0 3/266 (1.1) 0 3/1902 (0.2)

Midline shift 0 24/266 (9.0) 25/162 (15.4) 49/1902 (2.6)

Highest level of care

Outpatient 113/1474 (7.7) 11/266 (4.1) 15/162 (9.3) 139/1902 (7.3)

Emergency department 714/1474 (48.4) 78/266 (29.3) 48/162 (29.6) 840/1902 (44.2)

Inpatient, not ICU 353/1474 (24.0) 105/266 (39.5) 50/162 (30.9) 508/1902 (26.7)

ICU 17/1474 (1.2) 26/266 (9.8) 22/162 (13.6) 65/1902 (3.4)

Evaluation sought but
level unclear

63/1474 (4.3) 7/266 (2.6) 3/162 (1.9) 73/1902 (3.8)

Abbreviations: ICU, intensive care unit; TBI,
traumatic brain injury.
a Unless indicated otherwise, values are presented

as No./total No. (%) of TBIs.
b The mechanism “motor vehicle crash, mechanism

unknown” was excluded in the offspring cohort.
Motor vehicle crashes were instead denoted by
“transportation related” as setting of injury. More
granular categories for highest level of care were
used in the offspring cohort.

c Including emergency department evaluation,
without admission.
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with those without TBI. HRs for non–dementia-related mortality among participants with mild and
moderate to severe TBI were not significantly different compared with those without TBI, and
Kaplan-Meier curve plots showed similar decreases across groups. The proportional hazards
assumption was satisfied for all models.

In sensitivity analyses among individuals with TBI prior to cognitive impairment onset and
matched control participants (without cognitive impairment and TBI), TBI remained associated with
both time to all-cause mortality and dementia-related mortality, with similar association sizes as
those observed in the primary analyses (eTable 10 in Supplement 1). In sensitivity analyses among
participants with cognitive impairment, TBI after cognitive impairment onset was not associated
with time to all-cause or dementia-related mortality (eTable 10 in Supplement 1). In sensitivity
analyses excluding participants who died within 2 years of TBI and matched control participants,
association sizes remained similar to the primary analyses (eTable 11 in Supplement 1). In secondary
analyses, we did not observe significant TBI × sex or TBI × age strata interactions on all-cause
mortality or dementia-related mortality. Stratified analyses by sex (eTables 3 and 4 in Supplement 1)
showed nonsignificantly larger association magnitudes for men for mild TBI and for women for
moderate to severe TBI for both all-cause and dementia-related mortality. Stratified analyses by age
(eTables 5 and 6 in Supplement 1) showed nonsignificantly larger associations for mild TBI for age
60 years or older and for moderate to severe TBI for age younger than 60 years for both all-cause
and dementia-related mortality. Among participants with TBI, HRs for all-cause mortality and
dementia-related mortality for multiple TBIs compared with single TBI were 2.00 (95% CI, 1.66-2.41)
and 3.61 (95% CI, 2.42-5.39), respectively (eTables 7 and 8 in Supplement 1). In models that
examined categories of non–dementia-related mortality, there was an association between

Figure 2. Adjusted Hazard Ratios (HRs) for the Association Between Traumatic Brain Injury (TBI)
and All-Cause Mortality
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moderate to severe TBI and CVA-related mortality, although the 95% CI was very large (HR, 18.46
[95% CI, 2.21-154.34]) (eTable 9 in Supplement 1). In models that examined categories of dementia-
related mortality, association size was modestly larger for other dementia-related mortality than pure
AD dementia-related mortality (eTable 12 in Supplement 1).

Discussion

This longitudinal cohort study used medical and self-report data collected through comprehensive
review of the 10 333 total participants in the FHS original and offspring cohorts to investigate the
lifetime incidence of TBI and its effect on long-term all-cause and dementia-related mortality. We
found the lifetime incidence of TBI to be 7.02 TBI events per 1000 person-years in the original cohort
and 9.11 TBI events per 1000 person-years in the offspring cohort. TBI incidence increased with
increasing age- and time-decades, with the most common mechanisms of injury being
transportation-related events and falls. TBI was associated with all-cause mortality, with the
association largely attributable to dementia-related mortality. We observed a dose-response
association for mild vs moderate to severe TBI and for having a single TBI vs multiple TBIs.

Marked differences in TBI incidence were present between the FHS original and offspring
cohorts. Notably, rates of TBI were 30.0% higher among the offspring cohort, with this outcome
most pronounced at older ages. External factors, including increasing public awareness of TBI,
improving documentation in electronic medical record systems, and shifting emphasis toward
increased reporting following the Centers for Disease Control and Prevention initiative for TBI
surveillance in 1989, may have contributed.2,40,41 Using composite data from both the original and
offspring cohorts, we observed that TBI incidence increased across time-decades, even when
stratified by age group. This outcome was most notable in older age groups (aged 70-89 and �90
years), particularly from the 1990s onward. This finding suggests that although an aging cohort did
contribute to increased TBI incidence, external factors such as public awareness, increased reporting,
and improved documentation also contributed.2

Additionally, we observed cohort-specific differences in the mechanisms of TBI. In the FHS
original cohort, motor vehicle crashes were the most common mechanism of TBI among younger
participants (aged <70 years), whereas TBIs due to falls were most common among older
participants (aged �70 years). Interestingly, in the FHS offspring cohort, TBIs due to motor vehicle
crashes and falls were similarly common in participants aged younger than 50 years, whereas TBIs
due to falls were most common among participants aged 50 years or older. These cohort-specific
differences are likely the by-product of seat belt usage, which increased substantially following the
adoption of mandated seat belt laws in the mid-1980s.41,42 Consistent with previous literature, there
was a substantial increase in TBIs due to falls with each subsequent age-decade in both cohorts in
the present study, highlighting the substantial medical burden that falls represent with aging.7,8 The
TBI incidence rate differed between sexes in the original cohort, with female participants
experiencing TBIs 27.0% more frequently. However, this outcome was not observed when TBI
incidence was stratified by age-decade, likely because female participants lived to older ages, leading
to higher representation in the older age groups where late-life TBI and dementia are more prevalent.

TBI was associated with all-cause mortality in time-to-event analyses. This result is consistent
with studies of mortality and TBI identified in hospital and rehabilitation settings as well as in the
community.14,43-45 Additionally, TBI (both mild and moderate to severe) was associated with
dementia-related mortality, but not with non–dementia-related mortality, in time-to-event analyses.
These findings build on a 2023 community-based study showing that neurologic causes of death,
particularly from neurodegenerative diseases, were more common in participants with TBI compared
with those without TBI.14 TBI is a well-known modifiable risk factor for dementia, although the
circumstances for which this association is greatest (eg, age at TBI or sex) require further
investigation.46-49 Consistently, our findings suggest an association among TBI, dementia, and
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mortality.50 Future research leveraging longitudinal data that carefully disentangle the causal
direction of these associations is needed.

A dose-response association for mild TBI vs moderate to severe TBI and for single TBI vs
multiple TBIs was observed for all-cause mortality, providing added confidence in these observed
associations. Similar dose-response patterns have been previously observed both in hospital and
community-based settings.14,44,51 In this study, these dose-response associations extended to
dementia-related mortality, which appeared to account for much of the association. Collectively,
these results support the hypothesis that a history of TBI functions as a chronic condition
contributing to both neurodegenerative disease and overall mortality. These findings underscore the
critical need to prevent TBI, particularly from falls, to reduce its enduring consequences, particularly
concerning cognitive health and dementia risk.

Strengths and Limitations
The strengths of our study include the representative, community-based sample, enrollment of
many participants at a young age, careful longitudinal follow-up with low attrition across 7 decades,
and comprehensive surveillance of TBI by self-report and rigorous medical record review, including
records from hospital visits, outpatient and primary care visits, nursing home and hospice records,
and death certificates. Our study also has limitations. The FHS original and offspring cohorts were
mainly composed of well-educated, self-reported non-Hispanic White participants, thus limiting
generalizability.52 Due to FHS study health surveillance, participants tended to be healthier than
nonparticipants, and this could have resulted in underestimation of TBI incidence and mortality risk.
TBI surveillance via medical record review spanned the 1940s until 2021. Although this offered a
unique window into the changing landscape of TBI diagnosis and care over time, it also introduced
variation in TBI documentation due to the increased awareness and surveillance of TBI that occurred
during the late 1900s.

Study data collection was usually limited to medical information collected after participant
enrollment, which limited ascertainment of TBIs during childhood and young adulthood. The self-
report questionnaire on TBI was limited in scope, changed over time, and was not administered at
every study visit. We recently began collecting more comprehensive self-report data using the Ohio
State University TBI Identification Method,53 with additional questions on repetitive head impacts
from contact sports, military service, and physical violence, but data collection is still underway.

When choosing matches without TBI, we did not allow for the matches to have a future TBI
because future TBI may mediate the association between an earlier TBI and mortality, potentially
biasing estimation. Nonetheless, their exclusion as potential matches could also introduce bias, more
likely toward the null.

Dementia-related deaths were defined using adjudicated dementia diagnoses and the FHS’s
comprehensive death review. Although dementia-related cause of death was not one of the coded
categories for clinicians to choose in these death reviews, our gold-standard adjudication of
dementia together with other causes (ie, that were not CVD, CVA, cancer, other causes [without
having been adjudicated to have dementia], or unknown causes) provides a reasonable
approximation of dementia-related death that other population-based studies of TBI and mortality
do not have. Nonetheless, we recognize that in some cases we may have misattributed the cause of
death to dementia. Accounting in our models for additional potential confounders, including the
apolipoprotein APOE ε4 allele, physical activity, alcohol use, frailty, and depression, may have been
useful, but we were unable to include them due to substantial missing data or because they were
measured after the TBI.

Conclusions
This longitudinal cohort study documented TBI incidence over 7 decades, showing increasing
incidence with age and over time, with the majority of TBIs related to falls. TBI was associated with
an increased risk of all-cause mortality, with the association largely attributable to dementia-related
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mortality. There was a dose-response association for the number and severity of TBIs. These findings
provide added support for TBI to be considered a chronic condition, and they suggest that
preventing falls to reduce TBI could have important implications for dementia and mortality.
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