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Abstract Traumatic brain injury (TBI) poses a significant public health challenge in the United States,
with diverse causes and outcomes. Understanding the trends in TBI-related mortality is
crucial for effective prevention and intervention strategies. This comprehensive analysis
utilized data from the Centers for Disease Control and Prevention’s Wide-ranging Online Data
for Epidemiologic Research (CDC WONDER) database, covering the period from 1999 to
2020. Cause-of-death records were examined using the 10th Edition of the International
Classification of Diseases and Related Health Problems diagnostic code S06 for TBI-related
fatalities. Mortality rates were calculated per 100,000 individuals, adjusted for age and
urban/rural status. JoinpointRegressionanalysiswasemployed to identify significant trends
over time. Between 1999 and 2020, 1,218,667 TBI-related deaths occurred, with varying
mortality rates across demographic groups and geographic regions. Within the overall
population, the highest annual average mortality rates were observed in the non-Hispanic
(NH) American Indian or Alaska Native cohort, followed by NH white, NH black or African
American, Hispanic or Latino, andNHAsian or Pacific Islander groups. Overall, therewas an
initial decrease in mortality rate from 1999 to 2012, followed by a subsequent significant
increase. Males consistently exhibited higher mortality rates than females across all age
groups. Disparitieswere also observedbased on race/ethnicity, withNHAmerican Indian or
Alaska Native populations showing the highest mortality rates. Regional variations were
evident, with the southern region consistently exhibiting the highest mortality rates.
Evolving trends inTBI-relatedmortality in the United States highlight the need for targeted
interventions, particularly in high-risk demographic groups and regions.
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Introduction

Traumatic brain injury (TBI) presents a significant public
health challenge in the United States, with an age-standard-
ized mortality rate of 17.71 per 100,000 people reported for
2023.1–3 TBI, often characterized as harm to the brain
resulting from external mechanical force, encompasses a
spectrum of injuries ranging from minor concussions to
severe, life-altering trauma.4,5 Numerous factors contribute
to TBI incidence and mortality, including motor vehicle
accidents, falls, sports-related injuries, and assaults. Collec-
tively, these factors contribute to the complex and multifac-
eted nature of TBI.6–8

The pathogenesis of TBI is multifaceted, involving a cas-
cade of neurochemical, cellular, and inflammatory responses
initiated by primary injury.9,10 Primary injury mechanisms,
such as direct impact or acceleration-deceleration forces,
lead to immediate tissue damage and disruption of neuronal
integrity.11–13 Subsequently, secondary injury processes un-
fold, encompassing neuroinflammation, oxidative stress,
excitotoxicity, and cerebral edema, culminating in neuronal
injury and dysfunction.14–16

Despite advancements in medical care and injury preven-
tion strategies, TBI continues to have a significant impact on
public health, necessitating ongoing efforts to understand
and mitigate this impact.17 The rationale for our study
emerges from this context, that is, to comprehensively ana-
lyze the trends of TBI-related mortality in the United States
from 1999 to 2020. We aimed to shed light on the dynamics
of TBI mortality and its determinants over the past three
decades, by utilizing the comprehensive data from the
Centers for Disease Control and Prevention (CDC) Wide-
ranging Online Data for Epidemiologic Research (WONDER)
database. Therefore, this study aimed to examine the fluc-
tuations in mortality rates in the United States related to TBI
over time and to investigate the disparities between various
demographic groups and geographic regions.

Materials and Methods

Study Setting and Population
The CDC WONDER database was used to analyze TBI-related
deaths that occurred between 1999 and 2020. Data on cause-
of-death taken from death certificates covering all states and
the District of Columbiawere analyzed using diagnostic code
S06 from the 10th Edition of the International Classification
of Diseases and Related Health Problems. The methodology
employed in this study has been validated by previous
research, particularly in studies concerning cardiovascular
disease mortality rates, confirming its reliability and effec-
tiveness. This study identified cases of TBI, whether as the
primary cause or a contributing factor, using the Multiple
Causes of Death Public Use Registry. As this study employed
deidentified public data made available by the government,
it was not necessary to obtain formal approval from the
regional institutional review board. However, the study
adhered to all relevant laws, regulations, and Strengthening
the Reporting of Observational Studies in Epidemiology

guidelines for observational studies, ensuring adherence to
the highest research ethics standards.

Data Extraction Method
The extensive data set provided comprehensive statistics and
geographic breakdown, including demographics, year ranges,
and comparisons between rural and urban settings. It covers
various locations where people might pass away, such as
homes, hospitals, nursing homes, and similar establishments.
Thedata set also includeddemographic information, including
race, sex, age, and ethnicity. The racial and ethnic categories
used in the study were black or African American, non-
Hispanic (NH)white, American Indian, Latino, Pacific Islander,
AlaskaNative, and Asian NH. Similar to other studies that used
the WONDER database, death certificates were the primary
data source for the analysis. The population was classified as
either urban or rural based on the National Center for Health
Statistics Urban-Rural Classification Scheme. Urban areas
comprise major metropolitan areas with a population of 1
million or more, as well as smaller metropolitan areas with a
population between 50,000 and 999,000. In contrast, accord-
ing to the 2013 U.S. Census, counties with fewer than 50,000
people are considered to be in rural regions. The Midwest,
West, Northeast, and South are divided into four main regions
by the U.S. Census Bureau.

Statistical Analysis
Between 1999 and 2020, we calculated mortality rates per
100,000 individuals for both age-adjusted and unadjusted
data to examine regional variations in TBI-related deaths
across the United States. We provided 95% confidence inter-
vals (CIs) for these rates along with different categories, such
as year, sex, urban/rural status, state, and race/ethnicity. To
calculate the crude mortality rate for TBI-related deaths, we
divided the number of deaths by the total population of the
United States annually. Using the Joinpoint Regression Pro-
gram, we determined the annual percentage change (APC)
and its corresponding 95% CI for age-adjustedmortality rates
(AAMRs). Our aim was to investigate yearly fluctuations in
TBI-related mortality nationwide. To find noteworthy varia-
tions in the AAMR across time, this technique uses log-linear
regression models. APCs were classified as rising or falling
based on the results of a two-tailed t-test, which determined
whether the slope representing mortality trends showed a
statistically significant departure fromzero. The null hypoth-
esis was rejectedwhen the p-value fell below 0.05, indicating
statistical significance.

Results

Between 1999 and 2020, a total of 1,218,667 fatalities were
linked to head injuries (►Supplementary Table S1, available
in the online version). Among these, 559,675 deaths were
reported in individuals aged 55 and older (►Supplementary

Table S2, available in the online version), while the remain-
ing 658,656 deaths occurred across various age groups, from
under 1 year to 54 years old (►Supplementary Table S3,
available in the online version).
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In all age groups, information about the place of death was
available for 1,213,581 cases. Of them, 41.7% occurred in
hospitals, 3.37% in assisted living or long-term care facilities,
2.33% in hospice care, and 25.25% occurred at home
(►Supplementary Table S4, available in the online version).
In particular, statistics on the location of death for 557,738
deaths among individuals 55 years of age and older were
recorded; 49.32% of these deaths happened in hospitals, 6.75%
in long-term care or nursing homes, 4.78% in hospices, and
26.16% at home (►Supplementary Table S5, available in the
online version). Lastly, information on the location of death
was available for 655,513 fatalities involving people under the
age of 54. Of these, 35.28% occurred in hospitals, 0.50% in long-
term care or nursing homes, 0.24% in hospices, and 24.49% at
home (►Supplementary Table S6, available in the online
version).

Annual Trends in AAMR Associated with Head Injury
Across All Ages
In 1999, the average annual mortality rate (AAMR) for
fatalities among all age groups due to head injuries was
18.4 (95% CI: 18.2–18.6). By 2020, this figure had slightly
increased to 18.6 (95% CI: 18.4–18.7). Between 1999 and
2012, theAAMRgenerally declinedwith an APCof–1.12 (95%
CI: –2.44 to –0.22). However, from 2012 to 2020, there was a
subsequent rise in AAMR, with an APC of 4.73 (95% CI: 2.99–
8.49) (►Fig. 1, ►Supplementary Tables S7 and S8, available
in the online version).

Head Injury-Related Annual Trends in AAMR for
Individuals Over the Age of 55
For individuals aged 55 and above, the AAMR for fatalities
resulting from head injuries was 31.7 (95% CI: 31.3–32.2) up
until 2020, where it increased to 38.9 (95% CI: 38.5–39.3).

APC of –1.12 (95% CI: –2.44 to –0.22) indicates a general
decline in AAMR from 1999 to 2012. This was followed by an
increase from 2012 to 2020, with an APC of 4.73 (95% CI:
2.99–8.49) (►Fig. 2, ►Supplementary Tables S9 and S10,
available in the online version).

Head Injury-Related Annual Patterns in AAMR for
Individuals Under 1 to 54 Years of Age
In 1999, the AAMR for fatalities caused by head injuries in the
population aged less than 1 to 54 years was 14.8 (14.6, 14.9).
By 2020, this rate had slightly decreased to 13.0 (12.9, 13.2).
AAMR indicated a general decline from1999 to 2012,with an
APC of –1.12 (95% CI: –2.44 to –0.22). An increase from 2012
to 2020 with an APC of 4.73 (95% CI: 2.99–8.49) came next
(►Fig. 3, ►Supplementary Tables S11 and S12, available in
the online version).

Annual Patterns of Head Injury Associatedwith AAMR,
Graded by Gender at All Ages
AAMRs were consistently higher than women in every age
group, according to the research. The overall AAMRs for
men and women were, respectively, 27.4 (95% CI: 27.3–
27.5) and 8.6 (95% CI: 8.6–8.6). The AAMR for males in 1999
was 28.8, with a 95% CI ranging from 28.5 to 29.1, and it
dropped to 26.0 (95% CI: 25.8–26.3) in 2012, displaying a
decreasing APC of –0.70 (95% CI: –3.51 to 0.46). There was a
subsequent increase to 29.2 (95% CI: 28.9–29.5) in 2020,
with an APC of 5.05 and a 95% CI ranging from 2.61 to 13.30.
In contrast, the AAMR for women of all ages in 1999 was
9.3, with a 95% CI of 9.1 to 9.5. With an APC of –1.78 (–3.50
to –0.82), the AAMR showed a decline from 1999 to 2012.
With an APC of 4.09 (2.04–9.43), a more significant rise then
occurred until 2020, resulting in an AAMR for females by
the end of the study period of 8.8 (95% CI: 8.7–9.0)

Fig. 1 Overall and Gender-Stratified traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) per 100,000 in the United States,
1999–2020.
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(►Fig. 1, ►Supplementary Tables S7 and S8, available in the
online version).

Annual Trends of Head Injury-Related AAMR, Seen by
Gender in Individuals 55 Years of Age and Older
The study conducted on individuals aged 55 and above found
that the average AAMR for men of all ages was higher than
that of women, with men’s overall AAMR at 54.5 (95% CI:
54.3–54.7) and women’s overall AAMR at 19.4 (95% CI: 19.3–
19.5). The AAMR for men in 1999 was 52.1, with a range of
51.1 to 53.0. By 2012, the AAMR had risen to 54.1 (95% CI:

53.3–54.9), with a slight decreasing trend of –0.70 (95% CI:
–3.51 to 0.46). In 2020, there was a substantial increase to
60.6 (95% CI: 59.8–61.4) with an APC of 5.05 (95% CI: 2.61–
13.30). Similarly, women aged 55 and above had an AAMR of
17.8 (95% CI: 17.3–18.2) in 1999, which decreased to 15.4
(95% CI: 14.7–16.1) in 2012 with an APC of –1.78 (95% CI:
–3.50 to –0.82). However, by 2020, the AAMR had increased
significantly to 21.8 (95% CI: 21.4–22.2) with an APC of 4.09
(95% CI: 2.04–9.43). The final AAMR for women was 21.8
(95% CI: 21.4–22.2) (►Fig. 2,►Supplementary Tables S9 and
S10, available in the online version).

Fig. 3 Overall and gender-stratified traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) in individuals aged up to 55, per
100,000 in the United States, 1999–2020.

Fig. 2 Overall and gender-stratified traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) in individuals aged 55 and higher,
per 100,000 in the United States, 1999–2020.
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Annual Patterns of Head Injury Associatedwith AAMR,
Graded by Gender for Ages 0 to 54 Years
A studyonmortality trends for individuals aged between less
than 1 year and 54 years found that the AAMRs ofmales in all
age groups were consistently higher than those of females.
The overall AAMRs for males were 20.0 (95% CI: 20.0–20.1)
and for females, they were 5.6 (95% CI: 5.6–5.7). The AAMR
for males in 1999 was 22.4, and it changed to 18.4 (95% CI:
18.2–18.6) in 2012. The APC values showed a slight decreas-
ing trend of –0.70 (95%CI: –3.51 to 0.46). However, there was
a significant increase in AAMR to 20.7 (95% CI: 20.4–20.9) in
2020 with an APC of 5.05 (95% CI: 2.61–13.30). Similarly, the
AAMR for women aged 54 to less than 1 year in 1999 was 7.0
(95% CI: 6.8–7.2). With an APC of –1.78 (95% CI: –3.50 to
–0.82), the AAMR declined from 1999 to 2012. However,
with an APC of 4.09 (95% CI: 2.04–9.43), there was a more
significant rise until 2020. The AAMR for females by the end
of the study period was 5.3 (95% CI: 5.2–5.4) (►Fig. 3,
►Supplementary Tables S11 and S12, available in the online
version).

Annual Patterns of Head Injury Associatedwith AAMR,
Graded by Race/Ethnicity for All Ages
Within the overall population, the NH American Indian or
Alaska Native cohort exhibited the highest AAMRs, suc-
ceeded by the NH white, NH black or African American,
Hispanic or Latino, and NH Asian or Pacific Islander groups.
The respective AAMR values were as follows: NH American
Indian or Alaska Native 26.2 (95% CI: 25.8–26.7), NH white
18.7 (95% CI: 18.7–18.8), NH black or African American 16.8
(95% CI: 16.7–16.9), Hispanic or Latino 12.2 (95% CI: 12.2–
12.3), and NH Asian or Pacific Islander 8.7 (95% CI: 8.6–8.8).
Notably, a decline in AAMR was observed among NH white
individuals between 1999 and 2012, with an APC of –1.02

(95% CI: –2.15 to –0.22), followed by a subsequent increase in
mortality trends, with an APC of 4.70 (95% CI: 3.24–7.15)
extending to 2020. Conversely, the AAMR for the NH black or
African American demographic decreased from 1999 to
2014, showing an APC of –0.48 (95% CI: –9.79 to 1.57), before
witnessing a significant increase until 2020, with an APC of
7.80 (95% CI: 2.09–25.05). Likewise, the AAMR for the
Hispanic or Latino cohort decreased from 1999 to 2012,
registering an APC of –2.13 (95% CI: –15.48 to 0.91), followed
by a rise in mortality rates until 2020, with an APC of 3.72
(95% CI: 1.36–14.60). Lastly, the AAMR for the NH Asian or
Pacific Islander population demonstrated an increase from
2014 to 2020, with an APC of 2.28 (95% CI: –7.99 to 16.58)
(►Fig. 4,►Supplementary Tables S7 and S13, available in the
online version).

Annual Patterns of Head Injury Associatedwith AAMR,
Graded by Race/Ethnicity in Individuals 55 Years of Age
and Older
The NH white population exhibited the highest AAMR,
trailed by the NH American Indian or Alaska Native, NH
Asian or Pacific Islander, Hispanic or Latino, and NH black or
African American populations. Their respective AAMR values
were as follows: NH white: 37.2 (95% CI: 37.1–37.3), NH
American Indian or Alaska Native: 34.0 (95% CI: 32.7–35.3),
NH Asian or Pacific Islander: 24.3 (95% CI: 23.9–24.7),
Hispanic or Latino: 23.2 (95% CI: 22.9–23.5), and NH black
or African American: 21.1 (95% CI: 20.9–21.4). Notably, there
was a decline in AAMR amongNHwhite individuals between
1999 and 2012, with an APC of –1.02 (95% CI: –2.15 to –0.22).
However, a subsequent rise inmortality trendswas observed
with an APC of 4.70 (95% CI: 3.24–7.15) through 2020. The
AAMR for the NH Asian or Pacific Islander group exhibited an
increasing trend from 2014 to 2020, with an APC of 2.28 (95%

Fig. 4 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) per 100,000 stratified by race in the United States, 1999–2020.
� Indicates that the annual percentage change (APC) is significantly different from zero at α¼ 0.05. NH, non-Hispanic.
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CI: –7.99 to 16.58). Conversely, the AAMR for Hispanic or
Latino populations decreased from1999 to 2012with an APC
of –2.13 (95% CI: –15.48 to 0.91), followed by a significant
increase until 2020 with an APC of 3.72 (95% CI: 1.36–14.60).
Lastly, the AAMR for NH black and African American pop-
ulations decreased from 1999 to 2014 with an APC of –0.48
(95% CI: N9.79 to 1.57), but then increased in mortality until
2020 with an APC of 7.80 (95% CI: 2.09–25.05) (►Fig. 5,
►Supplementary Tables S9 and S14, available in the online
version).

Annual Trends in AAMR Correlated with Head Injury
and Ages Under 1 to 54 Years, Graded by
Race/Ethnicity
The highest AAMR was observed in the NH American Indian
or Alaska Native population, followed by the NH black or
African American, NH white, Hispanic or Latino, and NH
Asian or Pacific Islander groups. The respective AAMR values
for each group were as follows: NH American Indian or
Alaska Native 24.1 (95% CI: 23.7–24.6), NH black or African
American 15.6 (95% CI: 15.5–15.7), NH white 13.7 (95% CI:
13.7–13.7), Hispanic or Latino 9.3 (95% CI: 9.2–9.3), and NH
Asian or Pacific Islander 4.5 (95% CI: 4.4–4.5). There was a
decline in AAMR for NH black and African American people
between 1999 and 2014, with an APC of –0.48 (95% CI: –9.79
to 1.57). Additionally, an increasing mortality trend was
observed with an APC of 7.80 (95% CI: 2.09–25.05) through
2020. The AAMR for NH white exhibited a decreasing trend
from 1999 to 2012, with an APC of –1.02 (95% CI: –2.15 to
–0.22), which then increased from 2012 to 2020, showing an
APC of 4.70 (95% CI: 3.24–7.15). The AAMR for Hispanic or
Latino populations also revealed a decrease from 1999 to
2012, with an APC of –2.13 (95% CI: –15.48 to 0.91), which
exhibited a significant increase until 2020 with an APC of
3.72 (95% CI: 1.36–14.60). Lastly, from 2014 to 2020, the

AAMR for the NH Asian or Pacific Islander population
showed an increase with APC values ranging from –7.99 to
16.58 (►Fig. 6, ►Supplementary Tables S11 and S15, avail-
able in the online version).

Head Injury-Related Annual Trends in AAMR Graded by
Geographic Region States in All Ages
The values forAAMRvaried considerablyacross states, ranging
from 10.1 (95% CI: 9.9–10.2) in New Jersey and 10.1 (95% CI:
10.0–10.3) in Massachusetts to 33.5 (95% CI: 32.5–34.6) in
Wyoming. The differences between the states were evident,
with those in the top 90th percentile, includingWyoming and
Montana, having AAMRs approximately three times higher
than those in the bottom 10th percentile, which included
Massachusetts, New Jersey, and New York (►Fig. 7 and
►Supplementary Table S16, available in the online version).

Head Injury-Related Annual Trends in AAMR Graded by
Geographic Region States in Individuals Aged 55 Years
and Above
The average annualized modified risk (AAMR), which ranged
between 21.4 (95% CI: 21.0–21.8) in New Jersey and 53.2
(95% CI: 50.5–55.9) in Wyoming, significantly varied across
all states. States with AAMRs more than twice as high as
those in the bottom 10th percentile, such New Jersey and
New York, were those in the top 90th percentile, which
included Vermont, Montana, Idaho, and Wyoming (►Fig. 8

and ►Supplementary Table S17, available in the online
version).

Head Injury-Related Annual Trends in AAMR Graded by
Geographic Region States in Ages Less Than 1 to 54
Years
For individuals aged between 1 and 54 years, the AAMR
ranged from 6.0 (95% CI: 5.8–6.1) in Massachusetts to 28.2

Fig. 5 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) in individuals aged 55 and higher, per 100,000 stratified by race in the
United States, 1999–2020. � Indicates that the annual percentage change (APC) is significantly different from zero at α¼ 0.05. NH, non-Hispanic.
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(95% CI: 27.1–29.3) in Wyoming. States in the top 90th
percentile, including Alaska, Mississippi, Montana, South
Carolina, and Wyoming, had AAMRs that were almost three
times higher than those in the bottom 10th percentile,
including Hawaii, Massachusetts, Rhode Island, New Jersey,
and New York (►Fig. 9 and ►Supplementary Table S18,
available in the online version).

Census Region: All Ages
Throughout the study period, the Southern region exhibited
the highest mortality rate at 19.9 (95% CI: 19.8–19.9),
followed by the Midwestern region at 17.5 (95% CI: 17.5–
17.6), theWestern region at 17.3 (95% CI: 17.2–17.4), and the
Northeastern region at 12.8 (95% CI: 12.8–12.9). In summary,
AAMR in the Southern region displayed a decreasing trend

Fig. 7 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) per 100,000 stratified by state in the United States, 1999–
2020. AAMR per 100,000 among states (10.1–33.5).

Fig. 6 Traumatic brain injury (TBI)-related age-adjustedmortality rates (AAMRs) up to age 55, per 100,000 stratified by race in the United States,
1999–2020. � Indicates that the annual percentage change (APC) is significantly different from zero at α¼ 0.05. NH, non-Hispanic.
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from 1999 to 2012, with an APC of –1.83 (95% CI: –3.18 to
–0.77). Subsequently, between 2012 and 2020, there was an
increase in AAMRs with an APC of 5.78 (95% CI: 4.04–8.75).
The AAMR for Midwestern region steadily decreased from
1999 to 2014, with an APC of –1.15 (95% CI: –3.85 to –0.21),

followed by an increase with an APC of 4.64 (95% CI: 1.32–
14.37) from 2014 to 2020. Similarly, the AAMR for Western
region declined from1999 to 2010,with an APC of–0.98 (95%
CI: –4.50 to 0.59), and then increased with an APC of 4.16
(95% CI: 2.73–7.55) from 2010 to 2020. Lastly, the AAMR for

Fig. 8 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) in individuals aged 55 and higher, per 100,000 stratified by
state in the United States, 1999–2020. AAMR per 100,000 among states (21.4–53.5).

Fig. 9 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) in individuals aged up to 55, per 100,000 stratified by state in
the United States, 1999–2020. AAMR per 100,000 among states (6–28.2).
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Northeastern region showed a slight increase with an APC of
0.98 (95% CI: 0.19–1.87) throughout the study period
(►Fig. 10, ►Supplementary Table S7 and S19, available in
the online version).

Census Region: Aged 55 Years and Above
Among individuals aged 55 years or older, the Western
region recorded the highest mortality rate (36.6, 95% CI:
36.4–36.8), followed by the Southern region (36.4, 95% CI:
36.3–36.6), the Midwestern region (34.7, 95% CI: 34.5–34.9),
and the Northeastern region (27.8, 95% CI: 27.6–28.0). To
summarize, the AAMR in the Western region exhibited a

declining trend from1999 to 2010, with an APC of–0.98 (95%
CI: –4.50 to 0.59). Subsequently, from 2010 to 2020, there
was an increase in AAMRs with an APC of 4.16 (95% CI: 2.73–
7.55). The AAMR for Southern region decreased from 1999 to
2012, with an APC of –1.83 (95% CI: –3.18 to –0.77), and then
displayed a significant increase with an APC of 5.78 (95% CI:
4.04–8.75). Similarly, the AAMR for Midwestern region
decreased from 1999 to 2014 with an APC of –1.15 (95%
CI: –3.85 to –0.21), followed by an increase with an APC of
4.64 (95% CI: 1.32–14.37) from 2014 to 2020. Lastly, the
AAMR for Northeastern region showed a slight increasewith
an APC of 0.98 (95% CI: 0.19–1.87) from 1999 to 2020

Fig. 10 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) per 100,000 stratified by census region (all ages) in the United
States, 1999–2020. � Indicates that the annual percentage change (APC) is significantly different from zero at α¼ 0.05.

Fig. 11 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) in individuals aged 55 and higher, per 100,000 stratified by census
region in the United States, 1999–2020. � Indicates that the annual percentage change (APC) is significantly different from zero at α¼ 0.05.
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(►Fig. 11,►Supplementary Table S9 and S20, available in the
online version).

Census Region: Ages Less Than 1 to 54 Years
Across all age groups, including individuals less than 1 to
54 years old, the Southern region exhibited the highest mor-
tality rateat15.4 (95%CI:15.3–15.4), followedby theMidwest-
ern region at 12.8 (95% CI: 12.8–12.9), the Western region at
12.1 (95% CI: 12.0–12.1), and the Northeastern region at 8.8
(95% CI: 8.7–8.8). To summarize, the age-standardized all-
cause mortality rate (AAMR) in the Southern region demon-
strated a downward trend from 1999 to 2012, with an APC of
–1.83 (95% CI: –3.18 to –0.77). Subsequently, there was a
significant increase in AAMRs from 2012 to 2020, with an
APC of 5.78 (95% CI: 4.04–8.75). The AAMR in theMidwestern
regiondecreased from1999 to2014,with anAPCof–1.15 (95%
CI: –3.85 to –0.21), before displaying a significant increase
with an APC of 4.64 (95% CI: 1.32–14.37). Similarly, the AAMR
in theWestern regiondeclined from1999 to2010,with anAPC
of–0.98 (95%CI:–4.50 to0.59), followedbyan increasewith an
APC of 4.16 (95% CI: 2.73–7.55) from 2010 to 2020. Lastly, the
AAMR in the Northeastern region showed a slight increase
from 1999 to 2020, with an APC of 0.98 (95% CI: 0.19–1.87)
(►Fig. 12,►Supplementary Table S11 andS21, available in the
online version).

Urbanization: All Ages
During the study period, nonmetropolitan areas consistently
exhibited higher AAMR for head injuries, with an overall
AAMR of 24.8 (95% CI: 24.8–24.9), compared with metropol-
itan areas, which had an AAMR of 16.2 (95% CI: 16.2–16.2).
The AAMR in metropolitan areas showed a decrease from
1999 to 2012, with an APC of 0.81 and a 96% CI ranging from
–2.22 to 0.11. After that, the AAMR rose to 4.76 with a 95% CI

of 3.24 to 7.61 till 2020. The AAMR showed a decline in
nonmetropolitan areas between 1999 and 2012, with an APC
of –1.65 and a 95% CI spanning from –3.01 to –0.70. Between
2012 and2020, themortality trend in nonmetropolitan areas
increased significantly, as indicated by an APC of 4.66 (95%
CI: 2.96–7.68) (►Fig. 13,►Supplementary Tables S7 and S22,
available in the online version).

Urbanization: Aged 55 Years and Above
In individuals aged 55 years or older, nonmetropolitan areas
exhibited higher AAMR values, with an overall AAMR of 41.0
(95% CI: 40.8–41.2), than metropolitan areas, which had
AAMRs of 33.0 (95% CI: 32.9–33.1). In nonmetropolitan
areas, a declining trend in mortality was observed with an
APC of 1.65 and a 95% CI ranging from –3.01 to –0.70 between
1999 and 2012. This trend, however, reversed with an APC of
4.66 (95% CI: 2.96–7.68) from 2012 to 2020. In metropolitan
areas, a similar declining trend in mortality was observed
with an APC of 0.81 and a 95% CI ranging from –2.22 to 0.11
between 1999 and 2012. However, this trend also showed an
increase in mortality with an APC of 4.76 (95% CI: 3.24–7.61)
from 2012 to 2020 (►Fig. 14, ►Supplementary Table S9 and
S23, available in the online version).

Urbanization: Ages Less Than 1 to 54 Years
In like manner, the nonmetropolitan regions displayed a
higher AAMR in relation to head injuries in individuals aged
between 1 and 54 years, with a combined AAMR of 20.5 (95%
CI: 20.3–20.6), as opposed to the metropolitan areas’AAMRs
of 11.6 (95% CI: 11.6–11.7). For APC values, nonmetropolitan
regions demonstrated a declining trend from 1999 to 2012,
with a rate of 1.65 (95% CI: –3.01 to –0.70). However, this
trend began to rise from 2012 to 2020, showing an APC of
4.66 (95% CI: 2.96–7.68). In contrast, metropolitan regions

Fig. 12 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) in individuals aged up to 55, per 100,000 stratified by census
region in the United States, 1999–2020.� Indicates that the annual percentage change (APC) is significantly different from zero at α¼ 0.05.
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experienced a decrease in mortality rates from 1999 to 2012
with an APC value of –0.81 (95% CI: –2.22 to 0.11). This trend
then reversed from2012 to 2020,with anAPC of 4.76 (95% CI:
3.24–7.61) (►Fig. 15, ►Supplementary Table S11 and S24,
available in the online version).

Discussion

A thorough and extensive analysis of mortality patterns was
performed using data from the CDC between 1999 and 2020.

The main objective of this study was to investigate patients
with TBI, taking into account factors such as age, sex,
ethnicity, and other relevant variables. Early findings indi-
cate a general increase in mortality, with over 1.2 million
fatalities recorded. Approximately 50% of fatalities occurred
in individuals aged 55 and above, while the remaining
occurred in those under 55. Deaths that occurred in medical
institutions accounted for nearly 41% of the total, with home
deaths accounting for the second-highest proportion at 25%.
Notably, the mortality rate decreased with age from 1999 to

Fig. 13 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) per 100,000 stratified by urbanization in the United States,
1999–2020.

Fig. 14 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) in individuals aged 55 and higher, per 100,000 stratified by
urbanization in the United States, 1999–2020.
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2012, before rising sharply between 2012 and 2020. This
trend was observed in both age groups, those over 55 and
those under 55. Furthermore, the AAMR for males remained
higher than that for females throughout the study, empha-
sizing the greater vulnerability of males to trauma and
subsequent death. Regarding mortality trends by race, the
Native Hawaiian or Other Pacific Islander population had
the highest death and AAMRs, followed by the NHwhite, NH
black or African American, and Hispanic or Latino popula-
tions. Additionally, the study delved into other key varia-
bles, such as geographic region, census region, and
urbanization.

TBI is a severe neurological illness with a global preva-
lence, often referred to as a hidden epidemic.18–20 The
increasing trend of TBI in males can be attributed to certain
activities in which males engage more frequently than
females, such as contact sports like American football, wres-
tling, hockey, boxing, soccer, lacrosse, and rugby, which
increase the risk of concussion.21–24 Other contributing
factors include falls, assaults, combat, and so on,25,26 with
diffuse TBI accounting for approximately 80 to 90% of
cases.26,27 The Glasgow Coma Scale score can be used to
clinically define TBI as mild, moderate, or severe, with rates
of persistent disability ranging from 10 to 60% and overall
mortality rates of 20 to 30%, respectively.28–30 The primary
harm to the brain is permanent, leading to brain tissue
destruction, altered cerebral blood flow regulation, in-
creased inflammatory mediators, oxidative stress, and vaso-
spasm, resulting in cell death and generalized brain
edema.31,32 The complexity and delicacy of the injury
make it impossible to reverse the initial insult, which,
combined with the brain’s intricate structure and physiolo-
gy, nearly doubles the mortality rate.33 The influence of
social and environmental factors on the pediatric population

after TBI is a crucial discovery,34 as evidenced by research
examining long-term mortality and chronic symptoms in
children with TBI.29,35

New studies on adults with mild TBI (mTBI) seeking
treatment in emergency rooms have revealed several con-
cerns regarding their care and outcomes. For instance, pre-
injury factors such as mental health diagnoses, cooccurring
medical conditions, and previous TBIs are related to lasting
symptoms after mTBI,36which can lead to ongoing function-
al impairments that affect emotional well-being following
mTBI.37 These characteristics can also aggravate other inju-
ry-related issues affecting a patient’s lifestyle a year after
injury. Moreover, they can have an impact on socioeconomic
factors, such as employment and insurance, and require
follow-up care.38 It is essential to note that themost common
age groups for TBIs are children and the elderly. mTBIs in
children can result in long-term behavioral, social, psycho-
logical, and academic disorders,whereas in older adults, they
are often linked to hospitalization and fatality. In the elderly,
they are more frequently associated with cognitive decline,
which interferes with daily life. This adverse effect is further
compounded by the use of certain medications, such as
anticoagulants, which increase the risk of intracranial
hemorrhage.39,40

Nevertheless, despite the general increase in TBI mortal-
ity trends, we must acknowledge that the population is
growing, industries are developing, and medical advance-
ments have prolonged life expectancy. These factors, in
addition to various others, may influence the outcomes,
although not significantly. To reduce the prevalence, it is
essential to establish regulations and raise awareness about
measures such as helmet usage, secure sports, and other
practices that will ultimately prove to be beneficial in the
long term.

Fig. 15 Traumatic brain injury (TBI)-related age-adjusted mortality rates (AAMRs) up to age 55, per 100,000 stratified by urbanization in the
United States, 1999–2020.
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Limitations

Despite our best efforts and thorough investigation, our
research has been hindered by several confounding varia-
bles. To improve the output of our study, we hope to address
these issues in future studies. Some of the limitations we
encountered include: (1) a lack of clarity regarding the sex,
race, and ethnicity causative factors of TBI; (2) an inability to
explain the decline and rise in mortality in 2012 in our
literature; and (3) the fact that many cases go unreported,
which impedes the actualization of data and leaves gaps in
the available information.

Conclusion

A comprehensive analysis of TBI-related mortality trends in
the United States from 1999 to 2023 revealed dynamic
patterns across demographic groups and geographic regions.
Despite the initial decline inmortality rates, there has been a
subsequent increase, underscoring the persistent public
health challenge posed by TBI. Continued surveillance and
research are essential for informing evidence-based strate-
gies aimed at preventing TBI and improving outcomes in
affected individuals and communities.
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