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Abstract

Traumatic brain injury (TBI) has grown to pandemic proportions, placing a significant burden on global public
health, socio-economic condition, and human capital resources. This paper examines the global spatial distribution
of TBI using currently available data from research studies to advance a comprehensive review of TBI that
integrates geospatial and environmental perspectives. It reveals significant geographic differences and
socioeconomic gaps in global TBI incidence tracking, prevalence, and mortality rates. It proposes an
environmental science approach to improving public awareness, tracking and prevention of TBI through the
integration of environmental data using GIS. The use of GIS for accurate location-based mapping and integrated
analysis of environmental data subsequently helps reveal risk factors for targeted research, education outreach, and
more effective public health policy and preventative measures.
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1. Introduction

As we face the acute crisis of COVID-19, another global public health pandemic has silently emerged in recent
years - traumatic brain injury (TBI). In the U.S., TBI has often been considered a silent epidemic due to its many
subtle effects and the general lack of public awareness. Yet, TBI has become a critical public health problem and a
significant socio-economic burden throughout the world: It is prevalent in both low- and high-income countries
and affects people of all ages and a leading killer of children in the developed and developing world (Peeters et al.,
2015; Bell et al., 2017). A comprehensive geospatial approach is needed to better address TBI — a problem that is
perhaps best understood by the very nature of our relationships with the environment throughout human history.

Traumatic brain injuries directly affect our critical executive organ, our human intelligence hub. The injuries
sustained from head trauma stem from our inability to prevent or adequately adapt in real time to abrupt
environmental changes encountered in daily living, which may be naturally occurring or human-induced (Chen et
al., 2020). In a parallel progression, human ecological habitats have evolved from natural caves to nomadic
shelters, tribes, cities, and metropolises, to emerging intelligent cities with digital grids beyond physical
infrastructure and traditional spatial boundaries. Deep geological history has shown a vital story of major and
minor adaptations of organisms to environmental challenges. In our short human history, we have also experienced
and adapted to tremendous environmental challenges, either naturally occurring and/or human induced, such as the
Ice Age, great floods, volcanic eruptions, dust storms, and infectious diseases. Many societal advancements are
largely propelled by the evolution of human intelligence and ingenuity along with our adaptations to environment,
such as agriculture cultivation, industrialization, automotive transportation, distant wireless communication,
computing, and artificial intelligence (AI). The TBI problem highlights the vital importance of
human-environment interactions and calls for better intelligent design of safer environments, and the
maximization of resources for TBI awareness and prevention.

Toward this, we take a broader view of the global TBI problem to promote improvements in TBI tracking and
prevention. The biopsychosocial concept continues to evolve toward a more ecological understanding of health,
such that biological, psychological, and social factors interact at many levels of analysis (Maier & al’Absi, 2017).

20



gjhs.ccsenet.org Global Journal of Health Science Vol. 14, No. 3; 2022

The physical and social environmental dimensions that can be uniquely integrated by geospatial analysis are
essential to more fully understanding and preventing TBI. We analyzed available data in these areas to support our
call for environment-based research and education measures on TBI awareness and prevention.

2. Current Challenges of Global TBIs

Traumatic brain injury is reported as a leading killer of children in both the developed and developing world (Bell
etal.,2017), and the leading cause of global death and disability, more than any other traumatic insult (Dewan et al.,
2018). According to the U.S. Centers for Disease Control and Prevention (CDC), TBI in the U.S. affects the young
and old the most. From 1990 to 2016, the TBI age-standardized prevalence has increased by 8.4% (GBD 2016
Traumatic Brain Injury and Spinal Cord Injury Collaborators, 2019). Globally, it is currently estimated that 69
million people sustain a TBI each year, a leading cause of worldwide death and disability; however, TBI incidence
and distribution across regions and socioeconomic divides remain unknown (Dewan et al., 2018). Another study
indicates that approximately half of the population will likely have one or more TBIs over their lifetime (Maas et
al., 2017).

It is estimated that over 50 million adults in the US have experienced a disability, and TBI is one of the leading
causes of disability (Courtney-Long et al., 2013). Research in 16 European countries indicates that TBI causes a
substantial burden to victims, their families, and society (Majdan et al., 2017). Moderate and severe TBI cause
major neural impairments and deficits in mental function. Most patients of moderate TBI regain consciousness, but
the long-term cognitive and functional deficit is largely unknown (Vitaz et al., 2003). Previous research shows that
survivors of moderate to severe TBI have approximately a 25-35% reduction in maximal aerobic capacity 6-18
months post-injury (Washnik et al., 2019). TBI causes systemic health problems, often affecting multisensory
functions such as vision, hearing, skin sensitivity, overall physical balance, and mobility, in addition to the
cognitive and emotional problems from direct brain impact. Long-term prognosis of severe TBI and recurrent TBIs
remains less than optimistic. Brain tissue loss from moderate to severe TBI is estimated on the order of 5% per year;
atrophy-induced deformations may trigger a negative feedback loop, causing further deformation (Harris et al.,
2019).

The long-lasting impact on the quality of life of patients, their families, and broader socio-economic burdens are
simply beyond calculation. The life quality of TBI victims can be severely disturbed or truncated by associated
morbidity and mortality. Recent studies estimate that people with short-term mild to severe TBI experience health
losses of 11.0% and 21.4%, respectively, compared with a person in full health, measured by years of life lived
with disability (GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators, 2019). It is estimated that
TBI has contributed, on average, 41% (44% in males and 34% in females) to overall injury years of life lost
(YLLs), meaning that about 1.3 million YLLs were attributable to TBI in the EU-28 in 2013 (Majdan et al., 2017).
In addition, an array of psychiatric disorders, including depression, anxiety, and substance abuse are prevalent after
TBI, more so with moderate to severe cases (Juengst et al., 2017). Mental illness after surviving TBI compounds
public health problems.

The global economic burden of road injuries alone in the 166 countries included in a study is projected to increase
to $1.8 trillion (2010 US$) from 2015 to 2030 (Chen et al., 2019). TBI incidences will likely continue to increase
due to factors of growing population density, aging, increased use of motor vehicles, motorcycles, and bicycles
(GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators, 2019). The proportion of TBIs from
road traffic injuries are highest in Africa and SE Asia (Dewan et al., 2018). Research suggests a multidisciplinary
approach may likewise be optimal for treatment and rehabilitation (Katarzyna et al., 2019). Therefore, it is
pertinent to highlight the importance of research efforts on geospatial, physical, and social environmental factors
for better TBI prevention.

3. Spatial Differentiations in Global TBIs

Given the increased global economic burden of TBI, it is equally important to highlight the spatial differentiations
of the distribution of the economic burden and the capacity to deal with it. There are wide differentiations in the
cause, prevalence, and mortality rate of TBI among regions and nations. First, the leading cause varies. According
to the CDC, falling is the leading cause of TBI in the United States, while road injury remains dominant cause of
TBI in the developing countries. TBI results mainly from road accidents in the most populous and rapid
developing countries, such as China and India (Maas et al., 2017; Maas, 2017). The dynamics between people and
their environment varies greatly from place to place. Major environmental factors include population density,
socio-economic conditions, education, employment, transportation infrastructure, road condition, social order and
human interactions, population stratification and aging, access to drugs and weapons, and mental health issues.
Low- and middle-income countries (LMICs) experience nearly three times more cases of TBI proportionally than
high income countries (HICs), even though total TBI incidence is highest in North America (Dewan et al., 2018).
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Based on data from the GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators, different spatial
patterns emerge. Table 1 shows several spatial and social patterns: 1). The top five countries with the highest TBI
incidence are India, China, Russia, Brazil, and Pakistan. India, China, and Brazil are of high population density
and experiences rapid economic transformation during the study period. 2). Syria has both the highest
age-standardized rate (ASR) and the highest percentage increase of ASR (PCASR) in TBI, and the constant civil
conflicts might have been an important factor. Several other nations in the same category also experienced political
changes and social instability, such as Yemen, Iraq, Afghanistan. 3). The five countries of low ASR and decreased
percentage change of ASR or negative PASR (from 1990 to 2016) are nations of higher social stability, such as UK
and Japan. This data only shows the patterns of highest TBI incidences and changing rates during the study period
from 1990 to 2016. There is a real need for more social science research efforts on the reasons and factors behind
the changes within each country.

This study carried out a comparative analysis of TBI mortality rate between 16 European countries and the U.S.
TBI data for the year 2013, based on the data availability. The 2013 European TBI data came from the research of
cross-sectional analysis of 16 European countries (Washnik et al., 2019) and the 2013 U.S. TBI data was extracted
from the Centers for Disease Control and Prevention. Overall, the senior population had the highest TBI
mortality rate.

Various chi-squared analyses were carried out, such as among different age groups, among the 16 different
European nations, and between the 16 composite European nations (total numbers) and the U.S. total TBI cases.
All p values are close to 0, which indicate that the spatial and age-group variations are all statistically significant.
The chi-squared analysis of three European countries with the highest TBI death counts is shown in Table 2, and
the chi-squared analysis of the 16 European nations and the US TBI mortality data is shown in Table 3. Based on
the results, it is reasonable to project that the differences between developed countries and developing countries
are also significant, if data were available.

Table 1. Global TBI incidence patterns and trends, 1990-2016

2016 Highest 2016 Highest Highest Low AST with negative PCASR

Country Incidences ASR PCASR AST PCASR

India 5641697
China 4339654
Russia 1202502
Brazil 786433
Pakistan 745843

Syria 1322
Slovenia 1092
Czech Republic 1022
Poland 893
Slovakia 889

Syria 424.8
Yemen 99
Iraq 67.2
Afghanistan 63.3
North Korea 56.4

Timor-Leste 235 -26.3
UK 260 -5.9

Japan 263 -15.5
Portugal 267 -293
Liberia 270 -61.6

Data source: Extracted from the GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators article (Dewan et al.,
2018).

ASR: age-standardized rate per 100,000.
PCASR: percentage change in age-standardized rates, 1990-2016.
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Table 2. Chi-squared analyses of the three European nations, with the highest TBI death counts in 2013

Age-group Italy United Kingdom Romania Total P Value
0-4 22 26 31 79
5-14 29 18 33 80
15-34 594 361 276 1231
»<0.001
35-064 1063 881 923 2867
65+ 2973 2472 664 6109
Total 4681 3758 1927 10366

Table 3. Chi-squared analyses of the 16 European nations and the U.S. 2013 TBI deaths

TBI Age Category European 16 Nations U.S.A. Total P Value
0-4 119 760 879

5-14 152 724 876

15-34 2079 12964 15043

p<0.001

35-064 5436 20529 25965

65+ 9263 20943 30206

Total 17049 55920 72969

Sources: The U.S. data is from the CDC, and the data of the 16 European nations is adapted from Majdan et al., 2017.

4. Environmental Variables as an Essential Component of Global TBI Data Infrastructure

Environmental parameters should be an essential component of any TBI database, in addition to current TBI
variables, such as causes, severity, age, and gender. The environmental variables need to include both physical
and social parameters. Physical variables might include factors like geo-referenceable location, topography,
weather, road condition, and transportation mode. Social variables could cover employment status, urban or rural
settings, neighborhood characteristics, and ethnicity.

The spatial variability of TBI across different continents and countries calls for more effective tracking and
prevention strategies by taking geospatial and social environmental factors into consideration. Measurement of the
burden of TBI in greater geographic and demographic detail is of substantial value (GBD 2016 Traumatic Brain
Injury and Spinal Cord Injury Collaborators, 2019). However, complete TBI databases at a national level do not
currently exist or some national TBI data are not available for the research community to access. Approximately
10 million of moderate-to-severe TBI annually is estimated in India, yet there remains a major need of data to
study TBI (Maas, 2017)

Continuous data tracking of TBI incidences has only been available in the U.S. and certain European countries
over the past few decades. TBI data are almost absent in low- and middle-income countries (LMICs) where TBI is
likely to occur much more frequently (Maegele, 2019). It is both crucial and feasible for all nations to document
and track TBI incidences, with the use of modern technologies and similar digital formats and guidelines.

Lacking complete and compatible data is a major problem in global TBI tracking, and inconsistency in currently
available data compounds the problems in studying TBI incidences and mortality. The U.S. and many European
countries have decades of TBI data tracking and reporting. However, the TBI data collection and analyses across
Europe and the U.S. still have wide variations and discrepancies in the reported incidences and mortality rates
(Maegele, 2019; Li et al., 2016; Majdan et al., 2016; Maas et al., 2017).

5. A GIS Framework of TBI

Geographic Information System (GIS) is known for its capability in location-based mapping and integrated

geospatial analysis. It has been widely used in location-based mapping and geospatial analyses of features and

events at different scales and in many disciplines. It has been effectively used in epidemiology and public health

for providing sophisticated spatial analysis of disease occurrence, cancer data and other health data, geostatistical

data analysis of interconnected health and contributing environmental risk factors (Rytkonen, 2004; Kontopantelis

et al., 2015; Davies et al., 2016; Cho et al., 2020). The increasing utilization of GIS has transformed health in
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disease infectious diseases surveillance and tracking, public health management, and citizens data input
(Davenhall & Kinabrew, 2012; Saran et al., 2020). Geographic information system and artificial intelligence (AI)
offer immense possibilities for improving community health and healthcare (Shaw & McGuire, 2017; Kirby et al.,
2017; Boulous et al., 2019; Wang, 2020). Geospatial analyses using GIS help address the geographic distribution
of a disease and delineate potential patterns and trends of disease incidences (Nayak et al., 2021).

For example, GIS has played a critically important role in mapping and communicating the daily spatial clustering
and temporal trend of the ongoing COVIS-19 (Dong et al., 2020; Ahasan & Hossain, 2021). Geospatial mapping
and analysis on diseases occurrences and interrelationships of the diseases and associated environmental factors
help us better understand the causes, trends, and underlying risk factors.

In this vein, we need to take on the challenges of the TBI epidemic in the same way that we deal with other public
health threats and any other types of environment disasters, through both proactive/anticipatory and reactive
approaches using GIS technology. Currently, health care professionals, the research community, and
decision-makers have largely focused on TBI treatment and subsequent management. Much progress has been
made in TBI treatment and management in developed countries, but such improvement has not been seen
significantly in developing nations where the risk factors are among highest. Historically, increased awareness,
optimal management and guidelines, and significant technological advancements in current treatment regimens
resulted in an overall TBI-related death rate (Harvey & Close, 2012)

Still, the prevalence of global TBI is increasing. Limited research efforts have focused on anticipatory strategies,
i.e., how to better track and prevent TBI in the first place. Leading causes of TBI vary significantly from country
to country and across demographical age groups. Falling is the leading cause of TBI for older adults (Nykiforuk &
Flaman, 2021), while TBI due to accidents or sports is a leading cause of death and disability in children and young
adults in the United States (U.S. National Institute of Health). Road injury remains dominant cause of TBI in the
developing countries, especially TBI following road traffic collision is more common in LMICs (Dewan et al.,
2018).

Traumatic brain injuries have become an urgent and important public health issue. Important public health
questions need to be addressed: where did TBI occur? How did they happen? Are there any spatial and temporal
patterns and trends of TBI? What are possible important risk factors? Geographic Information System can be
effectively used to address these questions if TBI incidences are tracked and coded with georeferenced locations.
Geographic Information System can create different types of maps by overall TBI incidences, by cause, by time,
by severity, by different spatial scales (local, city, regional, national, global), by age group, and so on. Integrated
TBI health data and environmental data analysis help reveal risk factors. These maps and analysis results would
then become important for public health communication and decision making.

The use of GIS as a geospatial mapping and analysis tool has become particularly effective and timely relevant in
tracking and mitigating the COVID-19 global pandemic (Franch-Pardo et al., 2020). In a similar vein, the use of
GIS in TBI as a mapping and analytical tool can lead to three major beneficial outcomes: developing a better global
TBI data infrastructure (Chen et al., 2020), improving TBI tracking and promoting better public awareness by
using accurate and complete geospatial TBI databases, and formulating more effective prevention measures
(Figure 1).
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Figure 1. Framework of using GIS in improving TBI tracking and prevention

6. GIS for Integrated Environmental Analysis and TBI Prevention

Geographic Information System is not only an effective tool to tracking disease occurrences and create maps for
visualization, but is also a robust system to process, analyze, integrate, and model complex incidence data to reveal
spatial and temporal patterns, as well as correlations between TBI and different physical and social environmental
variables. Integrated environmental analysis can be used for TBI prevention in major aspects: reveal important
environment risk factors, promote public awareness and educational measures, and improve better public health
policy and effective TBI mitigation strategies.

First, potential environmental risk factors for public health problems can be revealed (Ijumulana et al., 2020;
Bhuiyan et al., 2020; Long et al., 2020). As such, there are different causes behind TBI hotspots due to varied
environmental factors. If TBI clusters are related to road injuries from vehicle accidents, GIS can be used to
analyze TBI occurrences in the context of road condition, topographic slope, weather condition, travel speed,
visibility, in addition to a driver’s condition and behavior. If TBI clusters in a crime-prone neighborhood, GIS
analysis can focus on the potential linkages to social environmental factors, such as unemployment, education,
drug use, and violence. For TBI clusters in schools or recreational areas, GIS could be used to identify possible
facility and human action and interaction factors behind sports-related injuries. If TBI clusters in elderly people
from falls, GIS could be used to analyze the factors related to living environment arrangements, types of activities,
time of activities, and health conditions. Using GIS for mapping and environmental analysis can help delineate
TBI hotspots and identify possible vulnerable groups and associated risk factors. More personal, clinical, and
environmental data are increasingly becoming available for research, and accessible data source for identifying
clinical associations and environmental patterns could lead to a better understanding of TBIs (Cobb et al., 2018;
Mollayeva et al., 2019). Geospatial and temporal patterns of TBIs may indicate potential correlations with
environmental factors and human activities and behaviors.

Second, once TBI incidences and possible environmental risk factors are identified and mapped out, the mapped
clusters of concentrated TBI can present geospatial distribution patterns and temporal trends. These maps and
information can be put on a community web dashboard and channel into news media, as part of periodic public
health announcements to promote public awareness. Environmental analysis using GIS has been used for public
health promotion (Nykiforuk & Flaman, 2021).

In addition to promote public awareness using community dashboard and news media, integrated environmental
analysis result can further facilitate targeted research and proactive education programs, based on the identified
risk factors. Traumatic brain injury education measures can be an immense catalyst for promoting positive changes.
Schools are ideal settings for promoting health, beyond individual behavioral changes, and turning schools into
health-promoting settings is a form of sound social investment (Gugglberger, 2021). Traumatic brain injury
educational outreach can start anywhere from childhood to adulthood, i.e., from kindergarten through college.
Each stage can have a different but somewhat overlapping focus for sustaining improvement on TBI awareness
and prevention education. For example, a “Safety ABC”, from head to toes, can be designed as a health concept for
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children K-5. For early teens, the focus should be placed more on holistic personal safety (physical, emotional
wellbeing, and mental health) and social interaction interpersonal safety (driving, sports, entertainment). In college,
education should center around autonomy, body, mind, and environmental ecology management (nutrition,
psychological development, social environmental ecology, and public services). All these approaches would
promote TBI awareness and prevention among children and youths.

Third, the integrated analysis of both physical and social environmental data would allow decision makers to
develop community-oriented public health policy and mitigation strategies. The use of GIS technology provides
the most effective for decision-making in a multi-disciplinary context to facilitate sharing of data, knowledge, and
expertise (Joyce, 2009). The combined utilization of GIS and remote sensing data has improved knowledge of
climatic, environmental, and biodiversity factors, and the research has facilitated decision-making processes for
allocating limited resources, mapping risks, and creating early warning systems against vector-borne diseases such
as malaria, visceral leishmaniasis, dengue, Rift Valley fever, schistosomiasis, Chagas disease and leptospirosis
(Ceccato etal., 2018). The prevalence and varied nature of TBI cases are highly environment dependent, and GIS
data integration and analysis would lead to a better decision making and more effective preventative strategies. For
example, TBI hotspots are associated with road injuries are prevalent in LMICs (Dewan et al., 2018), decision
makers can then better decide if a community needs to set up road warning signs, reconstruct certain segments of
road network, install wireless camera monitoring systems, or tighten travel speed limits at certain locations. For
TBI hotspots related to social environment instability and complex social dynamic conflicts, it could be more
important and effective to provide public health counseling educational seminars, and behavior interventions
coupled with more frequent public safety patrol and social outreach programs. For the TBI hotspots of older
patients from falling, it would be more effective to alleviate or prevent some falling problems by designing safer
living environment and reducing alone activity time.

7. Discussion and Conclusion

The rapid economic development and imbalanced dynamic interactions between humans and their changing
environment has led to what is essentially a global TBI epidemic. Subsequently, the TBI epidemic has caused
major socio-economic interruptions and dysfunctions. It causes not only individual suffering, but also a
tremendous global socio-economic burden.

The effectiveness of any preventative health policy depends on appropriate, timely identification and mitigation of
major causes and risk factors. The common leading causes of TBI are known, but highly variable both
geographically and temporally, within a country and across the globe. Integrated physical and social environment
studies using GIS is important and effective in mapping out TBI hotspots and revealing the correlations between
TBI incidences and environmental risk factors. The integrated data analysis of TBI and environment risk factors
would help promote public health education and formulate better public health policy and specific TBI prevention
guidelines to target causes in high incidence areas.

People from the worldwide can greatly benefit from interdisciplinary environmental research beyond medical
studies on the TBI causes, treatment and rehabilitation. The effective uses of GIS in COVID-19 and vector-borne
diseases surveillance and early warning offer a great promise for its broader applications in TBI research.
Geographic information system can delineate TBI spatial distribution hotspots and temporal shifting trends and
reveal associated complex environmental variables. Convergent research efforts from medical researchers,
environmental scientists, and GIS professionals would provide comprehensive science data and knowledge of TBI
causes and contributing environmental risk factors.

Interdisciplinary or transdisciplinary research would help develop better public health policies and more effective
TBI prevention strategies on how to create a safer environment, heightened human conscious awareness, and
better human and environment dynamics. The preventative measures will lead to safer design and uses of assisted
living facilities, athletic gears, as well as road infrastructures and vehicles. Professionals in different science
disciplines and health care fields and policymakers can collaborate on specific educational content and mitigation
strategies. TBI is one of the most urgent global public health challenges. Integrated environmental science
approach will help improve global TBI awareness and prevention.
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