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Abstract 

Background:  The initiation, anatomic pattern, and extent of tau spread in traumatic brain injury (TBI), and the 
mechanism by which TBI leads to long-term tau pathology, remain controversial. Some studies suggest that moder-
ate to severe TBI is sufficient to promote tau pathology; however, others suggest that it is simply a consequence of 
aging. We therefore conducted a systematic narrative review of the literature addressing whether a single moderate 
to severe head injury leads to long-term development of tauopathy in both humans and animal models.

Methods:  Studies considered for inclusion in this review assessed a single moderate to severe TBI, assessed tau 
pathology at long-term timepoints post-injury, comprised experimental or observational studies, and were peer-
reviewed and published in English. Databases searched included: PUBMED, NCBI-PMC, EMBASE, Web of Science, Aca-
demic Search Premiere, and APA Psychnet. Search results were uploaded to Covidence®, duplicates were removed, 
and articles underwent an abstract and full-text screening process. Data were then extracted and articles assessed for 
risk of bias.

Findings:  Of 4,150 studies screened, 26 were eligible for inclusion, of which 17 were human studies, 8 were preclini-
cal animal studies, and 1 included both human and preclinical animal studies. Most studies had low to moderate 
risk of bias. Most human and animal studies (n = 12 and 9, respectively) suggested that a single moderate to severe 
TBI resulted in greater development of long-term tauopathy compared to no history of head injury. This conclusion 
should be interpreted with caution, however, due to several limitations: small sample sizes; inconsistencies in control-
ling for confounding factors that may have affected tau pathology (e.g., family history of dementia or neurological 
illnesses, apolipoprotein E genotype, etc.), inclusion of mostly males, and variation in reporting injury parameters.

Interpretation:  Results indicate that a single moderate to severe TBI leads to greater chronic development of 
tauopathy compared to no history of head injury. This implies that tau pathology induced may not be transient, but 
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Introduction
Traumatic brain injury (TBI) is defined as a physical 
impact to the head that disrupts the physiological func-
tion of the brain [16, 31]. Every year, around 69 million 
people worldwide experience a TBI, and in the United 
States, approximately 5.3 million individuals are living 
with a TBI-related disability [16, 65, 87]. This places a 
significant emotional and economic toll on society and 
a compelling need to understand the sequelae that occur 
after a brain injury, since no treatments or cures exist 
[64]. TBIs can be categorized as mild, moderate, or severe 
and can lead to a variety of negative outcomes, such as 
changes in consciousness, loss of memory, alterations in 
behavior and mood, and motor impairments [31]. Falls 
are the leading cause of TBIs, significantly affecting chil-
dren up to 17 years of age and the elderly aged 65 years 
and older [74]. TBIs also occur from motor vehicle acci-
dents, sports-related injuries, blasts from explosions in 
war, or from being struck by or against an object (decel-
eration injury).

Post-mortem brain samples from individuals with a 
history of head injury display multiple proteinopathies, 
which are also associated with age-related neurodegen-
erative diseases [80]. It remains controversial if the pro-
teins that accumulate post-TBI are due to the injury itself 
or are an unrelated product of other processes associated 
with aging. One of the proteins that has been shown to 
accumulate post-injury is tau. Tau is a physiologically 
hydrophilic soluble protein that functions to promote the 
formation and stabilization of microtubules in neuronal 
axons [27]. Tau binding to microtubules is regulated 
by various post-translational modifications, including 
phosphorylation [27]. In tau-associated neurodegenera-
tive diseases (tauopathies), such as Alzheimer’s Disease 
(AD), tau is abnormally hyperphosphorylated and aggre-
gated into insoluble fibrillary structures, which have been 
shown to strongly correlate with cognitive decline [30, 
33]. The spread of tau pathology in tauopathies, specifi-
cally AD, has been grouped into six stages: Braak Stage I/
II, tau is found in the locus coeruleus and transentorhi-
nal/entorhinal regions; Braak Stage III/IV, tau spreads 
into the hippocampus and medial temporal lobe; Braak 
Stage V/VI, tau infiltrates the neocortex [12, 13].

The development of tau pathology post-injury has been 
heavily studied in individuals who sustained repetitive 
mild TBIs (rmTBI). The initiation of rmTBI studies began 
in 1928, when Dr. Harrison Martland coined the term 

“Punch Drunk” syndrome based on his observations of 
boxers who sustained rmTBIs [43]. These boxers devel-
oped changes in affect, cognition, and movement, and on 
postmortem examination showed evidence of brain dam-
age [43]. The terminology of “Punch Drunk” syndrome 
has evolved through a number of terminologies over the 
ensuing decades; currently, the most common term being 
used is Chronic Traumatic Encephalopathy (CTE). This 
term has been applied to National Football League play-
ers who sustained rmTBIs and developed dementia and 
tau pathology. This term has also been applied to others 
who sustained rmTBIs, such as war veterans, who suf-
fered from both impact injuries and blast wave injuries, 
and were shown to develop dementia and tau pathology 
[46, 55].

Mild TBIs are the most common form of TBI sever-
ity and are associated with ~ twofold increased risk of 
dementia in later life [7, 20, 22, 45, 47, 73]. Moderate to 
severe TBI (msTBI), however, correlates with a 2-to-four-
fold increased risk for developing subsequent demen-
tia (beyond the effects of physical brain damage that 
occur) [67]. The underlying mechanism linking msTBI 
with increased risk for dementia remains unknown [28, 
67]. Because the progression of tau pathology correlates 
strongly with degree of cognitive impairment and is 
linked to multiple neurodegenerative diseases, it is vital 
to understand the long-term consequences of a single 
msTBI, with a specific focus on alterations in tau. Sev-
eral studies have investigated tau pathology after msTBI, 
but reported conflicting results. A recent human imag-
ing study assessed tau pathology in individuals who sus-
tained a single msTBI and found that tau aggregation was 
present decades after injury [26]. Another study found 
that a single msTBI does not result in chronic tau pathol-
ogy, creating discord in the literature surrounding msTBI 
and its relationship to tau [6]. Our review question was 
“does msTBI exposure increase risk for developing long-
term tau pathology?” Currently, there are no reviews that 
have addressed this question in humans or animal mod-
els; therefore, the objective of this systematic review was 
to determine the association between a single msTBI and 
the development of long-term tau pathology. In humans, 
the population of interest is individuals who have sus-
tained a single msTBI compared to humans without a 
history of TBI. In animals, the studies of interest were 
those in which animals received an analogous single 
msTBI compared to control animals that received a sham 

can progressively develop over time in both humans and animal models. Targeting these tau changes for therapeutic 
intervention should be further explored to elucidate if disease progression can be reversed or mitigated.
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injury (undergoing all procedures applied to injured mice 
except the direct brain injury). Finally, the outcome was 
the long-term development of tau pathology, which we 
defined as changes in tau that were not physiological 
(hyperphosphorylated tau, insoluble tau, truncated tau, 
misfolded tau). Thus, the study included experimental 
studies for animal models and observational studies for 
human studies.

Through this systematic review, we sought to deter-
mine if tau pathology persisted chronically after moder-
ate to severe brain injury. Findings from this review will 
help identify individuals with an increased risk for devel-
oping dementia following a single moderate to severe 
injury. Further, it will help guide development of targeted 
therapies to mitigate the effects of tauopathy disease pro-
gression, as well as reduce short and intermediate adverse 
outcomes of the TBI.

This systematic review was prepared in accordance 
with the reporting guidelines provided in the Preferred 
Reporting Items for Systematic Reviews and Meta-Analy-
sis (PRISMA) statement [58, 59].

Methods

Eligibility criteria
We included studies that contained a single msTBI in 
humans and animal models and assessed tau pathol-
ogy [utilizing blood samples, cerebrospinal fluid (CSF) 
samples, brain imaging, biochemical and immunohisto-
chemical assessments etc.] compared to control cohorts 
with no history of TBI. We assessed tau pathology at 
long-term time points post-injury [for human studies this 
was defined as 6 months (mo) or greater post-injury; for 
animal models this was defined as 3mo or greater post-
injury]; had experimental study designs or observational 
study designs (case control studies, cross-sectional and 
longitudinal cohort studies); and were peer-reviewed and 
published in English. Eligibility criteria were dependent 
on neither the age at which the msTBI was sustained 
nor the publication date. For human studies, the 6mo or 
greater time point was defined as long-term post-injury 
because that is regarded as the typical timespan for res-
olution of symptoms post-injury. In some individuals, 
post-concussive syndrome (PCS) can develop, consisting 
of changes in physical, cognitive, behavioral, and emo-
tional behavior that occur after TBI [62]. While PCS typi-
cally resolves within a month or so, they can persist in 
some individuals beyond 3mo post-injury [62]. In addi-
tion, tau pathology can develop progressively with age, 
and is commonly present in subjects over 65 years of age 
[15]. Therefore, after discussion with co-authors, a 6mo 
or greater time point post-injury was chosen. For ani-
mal studies, the 3mo or greater time point was defined 

as long-term due to the shortened lifespan of most ani-
mal models. Typical mouse and rat models live a maxi-
mum of 24-36mo before dying of natural causes. The 
3mo or greater time point was also chosen due to the 
progressive nature of tau pathology development in ani-
mal models, both transgenic and non-transgenic [19, 39]. 
Unpublished studies were excluded because we sought 
to assess peer-reviewed data for strength and quality of 
evidence that non-published studies might lack. Confer-
ence abstracts were excluded from the review, but were 
screened to assess if a full publication was available. If a 
full publication was found that fit the eligibility criteria, 
it was included in the review. Review articles identified 
in the literature search were excluded, but their refer-
ences were examined for any articles missed. Studies that 
could not be translated into English were excluded. We 
included case studies without control groups, but results 
from these studies were not included in the main inter-
pretation if a single msTBI leads to chronic tau pathology.

Information sources
Our comprehensive literature search was first conducted 
on November 3, 2020, from the following electronic 
sources: PUBMED; PMC database on NCBI; EMBASE; 
WOS, BCI, CABI, KJD, MEDLINE, RSCI, SCIELO, 
ZOOREC databases on Web of Science; and Academic 
Search Premiere. On November 8, 2020, APA PsychNet 
was searched.

Search Strategy
The search strategy for each information source was 
based on keywords for traumatic brain injury (head 
injury, brain injury, or TBI), which were combined using 
“OR”, followed by the outcome of interest (tau pathology), 
which was joined using “AND” in the search strategy. 
Some searches also included the phrase “single moder-
ate to severe” to specify the type of exposure. Using this 
phrase on some information sources resulted in exclusion 
of articles that should have been assessed for inclusion 
and therefore this phrase was deleted from that search 
strategy. There were no limits applied to the search strat-
egy. If multiple databases from an electronic source were 
searched, the same search strategy was applied to all of 
them. The specific search strategies for each information 
source were:

•	 PUBMED: "single moderate to severe" AND "trau-
matic brain injury" OR "brain concussion" OR "brain 
contusion" OR "TBI" AND "tau"

•	 PMC-NCBI: "single moderate to severe" AND "trau-
matic brain injury" OR "brain concussion" OR "brain 
contusion" OR "TBI" AND "tau"
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•	 EMBASE: traumatic AND (’brain’/exp OR brain) 
AND (’injury’/exp OR injury) AND single AND 
moderate AND to AND severe AND tau

•	 Web of Science: TS = (single moderate to severe 
AND traumatic brain injury OR TBI AND tau), 
Timespan = All years, Search Language = Auto

•	 Academic Search Premiere: (traumatic brain injury 
or head injury, or brain injury or tbi) AND tau

•	 APA PsychNet: Traumatic brain injury and tau (in 
All Fields)

Selection process
All database search references were uploaded to and 
managed through Covidence® in the review process. 
Duplicate references were removed automatically by Cov-
idence®. To select studies, all uploaded references went 
through two screening processes. The first screening pro-
cess consisted of going through titles and abstracts; titles 
and abstracts that did not contain the inclusion criteria 
were excluded, while those that did went through the 
second screening process. This process consisted of read-
ing the full text in order to select articles that contained 
eligibility criteria. The first screening process was done 
independently by one reviewer (AW) and the second 
screening process was performed by two independent 
reviewers (AW and BC). Articles about which there was 
disagreement between the two independent reviewers 
were reviewed by a third reviewer (either STDeK or JFA) 
for a final decision of either inclusion or exclusion based 
on the eligibility criteria.

Data collection process
Data extraction from articles included in this review was 
performed independently by one reviewer (AW). Data 
from each article were copied into an excel file. No auto-
mation tools or software programs were used to collect 
or extract data and no articles included in this review 
needed translation.

Data items
For human-based studies, data extraction consisted of 
the study design, exposure severity (moderate and/or 
severe injury), injury rating, type of injury, sample sizes 
for both the TBI cohort and the comparators (individu-
als with no history of TBI), the number of males and 
females in each group, ages for the TBI and comparator 
cohorts at the time of the study, inclusion and exclusion 
criteria for samples or participants in the study, time 
since the injury, and outcome (type of tau assessment). 
For the animal studies, data extraction consisted of the 
type of animal model (species and strain), injury severity, 
injury rating, injury model (fluid percussion injury (FPI), 

controlled cortical impact (CCI), ect.), injury parameters, 
sample sizes for both TBI and sham groups, age at injury, 
survival time (or time since injury), and the outcome 
(type of tau pathology). We reported for both human 
and preclinical animal studies how tau was measured/
collected, such as through biospecimen (blood, CSF, or 
saliva), imaging (Positron emission tomography (PET) 
and type of PET ligand), or through post-mortem exami-
nation (ELISA, SiMoA, staining using various antibodies, 
or western blots). In addition, how the studies classified 
the TBI severity was collected, such as with the Glasgow 
Coma Scale or through self-report for human studies or 
through behavioral tests for animal models.

Risk of bias in individual studies
Assessing risk of bias in individual studies was done 
both at the study and outcome levels. For human studies, 
excluding the case studies, the Newcastle–Ottawa Scale 
(NOS) was used to assess the risk of bias in cohort stud-
ies and cross-sectional studies [56]. The NOS assesses 
the risk of bias in individual studies by evaluating three 
categories: selection, comparability, and outcome. Each 
category can receive a maximum of 2–4 stars. The more 
stars a category receives, the smaller the risk of bias in 
that category, while fewer stars equate to a higher risk 
of bias. Within the selection category, there are four 
sub-assessments, resulting in a maximum of four stars 
for the selection category. Sub-assessment number four, 
which evaluates if the study demonstrates that the out-
come of interest was not present at the start of the study, 
was deemed non-applicable for assessing risk of bias in 
our included studies. Our outcome of interest was the 
long-term development of tau pathology and since most 
human studies assessed tau pathology post-mortem or 
retrospectively, this was not possible to address; there-
fore, for the selection category, a maximum of three 
stars could be allotted for articles included in this review. 
For the comparability category, the NOS allows authors 
to select the most important factor and any additional 
factor(s) to be considered for assessing the comparabil-
ity of cohorts. We defined the most important factor for 
comparability of cohorts to be history of head injury. The 
second additional factor for comparability of cohorts 
was family history of dementia or other neurological dis-
eases that could affect tau pathology. If individual stud-
ies controlled for both factors, two stars were given. The 
last category, outcome, has three sub-assessments for 
a maximum of three stars. For our specific objective of 
this review, we deemed sub-assessment number three as 
non-applicable. This assessment evaluated the adequacy 
of follow-up of cohorts, but for studies included in this 
review, there were no follow-up time periods; therefore, 
for the outcome category a maximum of two stars could 
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be allotted. Risk of bias was done independently by two 
reviewers (AW and BC) for all articles included in this 
review. Any disagreements on the assessment of the risk 
of bias were given to a third reviewer (STDeK or JFA) for 
final evaluation.

Well-established scales or checklists for assessing the 
risk of bias in preclinical studies are not available; there-
fore, the National Institute of Health principles and 
guidelines for reporting preclinical research on rigor and 
reproducibility was used to guide interpretation/risk of 
bias and strength of results obtained in preclinical ani-
mal studies. These guidelines outline several key princi-
ples, such as rigorous statistical analysis, transparency in 
reporting, and establishment of best practice guidelines 
for specific methods.

Data synthesis
For potential quantitative assessment of studies, continu-
ous data when reported were extracted. Due to hetero-
geneity in study and outcome levels, a meta-analysis was 
deemed not appropriate and could not be conducted. 
Therefore, a qualitative and descriptive/narrative sum-
mary of the findings are reported in this systematic 
review.

Results
Study selection
After searching all information sources, we found a total 
of 5205 articles through our specific search strategies. 
Once duplicates were removed, there were 4150 articles 
to screen for titles and abstracts. After the first screen-
ing, 216 articles met criteria for full-text screening. Once 
full-text screening was completed, 26 articles were eligi-
ble for inclusion in the review, of which 17 were human 
studies, 8 were preclinical animal studies, and 1 study 
included both humans and a preclinical animal model. A 
flow diagram is shown in Fig. 1 including reasons for arti-
cle exclusion.

Study characteristics
In this review, we assessed in both human and preclinical 
animal studies whether a single msTBI could lead to the 
long-term development of tau pathology. The individual 
human studies assessed in this review had the following 
study characteristics: type of study design, injury sever-
ity, how the injury was rated, injury type, sample size (for 
our specific population of interest) and number of males 
and females, age at time of assessment, inclusion and 
exclusion criteria for samples or the sample population 
recruited, post-TBI interval (time since injury), type of 
tau assessment, the findings of the individual studies, and 
if those findings supported the conclusion of long-term 
development of tau pathology. Additional files display 

these human study characteristics for each article in table 
format (see Additional Files 1, 2, 3, and 4). For quantita-
tive studies, continuous data reported were included in 
the “findings” column. The study characteristics from 
the individual preclinical animal studies, which reflected 
most of those from the human studies, additionally 
included the type of animal model used in the study and 
the specific injury parameters for the injury model used. 
Additional files display these preclinical animal study 
characteristics in table format (see Additional Files 5, 6).

Risk of bias in studies
Risk of bias assessment for human observational studies 
was assessed using the NOS [56]. A summary of these 
assessments is provided in Fig. 2. With the NOS, a judge-
ment of overall risk of bias assessment per article is not 
integrated into the scaling system. Instead, a “star system” 
is used in which a study is judged on three broad per-
spectives: selection of study groups (blue), comparability 
of the groups (green), and ascertainment of the outcome 
of interest (red). The more stars a category receives the 
smaller the risk of bias, whereas fewer stars equate to a 
higher risk of bias. For selection, a maximum of three 
stars can be given, for comparability a maximum of two 
stars, and for outcome a maximum of two stars can be 
given. Since all studies included in this review received 
the maximum two stars for the outcome category, a text 
summary is provided below for only the selection and 
comparability category components of the risk of bias 
assessment.

For the selection category, 6 of the 15 studies (6/15) 
received all three stars, meaning low risk of bias [4, 23, 34, 
61, 66, 88]. Eight of the 15 studies received two stars for 
the selection category either because the exposed cohort 
was not representative of the general population (the 
exposure or TBI was not a typical TBI occurring in the 
general population), or the selection of the non-exposed 
cohort was not drawn from the same community as the 
exposed cohort [6, 26, 49, 50, 68, 76, 83, 84]. Typically, 
TBIs representative of the general population include 
falls, motor vehicle accidents, or assaults [41]. In three 
of these studies (3/8), the TBI resulted from war-related 
injuries [49, 50, 83], while in one study (1/8) the TBI was 
modeled by a prefrontal leucotomy [68]. In the other 
four studies (4/8) that received two stars for the selec-
tion category, the non-exposed cohort was not selected 
from the same community as the exposed cohort. One of 
these studies did not have a sampled control group, but 
instead compared tau outcomes with normalized values 
taken from a separate cohort from a different study [6, 
71, 81]. Two of these studies recruited the control group 
from a different community than the exposed cohort [26, 
76], and the other did not state the source of the controls 
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[84]. Only 1 out of the 15 studies included in this review 
received one star for the selection category, meaning high 
risk of bias [40]. The authors did not disclose of the cause 
of the TBI in the exposed cohort, making determination 
of the representativeness of the exposure impossible, and 
the recruitment source of the patients and controls was 
not specified [40].

In the comparability category, 5 of the 15 studies 
received the maximum score (2 stars), meaning low risk 
of bias [4, 49, 50, 66, 76]. A majority of the studies (7/15) 
received 1 star in the comparability category, due either 
to not controlling for the primary factor for comparabil-
ity between TBI and controls (head injury) [40], or for 
not controlling for the second factor (history of neu-
rological disease or family history of dementia) [34, 61, 

68, 83, 84, 88]. Three of the 15 studies received no stars 
for the comparability category, indicating a high risk of 
bias. One of these studies did not state that the control 
groups lacked a history of TBI and those control groups 
had either headaches or dementia [23]. The second study 
did not state that the control grouped lacked a history 
of head injury and the authors did not define “healthy” 
for the control group, making it unclear if the control 
group lacked a history of neurological illnesses or a fam-
ily history of dementia [26]. The other study had no con-
trol group, but used normalized tau values from another 
study using healthy individuals or individuals with AD or 
dementia with Lewy bodies [6, 71, 81]. The demographics 
of these healthy individuals or demented patients did not 
state, though, if there was no history of TBI [71, 81].

Fig. 1  PRISMA 2020 flow diagram for study selection process and outcome
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Since checklists or scales to assess risk of bias in pre-
clinical studies have not been fully developed yet, this 
review utilized the NIH’s principles and guidelines for 
reporting preclinical research. This outlines core princi-
ples that preclinical studies should disclose of to enhance 
rigor, reproducibility, and transparency, including rigor-
ous statistical analysis, transparency in reporting statis-
tics, randomization, blinding, sample size estimation, 
inclusion and exclusion criteria, and appropriately dis-
closing of all biological material.

For statistical reporting, all 9 preclinical animal studies 
disclosed of the statistical test used, the value of N, and 
description of the study’s center, dispersion, and preci-
sion measures. For transparency in reporting randomiza-
tion, most studies reported that animals were randomly 
assigned to either the experimental or sham treatment 
[2, 21, 24, 37, 38, 69, 88], while 2 out of the 9 studies did 
not state randomization [1, 77]. For those studies that 
did report randomization, the method used to rand-
omize animals into treatment versus control groups was 
not reported. All preclinical animal studies had experi-
menters blinded to group assignment and outcome 
assessment.

The NIH’s principles and guidelines for reporting pre-
clinical research states that authors should mention 
whether an appropriate sample size was computed dur-
ing the study design and which statistical method was 
used to compute this. If no power analysis was used, 
the authors should state how the sample size was deter-
mined. None of the preclinical animal studies included in 
this review calculated sample size using power analysis, 
but some studies (3 out of 9) estimated the sample size 
based on the variation and mean of the samples or from 
a previous study [2, 38, 88]. Six out of the 9 preclinical 
studies did not compute or state how the sample size was 
determined, leading to most studies having a small sam-
ple size [1, 21, 24, 37, 69, 77].

For transparency in inclusion and exclusion criteria, 
most of the preclinical studies (7/9) did not justify only 
using male animals and excluding female animals [1, 2, 
24, 38, 69, 77, 88], with only one study using both sexes 
and another study not mentioning the sex of the animals 
used [21, 37].

Lastly, the NIH principles and guidelines for report-
ing preclinical research state that the description of bio-
logical materials should disclose of enough information 

Fig. 2  Risk of bias assessment in human studies using NewCastle–Ottawa Scale
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to identify the reagents. For antibodies, studies should 
report the source, characterization, dilution, and how 
they were validated. Most of the preclinical animal stud-
ies included in this review reported the source from 
which the antibodies were bought, but there were incon-
sistencies in reporting the dilutions of antibodies, the 
characterization/specificity of the antibodies, and no 
studies reported how the antibodies were validated. 
This raises concerns for reproducibility. For animals, the 
NIH guidelines state that the source, species, strain, sex, 
age, husbandry, and inbred and strain characteristics of 
the animals should be reported. All studies reported the 
source, strain, and species used in the study, but there 
were inconsistencies in reporting the sex, age, husbandry, 
and inbred and strain characteristics.

Results of individual studies
There were a total of 18 reports that included human 
assessment of tau pathology chronically post msTBI, 
while only 9 articles assessed this in preclinical animal 
models. Of the human studies, 13 articles were obser-
vational cohort studies, 2 were observational cross-sec-
tional studies, and 3 were case studies. All preclinical 
animal studies had experimental study designs.

Due to high variability and heterogeneity in reporting 
effect measures, a meta-analysis could not be conducted; 
therefore, a systematic narrative summary of the results 
is presented. Human studies were grouped by “study 
design” containing the highest level of quality of evidence 
presented first, observational cohort studies (n = 13), fol-
lowed by observational cross-sectional studies (n = 2) 
and then case studies (n = 3) [75]. Preclinical studies were 
grouped by type of animal model, including C57BL/6 
mice (n = 4), rats (n = 3), and transgenic mouse models 
(n = 2).

Human studies
Observational cohort studies
In Zanier et al., the objective was to assess if CTE pathol-
ogy, mostly associated with repetitive mild concussions 
and blasts, could be a product of a single moderate to 
severe closed TBI. Upon neuropathological examination, 
PHF1(pS396/404) immunoreactivity in TBI patients sur-
viving a year or more was observed in 12 out of the 15 
cases [88]. Pathology appeared as neurofibrillary tangles 
(NFTs) and neurites, within astrocytes, and plaques of all 
cortical layers, but more prominent in superficial layers 
of the cortex [88]. All sectors of the hippocampus dem-
onstrated PHF-1 immunopositivity. PHF1 immunoposi-
tivity also appeared in 12 out of the 15 uninjured control 
cases, but the extent and distribution of tau pathology 
was more widespread in the TBI group compared to 
the controls [88]. Specifically, PHF-1 tau was restricted 

to the entorhinal cortex (ERC) in most of the controls 
with only four of them displaying extensive pathologies 
extending to the hippocampus and cortex [88]. These 
four controls, though, were older in age (79  years +). 
PHF-1 tau observed in the TBI group was dispersed in 
moderate to high density throughout the medial tem-
poral lobe, including the hippocampus, and extending 
out to the cortex, and this was observed at younger ages 
compared to controls (59  years +) [88]. Further, three 
of the 12 TBI cases displaying PHF-1 immunoreactiv-
ity displayed CTE-like patterns with pTau found in both 
neurons and glia cells clustering around cortical vessels, 
with two of the three cases displaying this at the depths 
of sulci [88]. Altogether, these results suggest that a single 
msTBI may not only lead to more widespread phospho-
rylated tau (pTau) deposition, but also an acceleration of 
tau pathology.

Franz et  al., assessed if amyloid beta 1–42 and tau in 
the CSF could have predictive value for prognosis after 
TBI. For this review, only data on tau in the CSF was 
extracted. The authors discovered that total tau levels in 
the CSF collected from 43 to 284 days post-trauma were 
in the normal total tau level range compared to controls 
with headache and dementia [23]. This study’s result sug-
gests that total tau levels at chronic time points post-
severe TBI are not affected.

In Shahim et  al., the objective was to determine 
whether specific proteins measured in the serum of 
patients with TBI, including tau, were related to TBI 
diagnosis, injury severity, brain volume, and diffusion 
tensor imaging (DTI) measures of traumatic axonal 
injury. Longitudinal assessment of total tau levels were 
increased significantly in severe TBI patients compared 
to controls at the 1 and 2 year time points, but not at the 
3, 4, or 5 year time points [66]. These results suggest that 
total tau in the serum is affected in a time-dependent 
manner, with tau increasing significantly after TBI, but 
then returning to normal levels at more chronic time 
points.

Mohamed et  al. attempted to determine if TBI and 
post-traumatic stress disorder (PTSD) in individuals 
who served in the Vietnam War increased amyloid beta 
accumulation in the brain using amyloid PET and how 
the degree of change would correlate with tau and amy-
loid beta concentrations in the CSF. For this review, we 
extracted data only on CSF total tau and pTau (Thr181). 
The study assessed four cortical regions of interest: 
frontal, temporal, cingulate, and parietal. Of these four 
regions, only two regions, the frontal and temporal cor-
tex, showed a significant positive correlation between 
amyloid beta in the brain and CSF tau-protein concen-
trations in the healthy controls [50]. The msTBI group, 
though, showed significant positive correlations between 
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amyloid beta in the brain and CSF tau-protein concentra-
tions in all four regions of interest, implying that a single 
msTBI may lead to abnormal changes of tau in the CSF 
decades after brain injury [50].

In Bagnato et  al., the objective was to investigate 
changes in CSF amyloid beta 1–42, total tau, and pTau 
(Thr181) in the chronic phase post-TBI of individuals 
who developed prolonged disorder of consciousness after 
a severe TBI. For the purposes of this review, only data 
on total tau and pTau were extracted. Instead of using 
control samples, authors used reference normal values 
of total tau (< 300  pg/ml) and pTau (< 61  pg/ml) from a 
previous study that were obtained from healthy indi-
viduals aged 21–93  years for comparison [71]. Authors 
found that in all 15 patients, normal total tau levels 
were observed in the chronic phase post-TBI and 14/15 
patients had normal pTau levels [6]. Only one patient had 
slightly higher levels of pTau in the CSF compared to nor-
mal reference values [6]. These results suggest that in the 
chronic phase post severe TBI, individuals who develop 
prolonged disorder of consciousness have normal total 
tau and pTau (Thr181) levels.

In Takahata et al., the objective was to assess the associ-
ation between the topology of tau lesions with late-onset 
psychiatric symptoms in long-term (> 2  years) survivors 
of repetitive mild and severe TBI compared to healthy 
controls with no history of TBI or other neurological 
or psychiatric diseases. PET imaging using 11C-PBB3, 
which binds to NFTs, revealed no significant differences 
between rmTBI and severe TBI in the white and gray mat-
ter; therefore, rmTBI and severe TBI data were combined 
when compared to healthy controls [76]. In the neocor-
tical gray matter, TBI patients had significantly higher 
11C-PBB3 tau binding compared to healthy controls, but 
not in the subcortical gray matter [76]. Regional assess-
ment within the gray matter revealed that TBI patients 
had significantly higher 11C-PBB3 tau binding in the 
temporal and occipital gray matter segments compared 
to healthy controls [76]. Within the entire white matter 
segment, TBI patients had significantly higher 11C-PBB3 
tau binding compared to healthy controls [76]. Further, 
when assessing regions within the white matter, the TBI 
group had significantly more tau binding in the temporal, 
frontal, and occipital lobes compared to healthy controls 
[76]. The authors then assessed sub-regional differences 
in 11C-PBB3 tau binding in the frontal white matter and 
found that TBI patients had significantly more binding 
in the medial frontal white matter only [76]. It was also 
found that TBI patients had significantly more tau bind-
ing in the surface of the white matter, but not in the deep 
white matter subsegment, compared to healthy con-
trols [76]. These results suggest that TBI leads to region 

specific vulnerabilities to 11C-PBB3 tau pathology in the 
chronic phase after severe injury.

In Mohamed et al., the primary objective was to evalu-
ate tau accumulation, using the PET ligand [18F]AV1451 
(flortaucipir), in the brains of cognitively normal male 
Vietnam war veterans who had a history of moderate/
severe non-penetrating TBI and/or PTSD compared 
to Vietnam war veterans with no history of TBI and/or 
PTSD. For the purposes of this review, only data from 
TBI (without PTSD) and the normal controls were 
extracted. The TBI group had significantly higher [18F]
AV1451 tau uptake in the superior frontal and middle 
frontal gyri, medial and lateral orbitofrontal cortex, pre-
central and postcentral gyri, insula, supramarginal gyrus, 
precuneus, superior temporal gyrus, transverse temporal 
gyrus (Heschel’s gyrus), temporal pole, and basal ganglia 
compared to control. The left inferior temporal gyrus had 
significantly lower [18F]AV1451 tau uptake in the TBI 
vs. control group [49]. When assessing [18F]AV1451 tau 
uptake in the frontal, parietal, and temporal lobes and 
cingulate cortex, the TBI group only showed significantly 
higher uptake in the frontal cortex compared to con-
trols. The authors estimated the Braak stages of the TBI 
cases compared to controls based on the tau PET imag-
ing data and the PET amyloid beta positivity. In the TBI 
group, three were amyloid negative and were either in 
Braak stage 0 or I/II (n = 1 for stage 0, n = 1 for stage I, 
and n = 1 for stage II) compared to the healthy controls 
that were amyloid negative (n = 13) of which 10 were in 
Braak stage 0 and 3 were in Braak stage II [49]. In the 7 
amyloid positive TBI subjects, 2 were in Braak stage I, 2 
were in stage II, 2 were in stage III, and 1 was in stage 
IV compared to amyloid positive healthy controls (n = 8), 
of which 4 were in Braak stage 0 and 3 in stage II with 
only 1 individual in stage IV [49]. These results suggest 
that a non-penetrating msTBI can lead to the long-term 
development of regionally specific tau deposition in an 
AD-typical profile (Braak stages I-IV) in addition to atyp-
ical-AD regions, such as the frontal and cingulate cortex. 
Since the mean age for TBI cases was 72.6 years and for 
controls 74.29  years, the AD-like pattern of tau deposi-
tion observed might be indicative of AD on the rise.

Wooten et  al. utilized 18F-Flortaucipir PET, which 
images paired helical filaments of pTau, in conjunc-
tion with magnetic resonance imaging (MRI) and DTI 
to assess interrelationships among tau deposition, white 
matter integrity, and gray matter functional connectiv-
ity in a population of TBI subjects. For this review, we 
extracted data only from the 18F-Flortaucipir PET imag-
ing of the 34-year-old male subject who sustained a single 
severe TBI due to an automobile accident 2.5 years prior 
to the study. This subject demonstrated the highest bind-
ing of 18F-Flortaucipir distribution volume ratio (DVR), 
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compared to all other subjects, in the corpus callosum 
extending into the posterior cingulate and in the thala-
mus and brainstem [84]. These results suggest that a sin-
gle severe TBI can lead to regional increases of tau in the 
brain, but since only one subject in this study sustained a 
severe TBI, interpretation of these results should be done 
cautiously.

In a study of tau accumulation in schizophrenia, five 
patients who had undergone bilateral prefrontal leuco-
tomy (a model of single severe axonal injury) were com-
pared to five non-leucotomized schizophrenia patients 
[68]. In all leucotomy cases, there were qualitative 
increases in pTau (AT8) and NFTs in the cortex at the 
leucotomy site compared to only 1 out of 5 non-leucot-
omy cases in control tissue [68]. The prefrontal cortex 
rostral to the leucotomy site of 2 out of the 5 leucotomy 
cases displayed scant pTau (AT8, CP13, and PHF-1) 
immunoreactivity and NFTs compared to only 1 out of 5 
non-leucotomy cases [68]. Only 1 out of the 5 leucotomy 
cases displayed scant NFTs and pTau (AT8 and CP13) in 
the frontal cortex caudal to the leucotomy site; none of 
the control cases displayed this pathology [68]. In most 
of the leucotomy cases (4 out of 5), the pattern of tau 
deposition in the prefrontal cortex around the leucotomy 
site resembled that observed in CTE, with AT8 and CP13 
positive tau astrocytic tangles and neurites found at sul-
cal depths and around blood vessels [68]. Only one out 
of the five leucotomy cases displayed CTE-like pathol-
ogy in the prefrontal cortex rostral to the leucotomy site 
[68]. Within the hippocampus, 3 of the 5 leucotomy cases 
displayed moderate NFTs in the CA1 region and some in 
the subiculum and ERC, whereas the other 2 leucotomy 
cases had only rare isolated NFTs in the CA1 region. 
Thus, in these particular cases of severe TBI (predomi-
nantly an axonal injury), a majority developed CTE-like 
pTau pathology near the surgical site, and to an extent, 
also in brain areas distal to the injury site.

Lekomtseva et  al., sought to identify protein levels in 
the blood associated with mitochondrial dysfunction, 
including tau, one year after moderate TBI. At this point, 
total serum tau levels were higher but not significantly 
different than controls [40].

Rubenstein et  al. utilized a novel immunoassay using 
multi-arrayed fiberoptics (EIMAF) to detect total tau 
and pTau in the serum of individuals who sustained a 
severe, blunt TBI. This proof-of-concept study demon-
strated that this assay identified proteins of interest with 
the most sensitive detection limit (attogram per milliliter 
(ag/mL)) and that this assay could be applied to deter-
mine tau biomarkers for diagnostic purposes [61]. Six 
months after severe TBI, total tau levels in serum were 
not statistically different from control samples, but pTau 
remained significantly higher than in controls [61]. While 

a proof-of-concept study, these results imply that tau 
dynamics may be differentially affected in the chronic 
phase post-TBI, with pTau remaining elevated for a 
longer time period, compared to total tau.

We extracted tau pathology data from a study of long-
term tau and amyloid beta pathology present after a 
single msTBI compared to non-injured age-matched con-
trols. NFT pathology in long-term (average ~ 8.2  years) 
survivors of TBI was observed across the entire age 
spectrum and was more common (~ 47%; 18 of 39 cases) 
than in controls, in whom NFT pathology was observed 
mainly in individuals over 60  years of age and was less 
common (~ 34%; 16 out of 47 cases) [34]. When com-
paring TBI to control cases that were less than 60 years 
old, NFTs were observed significantly more often in TBI 
(~ 34%; 11 of 32 cases; age range 19–60 years), compared 
to control cases (~ 9%; 3 of 32; age range 14–60  years). 
These three control cases were either 55 or 60 years old 
[34]. Further, long-term survivors of the single msTBI 
manifested tau pathology in a CTE-like pattern, with tau 
pathology at the depths of cortical sulci and in the super-
ficial cortical layers [34]. Some TBI cases also demon-
strated more extensive and widespread tau pathology (4 
of 18) throughout the hippocampus, subiculum, and iso-
cortical (cingulate/insular) regions compared to control 
cases that displayed NFT pathology restricted primarily 
to the transentorhinal cortex and CA1 region of the hip-
pocampus (13 of 16) [34]. These results suggest that not 
only does a single msTBI accelerate tau pathology, but it 
may also induce widespread tau pathology in a CTE-like 
pattern.

Using flortaucipir PET imaging, Gorgoraptis et  al. 
assessed whether tau pathology developed long-term 
after msTBI (n = 21) compared to healthy controls 
(n = 11). This in  vivo imaging data was also correlated 
with neurodegenerative markers in the CSF, structural 
MRI, and cognitive performance. For this review, only tau 
data on imaging and CSF analysis were extracted. Several 
(15 of 21) TBI participants had more flortaucipir bind-
ing compared to healthy controls in the cortical and sub-
cortical gray and white matter, while others (6 of 21) had 
low to absent levels of binding like healthy controls [26]. 
Overall, the TBI group had significantly more flortaucipir 
binding in the right lateral occipital cortex compared to 
the controls, but there were no significant differences in 
tau binding in the entorhinal, perirhinal, parahippocam-
pal cortices or hippocampus between the TBI groups and 
controls [26]. CSF tau did not correlate with tau binding 
in the cerebral gray or white matter in the controls, but 
both CSF total tau and pTau (Thr181) correlated with tau 
binding in the cortical gray matter and white matter in 
TBI cases [26]. No correlations were found between total 
or pTau and flortaucipir binding in either group and no 
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significant differences in total tau or pTau concentrations 
in the plasma or CSF between TBI and healthy controls 
[26]. These results suggest that tau pathology in the brain 
is influenced long-term post msTBI in a spatially depend-
ent manner and that tau dynamics in the CSF and plasma 
may not distinguish between TBI and healthy controls.

Observational cross‑sectional studies
In Williams et  al., the primary objective was to assess 
markers of chronic injury in the sera of individuals who 
had sustained a war-related msTBI using 11 different 
panels of single chain variable protein fragments (svFvs), 
and to determine if the presence of these proteins indi-
cated an increased risk of neurodegenerative disease. 
For this review, only outcomes on svFvs that bound to 
oligomeric tau (F9T and D11C) were extracted [78]. In 
these chronic post-TBI cases the svFvs F9T and D11C 
had significantly stronger reactivity in the sera of indi-
viduals with a single msTBI compared to sera of controls 
[83]. This significant increase in oligomeric tau in the 
sera long-term post single msTBI might be a potential 
indicator of high risk for developing neurodegenerative 
diseases.

Arena et  al. assessed the various post-translational 
modifications and tau isoform compositions found in 
CTE neuropathologies from three long-term survivors 
of single msTBI. These changes in tau were compared 
to other tauopathies with no history of TBI exposure, 
such as AD, primary age-related tauopathy (PART), 
aging-related tau astrogliopathy (ARTAG), and various 
subtypes of frontotemporal lobar degeneration with tau 
inclusions (FTLD-tau). In the long-term survivors of a 
single msTBI, post-mortem assessment of tau revealed 
characteristic CTE pathology, with tau in both astro-
cytes and neurons in a patchy distribution at the sulcal 
depths and around blood vessels. This pattern was not 
observed in the non-injured cases of other tauopathies. 
Astrocytes in TBI cases were moderately immunore-
active for RD4 (4R tau) in two of the three cases (Cases 
12 and 13), while 3R tau was absent from astrocytes 
in all three TBI cases, like what has been observed in 
ARTAG, progressive supranuclear palsy (PSP) and cor-
ticobasal degeneration (CBD) control cases [4]. NFTs 
were moderately to intensively immunoreactive for both 
3R and 4R tau in two of the three TBI cases (Cases 12 
and 13), similar to NFTs observed in non-injured con-
trol AD and PART cases [4]. PTau staining with PHF-1, 
AT100 (pT212/S214), and CP13 (pS202) was moderate 
to intense in both astrocytes and neurons in all three 
TBI cases. All 3 TBI cases had substantial pTau reactiv-
ity (pS262) only in neurons, although one case (Case 13) 
displayed moderate pS262 immunoreactivity in astro-
cytes [4]. These phosphorylated-tau pathologies aligned 

with observations in ARTAG and AD uninjured control 
cases. Minimal tau-C3, which assesses tau truncated at 
D421, was found in neurons of all 3 TBI cases, indistin-
guishable from the non-injured control ARTAG cases 
[4]. Finally, tau staining with conformational antibodies 
(GT-7 and GT-38) was moderately to strongly immuno-
reactive only in neurons of all three TBI cases, like that 
observed in the AD and PART cases [4]. These findings 
suggest that tau pathology is maintained in the long-term 
post TBI period, but only the pattern and distribution of 
tau pathology distinguishes TBI-related tau from other 
age-related and primary tauopathies.

Case studies
Okamura et al. determined changes in pTau levels in the 
brains of 2 schizophrenic patients who had undergone 
prefrontal leucotomy, a model of severe TBI [68]. Case 1 
was leucotomized during adolescence, while Case 2 was 
leucotomized through the orbito-ventromedial cortex in 
her 20s [54]. Both survived over 53  years post-surgery. 
Neuropathological examination revealed considerable 
pTau immunostaining in neurons and glia in the frontal 
cortex as well as lesser staining in the cingulate gyrus, 
medial nucleus of the thalamus, and nucleus accumbens 
[54]. Neurofibrillary tangles and astrocytic tangles, unlike 
pTau, were less frequent in the cortex [54]. Perivascu-
lar pTau aggregates (pS422) were seen occasionally, but 
prominent astrocytic tangles and neurites were found in 
the subcortical lesions [54]. Compared to Case 1, Case 2 
had a lower extent of pTau accumulation in neurons and 
glia of the cortex and in secondary affected areas, includ-
ing the cingulate gyrus and medial nucleus of the thala-
mus, but both cases had mild NFT Braak stage I (Case 
1) and stage II (Case 2) in the hippocampus as observed 
with Gallyas-Braak staining [54]. Immunoblot analyses 
indicated that in both cases 3R and 4R tau isoforms accu-
mulated along with pTau (pS396), which is observed in 
both AD and CTE due to rmTBIs.

In another case report, the authors investigated 
whether CTE tau pathology could occur after a single 
severe TBI. The subject was a male who in his early 20s 
suffered a gunshot wound to the head centered on the left 
frontal lobe from a 12-gauge shotgun, resulting in right-
sided hemiplegia, epilepsy, and cognitive impairment 
[79]. He had no history of falls or other forms of TBI and 
died at age 63, 42 years post-injury, from multi-organ fail-
ure [79]. Post-mortem examination revealed pTau (AT8) 
in the medial temporal lobe entorhinal and transentorhi-
nal regions, estimated to be Braak stage II neurofibrillary 
change [79]. Around the damaged tissue, pre-tangles (as 
defined by AT8 antibody staining) were observed focally 
within astrocytes and nearby neurons. In tissue away 
from the injured area, AT8 positivity was observed in 
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perivascular, subpial, and subependymal areas [79]. This 
pattern, AT8 staining within neurons, astrocytes, and cell 
processes around blood vessels at the depths of cortical 
sulci in irregular foci, is the pathology observed in CTE 
due to repetitive TBIs [47, 79].

Kenney et  al. reported the neuropathological findings 
from two patients who developed early-onset demen-
tia after a msTBI. For the purposes of this review, data 
from patient 1 was not extracted since he suffered more 
than one TBI. Patient 2 was a female college graduate 
who suffered a severe TBI due to a motor vehicle acci-
dent at age 39 [35]. She was in a coma for 24 h and was in 
a post-traumatic confusional state with fluctuating levels 
of alertness, sleep disruption, and periods of agitation for 
an uncertain period post trauma, however, her posttrau-
matic amnesia resolved 6 weeks post-injury. Four to five 
years later she developed increased anxiety, headaches, 
depression, and progressive decline in memory and con-
centration [35]. Examined 12  years post-injury, she had 
significant deficits in executive function and seman-
tic memory. These deficits were progressive and she 
died at age 63. Neuropathological examination revealed 
abundant NFTs and tau neurites in the dorsolateral and 
periventricular thalamus, hypothalamus, nucleus basa-
lis of Meynert, mammillary bodies, brainstem tegmen-
tum, substantia nigra, median raphe, and locus coeruleus 
[35]. NFTs and tau dot-like lesions were also observed, 
predominantly in the superficial layers of the cerebral 
cortex, deep gray and brainstem nuclei, and mamillary 
bodies [35]. CTE-like patterns of tau deposition were also 
observed in patient 2 with occasional perivascular AT8 
pTau in thorned-shaped astrocytes and subpial regions 
[35]. Of note, patient 2 had a family history of early-onset 
AD and she was homozygous for ApoE4; therefore, her 
symptoms and pathology that developed post-severe TBI 
could have been accelerated from the head injury or by a 
synergistic effect with her genetic endowment.

Overall, the case studies included in this review suggest 
that after a single msTBI, tau pathology can be observed 
through PET imaging, pTau staining (as revealed by AT8 
and pS422), and pTau immunoblots (with RD3, RD4, and 
pS396) and develops at later time points (from 2.4 years 
to over 53  years) and in a CTE-like pattern. In some of 
these studies, tau pathology was observed distal to the 
injury site, suggesting a potential spreading of tau like 
other tauopathies or could potentially stem from the 
trauma itself via rotational damage or contrecoup effects. 
These case studies, however, lack appropriate control 
groups or sufficient sample sizes to definitively ascer-
tain if tau pathology develops chronically after msTBI or 
might interact with aging or other relevant factors, such 
as genetics and lifestyle; therefore, interpretation should 
be made cautiously.

Animal studies
C57BL/6 mouse models
To deduce if a single severe TBI could induce self-prop-
agating tau pathology, Zanier et  al. randomly assigned 
male C57BL/6 J mice to receive a CCI brain injury over 
the left parietotemporal cortex, or sham injury, at 2mo 
of age. Tau pathology (with antibodies AT8, AT180, and 
PHF1) was then assessed at 3 or 12mo post-injury in both 
the ipsilateral and contralateral hemispheres. At 3mo 
post-injury, AT8 immunoreactivity was restricted to the 
ipsilateral cortex and regions adjacent to the injury, such 
as the hippocampus, in 2 out of the 4 TBI mice, but this 
was not statistically different from the 3mo sham mice 
that lacked AT8 positivity [88]. One year post-injury, 
AT8 immunoreactivity was found in both the ipsilateral 
and contralateral cortex, hippocampi, and thalamus in 
all the TBI mice (n = 4), which was significantly different 
from the sham mice at 12mo [88]. A similar pattern was 
observed with western blots, in which at 3mo post-injury 
1 of the 4 TBI mice showed qualitative increases in total 
tau and AT8, while at 12mo, 2 of the remaining 3 TBI 
mice displayed qualitative increases in total tau and AT8 
compared to shams [88]. These findings indicate that 
tau pathology after one severe TBI in mice progressively 
develops and propagates throughout the brain with age.

Kondo and colleagues targeted cis pTau, a toxic form 
of tau found early in pathology development [52], in 
mice that underwent a single severe TBI to determine 
whether it would mitigate “cis-tauosis”. “Cis-tauosis” was 
defined as the pathological process of cis pTau disrupting 
axonal microtubule networks and mitochondrial trans-
port, spreading to other neurons, and inducing apoptosis 
[38]. Male C57BL/6 J mice 2–3mo of age were randomly 
assigned to undergo either a single severe TBI or sham 
injury over the dorsal aspect of the skull, using the weight 
drop injury model. TBI and sham mice were randomized 
to receive either an anti-cis pTau monoclonal mouse 
antibody or mouse IgG2b control treatment three days 
before injury and then 15  min post-injury followed by 
identical administration of the compounds three times 
every 4  days, then weekly for another 1.5  months (total 
of 2  months of treatment). Six months after TBI, the 
spread of cis pTau, tau aggregation and tauopathy were 
assayed. For the purposes of this review, we focused on 
the severe TBI mice that received the control treatment 
to address if the injury would lead to long-term devel-
opment of tauopathy. Six months post-injury, TBI mice 
that received the IgG2b control treatment developed sig-
nificantly more cis pTau and total tau (stained with tau-5) 
in the cortex and hippocampus and more insoluble tau 
aggregates, as well as more PHF1 (pS396/404), Alz50 
staining (misfolded tau), AT8 (pS202/T205), and AT100 
(pT212/S214) immunoreactivity compared to TBI mice 
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that received the anti-cis pTau antibody treatment and 
sham mice. Thus, a single severe TBI leads to chronic tau 
aggregation and tau pathology, particularly the toxic cis 
pTau form [38].

Albayram et  al. used the same study design as the 
Kondo et al. 2015 study, but only administering the treat-
ment after the TBI (daily for 10  days, then weekly for 
another 1.5 months, then biweekly for another 2 months, 
for a total of 4  months of treatment). They found that 
6mo post-injury, TBI mice that had received the IgG2b 
control treatment developed cis pTau, tau oligomers, 
and both early and late tau tangles (as revealed by AT8 
and AT100 staining, respectively) [2]. These pathologies 
were found in both the medial prefrontal cortex and hip-
pocampus. However, tau pathology in the TBI mice that 
received the anti-cis pTau antibody was eliminated and in 
the sham mice was not detectable [2]. These results sup-
port those found in the Kondo et al. 2015 study [38].

Male C57BL6/SV129 and Tau knockout mice (Tau−/−) 
received either a TBI using the FPI model or a sham 
injury to deduce if tau reduction would affect pathol-
ogy after a single msTBI [77]. We extracted only the 
outcomes from the C57BL6/SV129 mice. Twelve weeks 
post-injury, TBI resulted in a significantly higher pS198/
tau5 ratio in the injured cortex compared to sham mice, 
but there were no significant differences in the pS398/
tau5 ratio or in total tau levels [77]. These findings sug-
gest that chronically post-TBI, phosphorylated epitopes 
of tau are differentially affected.

Taken together, TBI studies utilizing C57BL/6 mice 
with different injury models (1 study using CCI, 2 using 
weight drop, and 1 employing FPI) demonstrated that a 
single msTBI leads to development of mouse tau pathol-
ogy, including pTau, misfolded tau, and insoluble aggre-
gated tau, at either 3mo, 6mo, or 12mo post-injury. 
Since only one study of the four assessed the presence or 
absence of tau pathology in the contralateral hemisphere 
[88], from these results we can only deduce that a single 
msTBI leads to long-term development of tau pathol-
ogy, but not necessarily any spread or self-propagation 
of tau pathology from the injury site. In addition, more 
widespread dissemination of tau pathology may require 
longer times to manifest in the other hemisphere.

Rat models
Glushakova et  al. (2018) evaluated changes in cleaved-
caspase-3 and caspase-3-cleaved tau truncated at Asp421 
and their associations with inflammation and blood–
brain barrier damage in the white matter post TBI. For 
our review, only data on caspase-3-cleaved tau in the 
white matter post TBI was extracted. In this study, male 
Sprague–Dawley rats were randomly assigned to receive 
either a single moderate to severe CCI or sham injury 

over the right parietal region. Three months post-CCI, 
there was a significant upregulation in caspase-3-cleaved 
truncated tau in the corpus callosum aggregating around 
blood vessels, compared to sham injured controls [24]. 
Truncated tau was also observed both extracellularly and 
intracellularly around cell nuclei or dead cells [24]. These 
results suggest that a single msTBI upregulates truncated 
tau that could contribute to changes in white matter 
post-injury.

The primary objective of Shultz et  al. (2015) was to 
investigate if a single severe TBI affected protein phos-
phatase 2A (PP2A), a major tau phosphatase in the brain, 
and pTau, and then whether treatment with sodium 
selenate, an activator of the subunit PR55 on PP2A, 
would reduce pTau and improve outcomes post-TBI 
[69]. Male Long-Evans rats 12  weeks of age were ran-
domly assigned to receive FPI or sham injury positioned 
-3 mm posterior and 4 mm lateral of bregma. Mice were 
then randomly assigned to receive either saline-vehicle 
or sodium selenate treatment continuously (via subcu-
taneous osmotic pump 1  mg/kg/day) for the duration 
of the study (12  weeks post-injury). At 12  weeks post-
injury, FPI + saline vehicle treated rats had significantly 
increased pS198/total tau ratio, but the ratio of pS262/
total tau in the injured cortex was not changed, compared 
to sham + saline vehicle treated rats [69]. The expression 
levels of pS198 and pS262 were not significantly differ-
ent between the groups, but total tau was significantly 
reduced in the FPI groups regardless of treatment, com-
pared to sham-injured rats. This may indicate that the 
pS198/total tau ratio was increased because of the signifi-
cant reduction in total tau levels of injured rats compared 
to sham rats [69]. These results suggest that a single 
severe TBI leads to chronic decreased total tau levels and 
may affect specific tau phosphorylation epitopes.

Seeking to determine possible AD-like pathology in the 
chronic (6 months) phase post-TBI, Acosta et al. (2017) 
subjected 2-month-old Sprague–Dawley rats to either a 
CCI or sham injury over the lateral right fronto-parietal 
cortex. Six months later, rats that received a TBI had sig-
nificantly more AT8 + immunostaining in the ipsilateral 
frontal cortex and dentate gyrus of the hippocampus, 
but not in the contralateral hemispheres, compared to 
sham control rats [1]. T22 + immunostaining, a marker 
for oligomeric tau, was increased significantly in TBI rats 
compared to sham control rats in both the ipsilateral and 
contralateral cortex and dentate gyrus of the hippocam-
pus [1]. These data suggest that hyperphosphorylated 
tau and oligomeric tau are present long-term following 
TBI and that certain tau species (such as oligomers) can 
spread to the contralateral side, likely via trans-synaptic 
axonal pathways [42].
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In sum, these rat studies also indicate that a single 
msTBI leads to long-term (either 3 months or 6 months) 
deposition and maintenance of hyperphosphorylated, 
truncated, and oligomeric tau, albeit in different distribu-
tions. They also suggest an increase in specific epitopes 
of hyperphosphorylated tau post-TBI, and also that total 
tau might be reduced (only 1 of the 3 studies assessed 
total tau). Since only one study assessed the contralateral 
hemisphere for the spread of tau pathology, we cannot 
address fully if a single msTBI leads to the spread of tau 
pathology, which would also require longer term studies 
[1].

Transgenic mouse models
In a somewhat similar design in transgenic mice, 
Edwards et  al. sought to determine if a msTBI could 
trigger pathological tau that could propagate through-
out the brain. They utilized the P301S (PS19) transgenic 
mouse model of tauopathy; these mice express human 
tau (4R/1  N tau isoform) containing the P301S muta-
tion, which is associated with early-onset frontotemporal 
dementia with parkinsonism linked to chromosome 17 
(FTDP-17) [72]. Human tau in the PS19 model is five-
fold higher than endogenous mouse tau, and these mice 
develop age-dependent tau pathology beginning around 
3mo [86]. Three-month-old PS19 mice were subjected 
to either a CCI or sham-injury to the right parietal cor-
tex. Six months later, TBI-treated mice manifested NFTs 
throughout the ERC and hippocampus and had signifi-
cantly more widespread and increased AT8 tau com-
pared to sham controls in the ipsilateral and contralateral 
cortical and hippocampal areas [21]. Tau levels were sig-
nificantly augmented compared to sham controls in the 
amygdala, piriform/ERC, and brainstem [21]. Wild type 
(WT) mice in the same paradigm had no AT8 stain-
ing 6mo post-injury [21]. Thus, 6mo post single msTBI, 
hyperphosphorylated tau was significantly upregulated 
and spread to the contralateral hemisphere. These results 
should be interpreted with some caution because the 
sham group did not go through all the same procedures 
as the TBI mice. Sham mice did not receive a craniotomy 
like the TBI group, meaning that the increased phospho-
rylation observed in the TBI group could be confounded 
by increased anesthesia time and vibratory effects on the 
underlying cortex during the procedure.

Kokiko-Cochran et al. (2018) characterized the micro-
glial/macrophage response to TBI and secondarily 
assessed tau pathology using hTau (human tau) mice, 
which contain all WT human tau 3R and 4R isoforms 
on a genetic mouse tau knockout background [3, 18]. 
These mice develop age-dependent tau pathology begin-
ning at 6mo [3, 18]. Male and female hTau and WT mice 
received either a moderate lateral FPI or sham injury over 

the right parietal cortex at 2mo. Around 4mo post-injury, 
hTau TBI mice had significantly more AT180 (pT231) tau 
immunoreactivity in the injured cortex compared to hTau 
sham and WT TBI and sham groups [37]. In the ipsilat-
eral temporal cortex, hTau TBI mice did not manifest 
AT180 tau staining that was significantly different from 
the hTau sham mice, but the staining was significantly 
different from WT TBI and WT sham mice, indicating 
that post-TBI changes in pTau are likely region-specific 
in hTau mice [37]. In addition, hTau TBI mice exhibited 
accelerated Gallyas positive silver staining, indicating 
mature NFTs, in the ipsilateral hippocampus 4mo post-
TBI, which typically does not appear in uninjured hTau 
mice until 9mo of age [3, 37]. There were no differences 
in Gallyas silver staining in the contralateral hippocam-
pus. These data suggest that several months post msTBI, 
there are region-specific increases in pTau and accelera-
tion of the development of NFTs.

Overall, regardless of the injury model used (transgenic 
mouse models with either human WT tau or human 
mutant tau linked to FTDP-17), the single msTBI stud-
ies demonstrated that at (relatively) chronic time points 
(4mo or 6mo) after rodent injury, there were 1) increased 
and accelerated tau pathology, 2) increased pTau deposi-
tion, and 3) increased tau pathology, all in a region-spe-
cific manner.

Discussion
MsTBIs increase an individual’s risk for developing 
dementia by 2–fourfold compared to no history of head 
injury, and may contribute to 5–15% of all dementia 
[67]. The pathology that develops post-TBI is contro-
versial, as many neurodegenerative disease-associated 
proteins accumulate in traumatized brains [80]. Some 
investigators speculate that the tau pathology observed 
in human TBI can be attributed not to the injury itself, 
but to primary age-related tauopathy (PART), an age-
associated accumulation of tau pathology restricted 
mainly to the hippocampus [15]. CTE, a neurodegen-
erative disease linked to rmTBIs, is defined pathologi-
cally by abnormally hyperphosphorylated tau within 
neurons and astrocytes at the depths of cortical sulci 
and around blood vessels, in irregular and patchy dis-
tributions [44]. Many speculate that msTBI can lead to 
tau pathology like that observed in CTE. Based on both 
the human and preclinical animal studies in this review, 
msTBI leads to the long-term development of tau 
pathology, including hyperphosphorylated, truncated, 
and misfolded tau, the appearance of epitope-specific 
tau pathology on a time and region-specific manner, 
and deposition of tau pathology in some individuals in 
a similar pattern to that observed in CTE.
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Of the 15 observational human studies, 12 studies 
concluded that long-term survival post msTBI leads to 
the development of tau pathology, while only 3 studies 
concluded that it does not lead to chronic development 
of abnormal tau. These 3 studies should be interpreted 
with caution, though, as they had certain limitations 
[6, 23, 40]. First, these studies relied on blood or CSF 
total tau rather than pathology. Total tau increases fol-
lowing cell damage and, while total tau can be elevated 
in tauopathies, this elevation is correlated more with 
acute injury and/or rate of on-going neurodegeneration 
rather than being specific to tau pathological burden [11, 
29, 63]. Further, in Franz et  al. (2003), the two control 
groups were either individuals who had cognitive dis-
orders (a dementia group, which included patients with 
AD, vascular dementia, frontotemporal dementia, and 
normal pressure hydrocephalus), or a second control 
group, comprised of individuals with headache [23]. Tau 
pathology is frequent in dementia; thus, it might not be 
the best control to deduce if a msTBI can lead to long-
term development of tau pathology [32]. It might be use-
ful in description of different patterns of tau distribution, 
however. In this study, the authors only assessed total tau 
in the CSF, which missed opportunities to assess other 
changes in tau that are often observed in disease, such 
as changes in truncation or phosphorylation of tau. Fur-
ther, CSF was collected for the TBI and control groups 
with different methods. Fifteen of the TBI patients had 
CSF collected from intraventricular catheters, while the 
remaining 14 TBI patients and all controls had CSF col-
lected from lumbar puncture [23]. Collecting CSF from 
different compartments along the neuraxis can introduce 
variability, e.g., varying amounts of tau levels per com-
partment. It is known that protein concentration in the 
CSF increases in a rostrocaudal gradient, with ventricu-
lar protein concentration one third of that in the lum-
bar space [9]. Further, the TBI group sustained different 
initial injuries, with some having to undergo craniotomy 
due to epidural or subdural hematoma. The possibility of 
these procedures producing variable tau levels was not 
addressed. In Bagnato et al. (2018) the authors assessed 
total tau and pTau (pThr181) in individuals who experi-
enced prolonged loss of consciousness post-TBI, but this 
patient population is a specific subset of TBI individuals 
and is not representative of the broad TBI population. 
Finally, this study did not include controls, only referenc-
ing normalized tau values taken from a group of healthy 
controls from a separate study which did not indicate if 
they had or did not have a history of TBI [71, 81]. Bag-
nato et al. (2018), also did not divide their TBI group into 
short vs. long-term survival; 7 of the 15 patients had less 
than 6 months since their TBI [6]. Because the time from 
TBI was in our target range for the review, we included 

this study, but individuals with less than 6 month survival 
could have skewed the results to no significant difference; 
this fact should be considered. Lekomsteva et  al. (2020) 
concluded that total tau in the serum was not increased 
significantly in moderate TBI compared to healthy con-
trols, but there was considerable heterogeneity in the 
patient population; 7% of the patients were experienc-
ing 1 to 2 seizures per month and taking an antiepilep-
tic drug, 47.6% had a mild neurological deficit, and one 
patient had severe facial sympathalgia and was being 
treated with two analgesics [40]. There was no statement 
that the controls had no history of TBI, only that they had 
no known neurological, psychiatric, or somatic pathol-
ogy [40]. This study also did not assess pTau or other tau 
abnormalities that could develop chronically.

All other human articles included in this review 
reported that a msTBI does lead to the long-term devel-
opment of tau pathology, including hyperphosphorylated 
tau, oligomeric tau, truncated tau, misfolded confor-
mational tau, and NFTs. Further, the tau pathology that 
developed following msTBI was similar to pathology 
observed in CTE and distinct from pathology in PART 
[44]. Involvement of both 3R and 4R tau was observed 
in msTBI patients, similar to AD and other tauopathies 
[32]. Further, some studies discovered that tau pathology 
was accelerated or appeared at ages as young as 27 years 
old compared to controls, potentially indicating that the 
pathology is not strictly associated with aging. Interest-
ingly, tau pathology that did develop chronically post-TBI 
appeared to be both time and region dependent. Some 
studies that assessed tau longitudinally found that at 1 
and 2  years post-TBI, total tau was increased in serum 
samples, but this was not seen at longer time points, 
such as at 3–5  years post-TBI [66]. For development of 
therapeutic interventions, targeting specific tau changes 
must be defined for specific time points throughout the 
course of disease. Subsequent studies will be needed to 
fully elucidate how such timed interventions might miti-
gate pathology and cognitive progression. Further, stud-
ies that assessed tau pathology in different brain regions 
determined that pathology was increased in certain 
regions, decreased in others, or was unchanged from 
controls. Regional vulnerability to tau pathology could 
be due to injury location(s) and/or genetic responses in 
different brain regions. Similar to Braak Staging in AD, 
the regional spread of pTau in CTE due from rmTBIs has 
been assessed and grouped into four stages: Stage I, pTau 
is restricted to the cerebral cortex, mainly the frontal cor-
tices, as discrete foci at the depths of sulci and around 
vessels; Stage II, pTau spreads into adjacent cortical 
regions forming multiple epicenters; Stage III/IV, pTau 
is more widespread and severely effects the frontal and 
temporal lobes [48]. Staging the regional spread of pTau 
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due from msTBI analogous to Braak and CTE Staging, 
has not been conducted. Some human studies included in 
this review compared the pTau severity to that observed 
in Braak Staging, but a full staging schematic is still lack-
ing [49, 54, 79]. Due to the heterogeneity of where pTau 
was observed and which brain regions were sampled in 
studies included in this review, this was beyond the scope 
for this review, but will be critical to assess in future stud-
ies. Further, not every individual who sustained a msTBI 
developed chronic tau pathology; Johnson et  al. (2012) 
found that only ~ 1/3 of their cases manifested NFTs in 
the long-term period post-TBI [34]. Thus, in addition 
to the variability in severity and nature of TBI, genetic 
contributions to the susceptibility and resistance to tau 
pathology will need investigation. In addition to genetic 
variability, differences in type of injuries, such as whether 
it involved a craniotomy, intracerebral hemorrhage, leu-
cotomy, presence of seizures, etc., that could affect tau 
pathology must be further determined.

Of course, interpreting results from human studies 
comes with significant limitations. Most of the human 
studies involved only males, leaving a significant knowl-
edge gap of how females respond long-term post msTBI. 
Future studies will need to address post-TBI tau pathol-
ogy in females, who may have a higher susceptibility to 
TBI [10, 14, 17, 85]. Additional factors, such as genetics, 
ethnicity, socioeconomic status, and educational level, 
will be important to assess for how they may influence 
tau pathology. The presence of the APOE e4 allele, for 
example, has been associated with longer recovery time 
after injury and may contribute to further tau pathology 
[51, 57, 89]. Assessing the brain location of where the 
injury was sustained in TBI patients was not considered, 
but may help explain regional vulnerabilities to the devel-
opment of tau pathology. Finally, investigating the spread 
of tau pathology from one region to another was not con-
ducted. The case studies included in this review, although 
with no comparators, helped shed potential light on the 
spread of tau pathology from the site of injury to other 
brain regions. Two of the case studies reported the pres-
ence of tau pathology distal to the injury site many years 
after trauma, suggesting that the injuries either promoted 
tau spread after msTBI or were caused from contrecoup 
effects [54, 79]. Future studies will need to explore this 
phenomenon in both animals and humans.

Preclinical animal studies demonstrated that a msTBI 
leads to long-term development of tau pathology, includ-
ing pTau, oligomeric tau, truncated tau, misfolded tau, 
and NFTs, similar to what has been observed in the 
human studies. Some studies assessed the same pTau 
epitope and time since TBI and produced consistent 
results. AT8, which assess pTau at Serine202, was sig-
nificantly increased compared to sham animals as early 

as 3mo post-injury in different rodents–C57BL/6 J mice, 
P301S mice, and Sprague–Dawley rats—and with differ-
ent injury models (CCI or weight drop) [1, 2, 21, 38, 88]. 
With total tau, results were not as consistent across the 
different injury models and time post-injury. Some stud-
ies observed increases in total tau at 6 or 12mo post-TBI 
using either the CCI or weight drop models of injury [38, 
88], while others found decreases in total tau or stable 
levels in total tau 12 weeks post-TBI using the FPI model 
[69, 77]. Thus, at early time points post-TBI, total tau may 
not be affected (or may not yet be detectable by current 
techniques), only manifesting at longer intervals. Two 
studies assessing cis pTau and AT100 both observed cis 
pTau and AT100 in TBI compared to unexposed or sham 
mice using the weight drop injury model [2, 38]. Assess-
ment of PHF1 tau or pS396 tau, found conflicting results 
[38, 77]. Kondo et al. (2015) found an increase in PHF1 
tau 6  months post-injury with the weight drop model, 
while Tan et  al. (2020) found no difference at 12  weeks 
post-injury using the FPI model [38, 77]. This might imply 
that pathological alterations at this specific phosphoryla-
tion site may be time-dependent and evolve at longer 
time points, or that the different injury models used in 
these studies induce variability. Two studies assessing 
pS198 both found increases 12 weeks post-TBI using the 
FPI model [69, 77]. Oligomeric tau was also significantly 
increased 6  months post-TBI in two studies that used 
either the weight drop or CCI model [1, 2]. Thus, post 
msTBI, specific tau epitopes may become more vulner-
able to phosphorylation changes at specific time points 
in progression of pathology. Some, such as pS198, may 
change only at early time points post-TBI, while PHF1 
may evolve more slowly, and AT8 is manifested continu-
ously during the pathological progression. This pattern of 
tau phosphorylation at specific time points in pathology 
progression post-TBI has been observed in AD, albeit 
with different residues affected [5, 53].

Although all preclinical animal studies included in this 
review resulted in long-term development of tau pathol-
ogy post msTBI, limitations to the studies should be con-
sidered. In all of the studies except two, only males were 
used, with no justification for exclusion of females. It is 
important to incorporate females into studies, though, 
as underlying mechanisms post TBI may well be differ-
ent between the sexes. Understanding how both sexes 
respond to injuries will aid therapeutic development, 
especially if there are sex differences in response to 
therapeutics. It would also help if injury models in pre-
clinical animal studies were standardized. Even when 
using the same injury model, the injury parameters were 
vastly different in some studies. Both Zanier et  al. and 
Edwards et al. used the CCI injury model, but one group 
maintained stable rectal temperatures during anesthesia 
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and surgery, while the other group did not. Anesthesia 
promotes tau phosphorylation via anesthesia-induced 
hypothermia, but maintaining core body temperature 
during the procedure can prevent this [60, 82]. Having 
temperature control integrated into injury protocols and 
specifying how long anesthesia was delivered should be 
reported, to help reduce variability and increase consist-
ency. Further, defining the specific injury parameters, 
such as impact velocities, penetration depth, etc., that 
define different levels of injury severity per injury model 
is also needed. In the animal studies in this review, dif-
ferent injury parameters were used in the same injury 
model, but were defined as having the same injury sever-
ity; the manuscripts did not always report how they 
defined those injury parameters. Most studies in this 
review did not conduct a power analysis and the small 
sample sizes may well have affected the results. Finally, 
some studies only assessed one tau hyperphosphoryla-
tion epitope, missing an opportunity to assess differ-
ential pathology development and other changes in tau 
post-TBI.

The scope of this review was to assess if chronic tau 
pathology developed post msTBI, but there were limita-
tions. We did not assess if tau pathology correlated with 
cognitive decline observed in TBI patients, which has 
been demonstrated with other diseases, such as AD [8]. 
This review also did not assess inflammation and how 
that may have affected the development of tau pathology. 
Previous TBI studies found that inflammation persisted 
long after injury and that inflammation can influence tau 
pathology and outcomes post TBI [25, 36, 70]. Although 
our purpose was to assess long-term outcomes post 
msTBI, earlier time points post-injury would be benefi-
cial to investigate, to determine potential early biomarker 
indicators. Knowledge of early changes in tau combined 
with chronic and persistent abnormalities in tau can 
help physicians identify and intervene in those at risk for 
developing degenerative disease, and apply appropriate 
interventions.

Conclusions
In summary, in both human and preclinical animal stud-
ies, we conclude that msTBI can lead to the long-term 
development of varying tau pathology, including hyper-
phosphorylated, truncated, misfolded, and oligomeric 
tau, as well as NFTs. In humans, some tau pathology 
appeared similar to that observed in CTE- within neu-
rons and astrocytes at the depths of cortical sulci and 
around blood vessels in an irregular and patchy distri-
bution [44]. In preclinical animal studies, the spread of 
tau pathology from the site of injury to the contralateral 
cortex suggested that TBI-induced pathological tau may 
spread in a prion-like fashion [88]. Thus, tau pathology 

is not transient after msTBI, but develops and remains 
in the brain tissue for varying periods of time, and pos-
sibly contributes to the development or progression of 
tauopathies in humans. Future research will investigate 
targeting tau post-injury to see if the intervention can 
slow or reverse tau pathology progression. Genetic con-
tributions to the development of tau pathology in animal 
studies could be assessed utilizing specific transgenic ani-
mal models, such as those that contain different human 
APOE alleles or other modified proteins that accumu-
late in post-mortem traumatized human brains [80]. The 
paucity of TBI studies using transgenic animals leaves 
both a gap and an opportunity in the field for investigat-
ing long-term effects post msTBI. Incorporation of both 
sexes in such studies is also necessary, as well as develop-
ing a staging scheme for pTau spread due to msTBI. Such 
future studies will bring deeper insight into the patho-
genesis induced by msTBI and help identify targets for 
therapeutic development.

Abbreviations
3R: Three C-terminal repeats; 4R: Four C-terminal repeats; 4R/1 N: Four 
C-terminal repeats, one N-terminal repeat; Aβ: Amyloid beta; AD: Alzheimer’s 
Disease; ARTAG​: Aging-related tau astrogliopathy; CBD: Cortical basal degen-
eration; CCI: Controlled cortical impact; CSF: Cerebrospinal fluid; CTE: Chronic 
traumatic encephalopathy; DTI: Diffusion tensor imaging; DVR: Distribution 
volume ratio; FPI: Fluid percussion injury; FTDP-17: Frontotemporal dementia 
with parkinsonism linked to chromosome 17; FTLD-tau: Frontotemporal lobar 
degeneration with tau inclusions; hTau: Human tau; mo: Months; MRI: Mag-
netic resonance imaging; msTBI: Moderate to severe TBI; NFTs: Neurofibrillary 
tangles; NOS: Newcastle–Ottawa Scale; PART​: Primary age-related tauopathy; 
PCS: Post-concussive syndrome; PET: Positron emission tomography; PP2A: 
Protein phosphatase 2A; PRISMA: Preferred reporting items for systematic 
reviews and meta-analysis; PSP: Progressive supranuclear palsy; pTau: Phos-
phorylated tau; PTSD: Post-traumatic stress disorder; rmTBI: Repetitive mild 
traumatic brain injury; scFvs: Single chain variable fragments; TBI: Traumatic 
Brain Injury; WT: Wild-type.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40478-​022-​01311-0.

Additional file 1: This table discloses of the study characteristics for 
human based articles, including article title, study design, injury severity, 
injury rating, injury type, sample size, age at time of study for TBI and 
control populations, inclusion and exclusion criteria, post-TBI interval (time 
since injury), type of tau assessment, findings, and if those findings sup-
ported chronic tau development.

Additional file 2: This table discloses of the study characteristics for 
human based articles, including article title, study design, injury severity, 
injury rating, injury type, sample size, age at time of study for TBI and 
control populations, inclusion and exclusion criteria, post-TBI interval (time 
since injury), type of tau assessment, findings, and if those findings sup-
ported chronic tau development.

Additional file 3: This table discloses of the study characteristics for 
human based articles, including article title, study design, injury severity, 
injury rating, injury type, sample size, age at time of study for TBI and 
control populations, inclusion and exclusion criteria, post-TBI interval (time 
since injury), type of tau assessment, findings, and if those findings sup-
ported chronic tau development.

https://doi.org/10.1186/s40478-022-01311-0
https://doi.org/10.1186/s40478-022-01311-0


Page 18 of 20Walker et al. Acta Neuropathologica Communications           (2022) 10:13 

Additional file 4: This table discloses of the study characteristics for 
human based articles, including article title, study design, injury severity, 
injury rating, injury type, sample size, age at time of study for TBI and 
control populations, inclusion and exclusion criteria, post-TBI interval (time 
since injury), type of tau assessment, findings, and if those findings sup-
ported chronic tau development.

Additional file 5: This table discloses of the study characteristics for 
preclinical animal based articles, including article title, animal model, 
injury severity, injury rating, injury model, injury parameters, sample size, 
age of injury, post-TBI interval (time since injury), type of tau assessment, 
findings, and if those findings supported chronic tau development.

Additional file 6: This table discloses of the study characteristics for 
preclinical animal basedarticles, including article title, animal model, injury 
severity, injury rating, injury model, injuryparameters, sample size, age of 
injury, post-TBI interval (time since injury), type of tauassessment, findings, 
and if those findings supported chronic tau development.

Acknowledgements
The authors would like to thank the T32 Clinical and Translational Pre-doctoral 
Training in Alzheimer’s Disease and Related Dementias (AG061892), the Brooks 
Hagood Family Scholarship, and the McKnight Brain Institute. The authors 
would also like to thank Dr. Thomas Denagamage for providing guidance on 
how to construct a systematic review using PRISMA guidelines.

Authors’ contributions
AW conducted all of the database searches, uploaded search results to Covi-
dence®, screened the articles (both title/abstract and full-text screening pro-
cesses), extracted data, discussed and interpreted the data, assessed the risk of 
bias in all included studies, wrote the initial manuscript draft, made the figures 
and tables. BC screened articles (full-text screening process), assessed the risk 
of bias in all included human studies, discussed and interpreted the data, and 
edited the manuscript. JFA discussed and interpreted the data and edited the 
manuscript. STDeK discussed and interpreted the data and edited the manu-
script. All authors read and approved the final version of the manuscript.

Funding
This work was supported by JFA’s grants from the National Institute on Aging 
1R01AG074584-01 and National Institutes of Health/National Institute on 
Minority Health and Health Disparities 2L32MD009205-03.
National Institute on Aging, 1R01AG074584-01, Jose Abisambra,National 
Institute on Minority Health and Health Disparities, 2L32MD009205-03,Jose 
Abisambra

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its supplementary information files (included in the tables found in 
supplementary additional files 1–6).

Declarations

Ethics approval and consent to participate
Not Applicable.

Consent for publication
Not Applicable.

Author details
1 Center for Translational Research in Neurodegenerative Disease, University 
of Florida, Gainesville, FL 32610, USA. 2 Department of Neuroscience, University 
of Florida, Gainesville, FL 32610, USA. 3 McKnight Brain Institute, University 
of Florida, Gainesville, FL 32610, USA. 4 Brain Injury, Rehabilitation, and Neu-
roresilience (BRAIN) Center, University of Florida, Gainesville, FL 32610, USA. 
5 Department of Neurology, University of Florida, Gainesville, FL 32610, USA. 

Received: 2 November 2021   Accepted: 22 December 2021

References
	1.	 Acosta SA, Tajiri N, Sanberg PR, Kaneko Y, Borlongan CV (2017) Increased 

Amyloid Precursor Protein and Tau Expression Manifests as Key 
Secondary Cell Death in Chronic Traumatic Brain Injury. J Cell Physiol 
232:665–677

	2.	 Albayram O, Kondo A, Mannix R, Smith C, Tsai C-Y, Li C et al (2017) Cis 
P-tau is induced in clinical and preclinical brain injury and contributes to 
post-injury sequelae. Nat Commun 8:1000

	3.	 Andorfer C, Kress Y, Espinoza M, Silva RD, Tucker KL, Barde Y-A et al (2003) 
Hyperphosphorylation and aggregation of tau in mice expressing normal 
human tau isoforms. J Neurochem 86:582–590

	4.	 Arena JD, Smith DH, Lee EB, Gibbons GS, Irwin DJ, Robinson JL et al (2020) 
Tau immunophenotypes in chronic traumatic encephalopathy recapitu-
late those of ageing and Alzheimer’s disease. Brain 143:1572–1587

	5.	 Augustinack JC, Schneider A, Mandelkow E-M, Hyman BT (2002) Specific 
tau phosphorylation sites correlate with severity of neuronal cytopathol-
ogy in Alzheimer’s disease. Acta Neuropathol (Berl) 103:26–35

	6.	 Bagnato S, Andriolo M (2018) Dissociation of cerebrospinal fluid 
amyloid-β and tau levels in patients with prolonged posttraumatic disor-
ders of consciousness. Brain Inj. Taylor & Francis 32:1056–1060

	7.	 Barnes DE, Byers AL, Gardner RC, Seal KH, Boscardin WJ, Yaffe K (2018) 
Association of mild traumatic brain injury with and without loss of 
consciousness with dementia in US military veterans. JAMA Neurol 
75:1055–1061

	8.	 Bejanin A, Schonhaut DR, La Joie R, Kramer JH, Baker SL, Sosa N et al 
(2017) Tau pathology and neurodegeneration contribute to cognitive 
impairment in Alzheimer’s disease. Brain 140:3286–3300

	9.	 Bergman J, Svenningsson A, Liv P, Bergenheim T, Burman J (2020) Loca-
tion matters: highly divergent protein levels in samples from different 
CNS compartments in a clinical trial of rituximab for progressive MS. 
Fluids Barriers CNS 17:49

	10.	 Biegon A (2021) Considering biological sex in traumatic brain injury. Front 
Neurol 12:576366

	11.	 Blennow K, Hampel H (2003) CSF markers for incipient Alzheimer’s 
disease. Lancet Neurol 2:605–613

	12.	 Braak H, Braak E (1995) Staging of alzheimer’s disease-related neurofibril-
lary changes. Neurobiol Aging 16:271–278

	13.	 Braak H, Thal DR, Ghebremedhin E, Del Tredici K (2011) Stages of the 
pathologic process in alzheimer disease: age categories From 1 to 100 
years. J Neuropathol Exp Neurol 70:960–969

	14.	 Bretzin AC, Covassin T, Wiebe DJ, Stewart W (2021) Association of sex with 
adolescent soccer concussion incidence and characteristics. JAMA Netw 
Open 4:e218191

	15.	 Crary JF, Trojanowski JQ, Schneider JA, Abisambra JF, Abner EL, Alafuzoff I 
et al (2014) Primary age-related tauopathy (PART): a common pathology 
associated with human aging. Acta Neuropathol (Berl) 128:755–766

	16.	 Dewan MC, Rattani A, Gupta S, Baticulon RE, Hung Y-C, Punchak M et al 
(2018) Estimating the global incidence of traumatic brain injury. J Neuro-
surg Am Assoc Neurol Surg 130:1080–1097

	17.	 Dollé J-P, Jaye A, Anderson SA, Ahmadzadeh H, Shenoy VB, Smith DH 
(2018) Newfound sex differences in axonal structure underlie differential 
outcomes from in vitro traumatic axonal injury. Exp Neurol 300:121–134

	18.	 Duff K, Knight H, Refolo LM, Sanders S, Yu X, Picciano M et al (2000) 
Characterization of pathology in transgenic mice over-expressing human 
genomic and cDNA tau transgenes. Neurobiol Dis 7:87–98

	19.	 Dujardin S, Colin M, Buée L (2015) Invited review: animal models of 
tauopathies and their implications for research/translation into the clinic. 
Neuropathol Appl Neurobiol 41:59–80

	20.	 Edwards G, Moreno-Gonzalez I, Soto C (2017) Amyloid-beta and tau 
pathology following repetitive mild traumatic brain injury. Biochem 
Biophys Res Commun 483:1137–1142

	21.	 Edwards G, Zhao J, Dash PK, Soto C, Moreno-Gonzalez I (2020) Traumatic 
brain injury induces tau aggregation and spreading. J Neurotrauma 
37:80–92

	22.	 Fann JR, Ribe AR, Pedersen HS, Fenger-Grøn M, Christensen J, Benros ME 
et al (2018) Long-term risk of dementia among people with traumatic 
brain injury in Denmark: a population-based observational cohort study. 
Lancet Psychiat 5:424–431



Page 19 of 20Walker et al. Acta Neuropathologica Communications           (2022) 10:13 	

	23.	 Franz G, Beer R, Kampfl A, Engelhardt K, Schmutzhard E, Ulmer H et al 
(2003) Amyloid beta 1–42 and tau in cerebrospinal fluid after severe 
traumatic brain injury. Neurology 60:1457–1461

	24.	 Glushakova OY, Glushakov AO, Borlongan CV, Valadka AB, Hayes RL, 
Glushakov AV (2018) Role of caspase-3-mediated apoptosis in chronic 
caspase-3-cleaved tau accumulation and blood-brain barrier damage in 
the corpus callosum after traumatic brain injury in rats. J Neurotrauma 
35:157–173

	25.	 Goldstein LE, Fisher AM, Tagge CA, Zhang X-L, Velisek L, Sullivan JA et al 
(2012) Chronic traumatic encephalopathy in blast-exposed military veter-
ans and a blast neurotrauma mouse model. Sci Transl Med. 4:134ra60

	26.	 Gorgoraptis N, Li LM, Whittington A, Zimmerman KA, Maclean LM, 
McLeod C et al (2019) In vivo detection of cerebral tau pathology in long-
term survivors of traumatic brain injury. Sci Transl Med 11:eaaw1993

	27.	 Guo T, Noble W, Hanger DP (2017) Roles of tau protein in health and 
disease. Acta Neuropathol (Berl) 133:665–704

	28.	 Guo Z, Cupples LA, Kurz A, Auerbach SH, Volicer L, Chui H et al (2000) 
Head injury and the risk of AD in the MIRAGE study. Neurology 
54:1316–1323

	29.	 Hesse C, Rosengren L, Andreasen N, Davidsson P, Vanderstichele H, 
Vanmechelen E et al (2001) Transient increase in total tau but not 
phospho-tau in human cerebrospinal fluid after acute stroke. Neurosci 
Lett 297:187–190

	30.	 Huber CM, Yee C, May T, Dhanala A, Mitchell CS (2018) Cognitive decline 
in preclinical alzheimer’s disease: amyloid-beta versus tauopathy. J Alzhei-
mers Dis 61:265–281

	31.	 Hyder AA, Wunderlich CA, Puvanachandra P, Gururaj G, Kobusingye 
OC (2007) The impact of traumatic brain injuries: a global perspective. 
NeuroRehabilitation 22:341–353

	32.	 Iqbal K, Liu F, Gong C-X, Grundke-Iqbal I (2010) Tau in alzheimer disease 
and related tauopathies. Curr Alzheimer Res 7:656–664

	33.	 Iqbal K, Liu F, Gong C-X (2016) Tau and neurodegenerative disease: the 
story so far. Nat Rev Neurol 12:15–27

	34.	 Johnson VE, Stewart W, Smith DH (2012) Widespread tau and amyloid-
beta pathology many years after a single traumatic brain injury in 
humans. Brain Pathol 22:142–149

	35.	 Kenney K, Iacono D, Edlow BL, Katz DI, Diaz-Arrastia R, Dams-O’Connor K 
et al (2018) Dementia after moderate-severe traumatic brain injury: coex-
istence of multiple proteinopathies. J Neuropathol Exp Neurol 77:50–63

	36.	 Kokiko-Cochran ON, Godbout JP (2018) The inflammatory continuum of 
traumatic brain injury and alzheimer’s disease. Front Immunol 9:672

	37.	 Kokiko-Cochran ON, Saber M, Puntambekar S, Bemiller SM, Katsumoto A, 
Lee Y-S et al (2018) Traumatic brain injury in htau model mice: enhanced 
acute macrophage response and altered long-term recovery. J Neuro-
trauma 35:73–84

	38.	 Kondo A, Shahpasand K, Mannix R, Qiu J, Moncaster J, Chen C-H et al 
(2015) Antibody against early driver of neurodegeneration cis P-tau 
blocks brain injury and tauopathy. Nature 523:431–436

	39.	 Lee VM-Y, Kenyon TK, Trojanowski JQ (2005) Transgenic animal models of 
tauopathies. Biochim Biophys Acta BBA : Mol Basis Dis. 1739:251–259

	40.	 Lekomtseva Y (2020) Targeting higher levels of lactate in the post-
injury period following traumatic brain injury. Clin Neurol Neurosurg 
196:106050

	41.	 Leo P, McCrea M. Epidemiology. In: Laskowitz D, Grant G, editors. Transl 
Res Trauma Brain Inj [Internet]. Boca Raton (FL): CRC Press/Taylor and 
Francis Group; 2016 [cited 2021 Jul 8]. Available from: http://​www.​ncbi.​
nlm.​nih.​gov/​books/​NBK32​6730/

	42.	 Liu L, Drouet V, Wu JW, Witter MP, Small SA, Clelland C et al (2012) Trans-
synaptic spread of tau pathology in vivo. PLoS One 7:e31302

	43.	 Martland HS (1928) Punch drunk. JAMA 91:1103–1107
	44.	 McKee AC, Cairns NJ, Dickson DW, Folkerth RD, Dirk Keene C, Litvan I et al 

(2016) The first NINDS/NIBIB consensus meeting to define neuropatho-
logical criteria for the diagnosis of chronic traumatic encephalopathy. 
Acta Neuropathol (Berl) 131:75–86

	45.	 McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson 
AE et al (2009) Chronic Traumatic Encephalopathy in Athletes: Progres-
sive Tauopathy After Repetitive Head Injury. J Neuropathol Exp Neurol 
68:709–735

	46.	 McKee AC, Robinson ME (2014) Military-related traumatic brain injury 
and neurodegeneration. Alzheimers Dement J Alzheimers Assoc 
10:S242–S253

	47.	 McKee AC, Stein TD, Kiernan PT, Alvarez VE (2015) The Neuropathology of 
Chronic Traumatic Encephalopathy. Brain Pathol Zurich Switz 25:350–364

	48.	 McKee AC, Stein TD, Nowinski CJ, Stern RA, Daneshvar DH, Alvarez VE et al 
(2013) The spectrum of disease in chronic traumatic encephalopathy. 
Brain 136:43–64

	49.	 Mohamed AZ, Cumming P, Götz J, Nasrallah F (2019) Tauopathy in vet-
erans with long-term posttraumatic stress disorder and traumatic brain 
injury. Eur J Nucl Med Mol Imaging 46:1139–1151

	50.	 Mohamed AZ, Cumming P, Srour H, Gunasena T, Uchida A, Haller CN et al 
(2018) Amyloid pathology fingerprint differentiates post-traumatic stress 
disorder and traumatic brain injury. NeuroImage Clin 19:716–726

	51.	 Muza P, Bachmeier C, Mouzon B, Algamal M, Rafi NG, Lungmus C et al 
(2019) APOE genotype specific effects on the early neurodegenerative 
sequelae following chronic repeated mild traumatic brain injury. Neuro-
science 404:297–313

	52.	 Nakamura K, Greenwood A, Binder L, Bigio EH, Denial S, Nicholson L et al 
(2012) Proline isomer-specific antibodies reveal the early pathogenic tau 
conformation in alzheimer’s disease. Cell 149:232–244

	53.	 Neddens J, Temmel M, Flunkert S, Kerschbaumer B, Hoeller C, Loeffler T 
et al (2018) Phosphorylation of different tau sites during progression of 
Alzheimer’s disease. Acta Neuropathol Commun 6:52

	54.	 Okamura Y, Kawakami I, Watanabe K, Oshima K, Niizato K, Ikeda K et al 
(2019) Tau progression in single severe frontal traumatic brain injury in 
human brains. J Neurol Sci 407:116495

	55.	 Omalu BI, DeKosky ST, Minster RL, Kamboh MI, Hamilton RL, Wecht CH 
(2005) Chronic traumatic encephalopathy in a National Football League 
player. Neurosurgery 57:128–134 (discussion 128-134)

	56.	 Ottawa Hospital Research Institute [Internet]. [cited 2021 Jun 2]. Available 
from: http://​www.​ohri.​ca/​progr​ams/​clini​cal_​epide​miolo​gy/​oxford.​asp

	57.	 Padgett CR, Summers MJ, Skilbeck CE (2016) Is APOE ε4 associated with 
poorer cognitive outcome following traumatic brain injury? A meta-Anal 
Neuropsychol 30:775–790

	58.	 Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD 
et al (2020) The PRISMA, statement: an updated guideline for reporting 
systematic reviews. BMJ. British Med J Publish Group 372:71

	59.	 Page MJ, Moher D, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD et al 
(2020) PRISMA explanation and elaboration: updated guidance and 
exemplars for reporting systematic reviews. BMJ. British Med J Publish 
Group 372:n160

	60.	 Planel E, Richter KEG, Nolan CE, Finley JE, Liu L, Wen Y et al (2007) 
Anesthesia Leads to Tau Hyperphosphorylation through Inhibition of 
Phosphatase Activity by Hypothermia. J Neurosci 27:3090–3097

	61.	 Rubenstein R, Chang B, Davies P, Wagner AK, Robertson CS, Wang KKW 
(2015) A novel, ultrasensitive assay for tau: potential for assessing trau-
matic brain injury in tissues and biofluids. J Neurotrauma 32:342–352

	62.	 Ryan LM, Warden DL (2003) Post concussion syndrome. Int Rev Psychiatry 
Taylor Francis 15:310–316

	63.	 Schöll M, Maass A, Mattsson N, Ashton NJ, Blennow K, Zetterberg H et al 
(2019) Biomarkers for tau pathology. Mol Cell Neurosci 97:18–33

	64.	 Seifert J (2007) Incidence and economic burden of injuries in the United 
States. J Epidemiol Community Health 61:926

	65.	 Selassie AW, Zaloshnja E, Langlois JA, Miller T, Jones P, Steiner C (2008) 
Incidence of long-term disability following traumatic brain injury hospi-
talization, United States, 2003. J Head Trauma Rehabil 23:123–131

	66.	 Shahim P, Politis A, van der Merwe A, Moore B, Ekanayake V, Lippa SM 
et al (2020) Time course and diagnostic utility of NfL, tau, GFAP, and UCH-
L1 in subacute and chronic TBI. Neurology 95:e623–e636

	67.	 Shively S, Scher AI, Perl DP, Diaz-Arrastia R (2012) Dementia resulting from 
traumatic brain injury. Arch Neurol 69:1245–1251

	68.	 Shively SB, Edgerton SL, Iacono D, Purohit DP, Qu B-X, Haroutunian V et al 
(2017) Localized cortical chronic traumatic encephalopathy pathology 
after single, severe axonal injury in human brain. Acta Neuropathol (Berl) 
133:353–366

	69.	 Shultz SR, Wright DK, Zheng P, Stuchbery R, Liu S-J, Sashindranath M et al 
(2015) Sodium selenate reduces hyperphosphorylated tau and improves 
outcomes after traumatic brain injury. Brain 138:1297–1313

	70.	 Simon DW, McGeachy M, Bayır H, Clark RSB, Loane DJ, Kochanek PM 
(2017) Neuroinflammation in the evolution of secondary injury, repair, 
and chronic neurodegeneration after Traumatic Brain Injury. Nat Rev 
Neurol 13:171–191

http://www.ncbi.nlm.nih.gov/books/NBK326730/
http://www.ncbi.nlm.nih.gov/books/NBK326730/
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp


Page 20 of 20Walker et al. Acta Neuropathologica Communications           (2022) 10:13 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	71.	 Sjögren M, Vanderstichele H, Agren H, Zachrisson O, Edsbagge M, Wik-
kelsø C et al (2001) Tau and Abeta42 in cerebrospinal fluid from healthy 
adults 21–93 years of age: establishment of reference values. Clin Chem 
47:1776–1781

	72.	 Sperfeld AD, Collatz MB, Baier H, Palmbach M, Storch A, Schwarz J et al 
(1999) FTDP-17: an early-onset phenotype with parkinsonism and epilep-
tic seizures caused by a novel mutation. Ann Neurol 46:708–715

	73.	 Stern RA, Riley DO, Daneshvar DH, Nowinski CJ, Cantu RC, McKee AC 
(2011) Long-term consequences of repetitive brain trauma: chronic 
traumatic encephalopathy. PM&R 3:S460–S467

	74.	 Surveillance Report of Traumatic Brain Injury-related Emergency Depart-
ment Visits, Hospitalizations, and Deaths. :24.

	75.	 Swanson JA, Schmitz D, Chung KC (2010) How to Practice Evidence-
Based Medicine. Plast Reconstr Surg 126:286–294

	76.	 Takahata K, Kimura Y, Sahara N, Koga S, Shimada H, Ichise M et al (2019) 
PET-detectable tau pathology correlates with long-term neuropsychiatric 
outcomes in patients with traumatic brain injury. Brain 142:3265–3279

	77.	 Tan XL, Zheng P, Wright DK, Sun M, Brady RD, Liu S et al (2020) The 
genetic ablation of tau improves long-term, but not short-term, func-
tional outcomes after experimental traumatic brain injury in mice. Brain 
Inj Taylor Francis 34:131–139

	78.	 Tian H, Davidowitz E, Lopez P, He P, Schulz P, Moe J et al (2015) Isolation 
and characterization of antibody fragments selective for toxic oligomeric 
tau. Neurobiol Aging 36:1342–1355

	79.	 Tribett T, Erskine B, Bailey K, Brown T, Castellani RJ (2019) Chronic Trau-
matic Encephalopathy Pathology After Shotgun Injury to the Brain. J 
Forensic Sci 64:1248–1252

	80.	 Uryu K, Chen X-H, Martinez D, Browne KD, Johnson VE, Graham DI et al 
(2007) Multiple proteins implicated in neurodegenerative diseases accu-
mulate in axons after brain trauma in humans. Exp Neurol 208:185–192

	81.	 Vanderstichele H, De Vreese K, Blennow K, Andreasen N, Sindic C, Ivanoiu 
A et al (2006) Analytical performance and clinical utility of the INNOTEST 
PHOSPHO-TAU181P assay for discrimination between Alzheimer’s disease 
and dementia with Lewy bodies. Clin Chem Lab Med 44:1472–1480

	82.	 Whittington RA, Bretteville A, Dickler MF, Planel E (2013) Anesthesia and 
tau pathology. Prog Neuropsychopharmacol Biol Psychiatry 47:147–155

	83.	 Williams SM, Peltz C, Yaffe K, Schulz P, Sierks MR (2018) CNS disease-
related protein variants as blood-based biomarkers in traumatic brain 
injury. Neurology 91:702–709

	84.	 Wooten DW, Ortiz-Terán L, Zubcevik N, Zhang X, Huang C, Sepulcre J et al 
(2019) Multi-modal signatures of tau pathology, neuronal fiber integrity, 
and functional connectivity in traumatic brain injury. J Neurotrauma 
36:3233–3243

	85.	 Wunderle K, Hoeger KM, Wasserman E, Bazarian JJ (2014) Menstrual 
phase as predictor of outcome after mild traumatic brain injury in 
women. J Head Trauma Rehabil 29:E1-8

	86.	 Yoshiyama Y, Higuchi M, Zhang B, Huang S-M, Iwata N, Saido TC et al 
(2007) Synapse loss and microglial activation precede tangles in a P301S 
tauopathy mouse model. Neuron 53:337–351

	87.	 Zaloshnja E, Miller T, Langlois JA, Selassie AW (2008) Prevalence of long-
term disability from traumatic brain injury in the civilian population of 
the United States, 2005. J Head Trauma Rehabil 23:394–400

	88.	 Zanier ER, Bertani I, Sammali E, Pischiutta F, Chiaravalloti MA, Vegliante G 
et al (2018) Induction of a transmissible tau pathology by traumatic brain 
injury. Brain 141:2685–2699

	89.	 Zhou W, Xu D, Peng X, Zhang Q, Jia J, Crutcher KA (2008) Meta-analysis 
of APOE4 allele and outcome after traumatic brain injury. J Neurotrauma 
25:279–290

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Association between single moderate to severe traumatic brain injury and long-term tauopathy in humans and preclinical animal models: a systematic narrative review of the literature
	Abstract 
	Background: 
	Methods: 
	Findings: 
	Interpretation: 

	Introduction
	Methods
	Eligibility criteria
	Information sources
	Search Strategy
	Selection process
	Data collection process
	Data items
	Risk of bias in individual studies
	Data synthesis

	Results
	Study selection
	Study characteristics
	Risk of bias in studies
	Results of individual studies
	Human studies
	Observational cohort studies
	Observational cross-sectional studies
	Case studies

	Animal studies
	C57BL6 mouse models
	Rat models
	Transgenic mouse models


	Discussion
	Conclusions
	Acknowledgements
	References




