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Abstract

The year 2021 was highlighted by many notable advancements in the field of neurotrauma and associated neu-
ropathology. After a thorough review of the new literature, we call attention to what we feel are among the most
impactful studies and publications. In brief, 2021 was marked by published consensus papers related to the di-
agnosis of chronic traumatic encephalopathy (CTE) and its clinical counterpart, traumatic encephalopathy syn-
drome. There was also progress toward our understanding of the impact of traumatic brain injury (TBI) on the
general population, and how strongly CTE pathology may, or may not, commonly underlie long term clinical se-
quelae following TBI. Next, a critical new study has identified that acetylated tau protein, which has been found
to be increased in the brains of Alzheimer’s disease and CTE patients, can be induced by TBI, is neurotoxic, and
that its reduction via already-existent therapeutics is neuroprotective. There are also several important updates
that pertain to military and blast TBI, particularly as they pertain to establishing causality of interface astroglial
scarring. In addition, and for the first time, a specific signature for diffuse axonal injury has been identified in ex
vivo tissues using multidimensional magnetic resonance imaging, providing promise for the clinical diagnosis of
this lesion. Finally, several important radiologic studies from 2021 have highlighted long-standing structural re-
ductions in a number of brain regions following both mild and severe TBI, emphasizing the need for neuropath-
ologic correlation. We end by highlighting an editorial piece discussing how TBI is portrayed in entertainment
media and how this impacts public perception of TBIl and its consequences.

Keywords: Traumatic brain injury, Chronic traumatic encephalopathy, Tau, Interface astroglial scarring, Diffuse axonal injury, Multidi-
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Introduction

Through the emergence of new viral variants,
and the waxing and waning of health measures
taken by both governments and private industry,
the COVID-19 pandemic remained an obstacle to on-
going research work related to neurotrauma in the
year 2021. However, a review of the published liter-
aturein 2021 reveals that interest and advancement
has not been slowed, but rather appears to have in-
creased. For example, a simple search for the term
‘traumatic brain injury’ (TBI) on PubMed reveals
5,387 results for the year 2021, which is the most of
any year on record. Correspondingly, a number of
important papers appeared that are of considerable
impact to our neuropathology-oriented readership.
Here, we present our admittedly biased list of high-
light papers that were published in the year 2021,
with commentary on the information they provided
and why we chose to include them in this year’s list-
ing.. We are quick to note that a few of these papers
have involved our own participation; we do not
apologize for these choices, as we think others
tasked with the judgement of important contribu-
tions to the field of neurotrauma would have simi-
larly considered them.

Updates to neuropathological criteria
for chronic traumatic encephalopathy
(CTE) and its proposed clinical syn-
drome

The light that is the study of CTE burned as
brightly as ever in 2021, and perhaps is best repre-
sented by the publication of the highly awaited con-
clusions of the Second National Institute of Neuro-
logical Disorders and Stroke (NINDS)/ National Insti-
tute of Biomedical Imaging and Bioengineering
(NIBIB) Consensus Meeting to Define Neuropatho-
logical Criteria for CTE.! Five years in the making, this
paper details the results of the reconvening of the
NINDS/NIBIB consensus panel in the year 2016 to re-
fine the diagnostic criteria for CTE that were set af-
ter the first panel meeting in 2015. Through the eval-
uation of 27 cases of different tauopathies, the
panel of neuropathologists was able to identify and
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discern CTE according to the original diagnostic cri-
teria, with high rates of agreement while both
blinded and unblinded to gross neuropathological
findings and clinical histories. Therefore, the panel
agreed to largely uphold the original definition of
the pathognomonic lesion of CTE, but with some re-
finement that can be appreciated in the comparison
below:

Definitions of the pathognomonic lesion for a
minimal diagnosis of CTE:

e First NINDS/NIBIB Consensus Meeting (2015)%
“p-tau aggregates in neurons, astrocytes, and
cell processes around small vessels in an irreg-
ular pattern at the depths of the cortical sulci.”

e Second NINDS/NIBIB Consensus Meeting
(2016, published 2021): “p-tau aggregates in
neurons, with or without glial tau in thorn-
shaped astrocytes, at the depth of a cortical sul-
cus around a small blood vessel, in deeper cor-
tical layers not restricted to subpial and super-
ficial region of the sulcus”

As can be seen, the updated definition for the
pathognomonic lesion maintains that a diagnostic
CTE lesion must be at a cortical sulcal depth and that
it must display perivascular neurofibrillary changes,
but now more strongly emphasizes neuronal in-
volvement as necessary, and details that p-tau pa-
thology cannot be limited to the superficial aspects
of the cortex. These refinements were made in the
hopes that they will lead to more reliable delinea-
tion between CTE and other entities, such as age-re-
lated tau astrogliopathy (ARTAG) (see Figure 1).

In addition to a refinement of CTE minimal di-
agnostic criteria, the Second NINDS/NIBIB Consen-
sus Panel on CTE introduced a working proto-
col/workflow for the neuropathological evaluation
of a brain for CTE, which it hopes to be of service to
neuropathologists in the community. Further, the
panel ambitiously proposed the first consensus-
based scheme for staging the severity of CTE pathol-
ogy as either “Low CTE” or “High CTE” according to
a checklist of criteria.

On the clinical side, the year 2021 also saw the
publication of the details of the First NINDS Consen-
sus Workshop to Define the Diagnostic Criteria for
Traumatic Encephalopathy Syndrome (TES),® the
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Figure 1. Comparison of chronic traumatic encephalopathy (CTE) and sulcal tau astrogliopathy. A and B (black bars are 900um and
200um, respectively): pathognomonic CTE lesion with tau aggregates in neurons (and glia) around small blood vessels at the depth of a
sulcus, with tau pathology not restricted to superficial cortical layers. C and D (black bars are 600um and 200um, respectively): in contrast,
glial tau aggregates in a sulcal depth without perivascular predilection and limited to superficial cortical layers is not diagnostic for CTE,

but is rather most fitting of tau astrogliopathy.

clinical syndrome which is intended to correspond
to CTE neuropathology. The workshop was intended
to improve upon the first proposed diagnostic crite-
ria for TES that were published in 2014.* As part of
the workshop, a multispecialty panel of experts in
TBI and its sequelae reviewed all published cases of
neuropathologically confirmed CTE, and where pos-
sible, carefully assessed predictive validity of clinical
features in relation to CTE pathology in 298 cases,
and used a modified Delphi method to agree upon a
restructured, stepwise process for the clinical diag-
nosis of TES. In short, a diagnosis of TES foremost re-
quires a substantial history of repetitive head im-
pacts and cognitive and/or neurobehavioral dysreg-
ulation (core clinical features) with a progressive
course unexplained by another disorder. Supportive

clinical features for TES which the panel concluded
had insufficient predictive value to be included as
core clinical features include delayed onset of symp-
toms, motor symptoms (e.g. parkinsonism), and rel-
atively non-specific psychiatric features (e.g. anxi-
ety, depression, paranoia). Beyond this, the panel
also agreed upon provisional criteria (for research
purposes) for determining the level of certainty of
CTE pathology in a clinical case based on meeting
TES criteria, varying levels of impact TBI history (par-
ticularly long-standing contact sports history), pres-
ence or absence of supportive clinical features as de-
scribed above, and severity of clinical dementia.
There is no evidence, as yet, supporting the predic-
tive value of these clinical criteria based on subse-
guent neuropathology evaluation.
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Time will judge the success of the neuropatho-
logical diagnostic criteria and staging scheme for
CTE, and also of the new proposed clinical criteria
for TES. Almost certainly, new issues will arise. How-
ever, the continued pursuits of consensus agree-
ment in the face of rapidly evolving, and not uncom-
monly controversial, data are a promising sign for
the future. Additional consensus meetings to evalu-
ate newly emerging data will clearly be needed.

CTE in the community

Crucial and yet unanswered questions with re-
spect to CTE concern its frequency in the general
community, and its impact on members of the gen-
eral public with a history of TBI (concerns largely
raised by frightening media accounts). In the almost
two decades since the resurgence of TBI and CTE in
the eyes of the public and the scientific community
because of its discovery in American football players
and other contact sport athletes, collection of mate-
rials and data by a number of research centers is
starting to bear fruit. With the use of the National
Health and Nutrition Examination Surveys (NHNES),
whose participants are selected to be representative
of the civilian general population, and who undergo
a rather thorough interview process, physical exam-
ination, and blood and urine collection, Schneider
and colleagues reported a large scale analysis of
7,390 participants over the age of 40 years to deter-
mine a prevalence estimate of prior head injury with
loss of consciousness (LOC) and associated disabil-
ity.> Of the 7,390 participants, 944 had a history of
self-reported head injury with LOC. Of those 944
with this degree of head injury, 47.4% were noted to
be living with a disability in at least one domain of
functioning (e.g. activities of daily living, work limi-
tation, memory and confusion limitation, etc.),
which was significantly higher (p<0.001) than those
without a history of head injury. Extrapolating the
data to a prevalence estimate for the general public,
the study estimated that there are 11.4 million indi-
viduals above the age of 40 with a history of head
injury and LOC and who suffer disability in at least
one domain of functioning. It should be pointed out
that this figure is more than twice the current prev-
alence estimated for Alzheimer’s disease.

As neuropathologists we naturally wonder
what pathologies could underlie this staggering new
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public health data, and perhaps many of us would
suspect CTE. However, evidence that has been pub-
lished from a community cohort in the last year
seems to suggest otherwise. In a study entitled “The
Delayed Neuropathological Consequences of Trau-
matic Brain Injury in a Community-Based Sample”
published in Frontiers in Neurology,® authors
Postupna et al. reported the neuropathological find-
ings of 532 brains from deceased elderly individuals
(average age at death: 87 years) consecutively do-
nated to the Adult Changes in Thought study, which
itself is focused on aging and dementia in commu-
nity-dwelling individuals. One hundred seven of
these cases had a history of at least one remote
head injury associated with LOC (most participants
sustained their first TBI with LOC at less than 25
years of age). Of the 532 cases, only 3 (0.6%) brains
had diagnostic CTE lesions. Further, and more sur-
prisingly, none of these 3 cases were among the 107
subjects with a history of TBI and associated LOC.
While it may be inappropriate to draw conclusions
about the general population from this particular
study, when viewed in juxtaposition with the afore-
mentioned NHNES study, it appears that disability
relating to one or even a few past instances of TBI
with LOC in the general community (as opposed to
cohorts selected for repetitive neurotrauma, such as
contact sports athletes) is not widely attributable to
CTE, and that different mechanisms are likely in-
volved. Future study is necessary.

Reducing acetylated tau is neuropro-
tective following brain injury

The literature has long established that TBI is
associated with increased risk of developing clinical
Alzheimer’s disease and dementia in general, albeit
with extremely limited neuropathologic correlation
studies.”® Nonetheless, this suggests that TBI may
potentiate or exacerbate neurodegenerative dis-
ease and therefore that neurodegenerative proteins
may be a therapeutic target for the prevention of
long-term cognitive sequelae of TBI. However, pre-
cise pathophysiologic links between TBI and neuro-
degeneration have proven rather elusive. Using
studies that pointed to acetylated tau as increased
in CTE, Alzheimer’s disease, and other tauopathies
as a basis for their research, Shin et al. conducted a
hallmark study to determine whether TBI induces
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acetylated tau and thus establish a potential link be-
tween TBI and neurodegenerative disease, to estab-
lish that acetylated tau is neurotoxic, and to investi-
gate whether inhibition of tau acetylation could be
neuroprotective after TBL.° The authors used a mul-
timodal mouse model for TBI, and showed that acet-
ylated tau protein (acetylated at positions K263 and
K270, corresponding to K274 and K281 in humans)
was rapidly induced by TBI in both the mouse cere-
bral cortex and hippocampus, selectively in neurons,
and that this was dose-dependent. Further, they
demonstrated that acetylated tau levels not only
rose acutely in injured mice, but remained elevated
for months following injury. In the same study, the
authors additionally analyzed human frontal cortex
specimens of elderly individuals and demonstrated
that acetylated tau accumulation was significantly
higher in Alzheimer’s disease cases when compared
to controls, and amongst the Alzheimer’s disease
cases acetylated tau levels were significantly higher
in those who had a remote history of TBI(s) versus
those who did not.

In a separate component of the study, the au-
thors sought to determine if acetylated tau was di-
rectly neurotoxic. They conducted both in vitro and
in vivo genetic studies on cultured human neuro-
blasts exposed to acetylated tau and transgenic
mice with mutations that mimic tau acetylation at
K263 and K270, respectively. In the cultured human
cell lines the authors found that tau acetylation spe-
cifically increased neuronal cell death, and in the
transgenic mice there was a significant degree of ax-
onal degeneration particularly in the cerebral cortex
and hippocampus compared to controls after one
year of life.

In a translation of their work to therapeutics,
the authors experimented with 3 agents that are es-
tablished inhibitors of processes that promote tau
acetylation or promotors of tau deacetylation:
CGP3466B omigapil (GAPDH nitrosylation inhibitor),
salsalate (non-steroidal anti-inflammatory drug and
p300/CBP acetyltransferase inhibitor), and ami-
nopropyl carbazole P7C3-A20 (NAMPT activator that
increases preservation of NAD*). Administration of
all three agents blocked tau acetylation, protected
against axonal degeneration, and provided signifi-
cant protection from neurocognitive deficits follow-
ing TBI in mice.
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As if the above data were not enough, the au-
thors finally also demonstrated that acetylated tau
levels in mouse plasma were elevated following TBI,
establishing the potential for acetylated tau to serve
as a blood biomarker for neurodegenerative risk fol-
lowing TBI, and noted that the aforementioned neu-
roprotective therapies decreased concentrations of
acetylated tau in plasma following TBI. Collectively
this laudable study, published in Cell, establishes a
potential relationship between TBI and neurodegen-
eration in the form of acetylated tau, demonstrates
that acetylated tau is neurotoxic, and provides a ba-
sis for the assessment for and protection from neu-
rodegenerative risk after TBI.

Updates from the battlefield

Published 100 years after Frederick Mott’s
seminal reporting of the gross neuropathologic fea-
tures of acute blast exposure in the brains of World
War | military personnel who had died from high ex-
plosives,'® a new entity was posited to represent a
long-term neuropathological consequence of blast
exposure in 2016: interface astroglial scarring
(IAS).** IAS describes a pattern of glial scarring, visi-
ble by glial fibrillary acidic protein (GFAP) immuno-
histochemistry, at brain interfaces (e.g. subpial glial
plate, around penetrating cortical vessels, grey-
white matter junctions, and structures lining the
ventricles). At the time of publication, it was sug-
gested that injury at brain interfaces was compatible
with the biophysics of blast waves passing through
tissues, though this was presented without experi-
mental data in the brain. As expected, this newly de-
scribed entity was met with criticism,’> much of
which was valid and could not be addressed without
more study. The year 2021 brought two important
publications in support of IAS as a novel entity that
is caused by blast exposure.

In the Journal of Neuropathology and Experi-
mental Neurology, Schwerin and colleagues re-
ported the results of a ferret model of blast expo-
sure and provided the first animal correlate of blast-
induced I1AS.*3 Ferrets were chosen because, unlike
lissencephalic rodent brains with relatively limited
translational capability, the brain of a ferret is more
similar to humans in that it is gyrencephalic, has a
high white-to-grey matter ratio and a well deline-
ated grey-white matter junction, and has a ventrally
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Figure 2. Comparison of ferret brain with human and other animal species. Though relatively small, ferret brains show striking structural
similarities with that of primate and human brains, particularly relative to the brains of rodents which themselves are lissencephalic, lack
clear grey-white matter interfaces, and have substantially less white matter.

positioned hippocampus (see Figure 2). In the study,
ferrets were anesthetized and exposed to com-
pressed air shock waves, mimicking exposure to a
primary blast wave, and sacrificed after survival pe-
riods of 1, 4, or 12 weeks. Immunohistochemistry for
GFAP, particularly beginning at 4 weeks survival and
in multiply exposed ferrets (four blast exposures
compared to one), showed striking astrocyte immu-
noreactivity precisely at brain interfaces, including
the subpial plate, grey-white matter junctions, and
surrounding penetrating vessels, thereby reproduc-
ing the pattern of IAS that was published in human
blast cases. Further, in demonstrating that blast ex-
posure produces astrogliosis in a similar distribution
to that seen in human blast cases, the study trans-
versely also provides evidence that ferrets may
serve as a translatable animal model for human TBI.

The biophysics of a blast wave producing
stresses at brain interfaces has also now been sup-
ported using an artificial head model. In a study en-
titled “Localizing Clinical Patterns of Blast Traumatic
Brain Injury through Computational Modeling and
Simulation” Miller et al. describe a human head
model — simplified but nonetheless complete with
distinct skull, cerebrospinal fluid, white and grey
matter forming gyri and sulci geometrically similar
to human brains, vasculature, and ventricles — which
was blast-loaded at three different overpressures
and from three different directions (front blast, side
blast, and a more complex but true-to-life “wall
blast” in which a reflecting surface was introduced
for the blast wave to bounce back at the head).**
What the authors found was that strain from blast
exposure within the model was most significant in
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perivascular regions, the subpial plate, and the
periventricular regions, i.e. an interface pattern of
mechanical stress from the blast wave. Simply put,
the investigators demonstrated, in an idealized hu-
man head model, support for the hypothesis that
TBI from blast injury primarily concerns structural in-
terfaces in the brain. Further study of different
forms of TBI, especially impact TBI, using this model
will be critical to additional understanding and es-
tablishing its utility in the study of human TBI.

A radiologic signature for diffuse ax-
onal injury

In what may come as a surprise to some neuro-
pathologists who are quite familiar with this entity,
diffuse axonal injury (DAI) was purely a pathologic
diagnosis without a sensitive or specific radiologic
correlate prior to the year 2021. DAl is essentially in-
visible to conventional computed tomography (CT)
and magnetic resonance imagining (MRI) scans. In a
landmark study, authors Benjamini et al. applied
multidimensional MRI to ex vivo samples of human
brain with and without neuropathologically con-
firmed DAI (10 cases in total).”> Multidimensional
MRI is an emerging imaging technique that encodes
multiple contrasts (e.g. T1, T2) together to provide a
“multidimensional” distribution of these compo-
nents combined with artificial intelligence to allow
for enhanced separation of different biological ele-
ments within a heterogeneous tissue sample.

Using this new technique, the authors were
able to identify a unique MRI signature that allowed
them to produce radiologic findings in tissue that
precisely mirrored the distribution of APP immuno-
histochemistry on sections cut from the same sam-
ples, and further allowed them to blindly differenti-
ate all of the DAI and non-DAI cases. Though this
study was performed on ex vivo tissues and utilized
preclinical MRI technology, the authors have none-
theless provided a bedrock for the potential future
clinical detection of DAl and more subtle axonal in-
jury in living patients. With further improvements of
the multidimensional MRI modality, studies scan-
ning whole brains and brains in vivo, and advance-
ments in clinical MRI system technology, this imag-
ing breakthrough may soon redefine the clinical as-
sessment of TBI.
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Long-term structural changes in the
brain following TBI with clinical corre-
lation

There were a number of imaging studies pub-
lished in 2021 that assessed the volume and/or in-
tegrity of a variety of brain structures in the sub-
acute and chronic stages in mild TBI patients.
Churchill et al. describe reductions of cingulate gyrus
blood flow, particularly in the posterior cingulate
chronically (1 year after return-to-play) in adult con-
tact sport athletes with a history of concussion,
along with increased mean diffusivity in the corpus
callosum (CC) (toward the splenium), as compared
to control subjects, indicating potential long-term
effects of mild TBI on these midline brain struc-
tures.'® In a related study, Wang et al. conducted dif-
fusion tensor imaging and functional MRI on 42 mild
TBI patients and 42 matched controls.” In the TBI
patients, they found evidence of structural impair-
ment in the CC which expanded from the anterior-
to-midbody of the CC in acute/subacute phases fol-
lowing TBI into both more anterior and posterior re-
gions of the CC in chronic phase (6-12 months), with
corresponding evidence of impairment in interhe-
mispheric connectivity. Further, these findings cor-
related to reduced executive function parameters
on clinical testing of the patients. Finally, authors
Meier et al. assessed the hippocampus via MRl in a
group of 106 collegiate athletes.'® They report that
hippocampal volume was reduced in athletes with a
history of concussion(s), in comparison to those
without, and further that hippocampal volume was
inversely correlated with the number of previous
concussions. This was observed along with a greater
association of various neuropsychiatric symptoms.

As it pertains to severe TBI, authors Tomaiulo
et al. describe the long-term MRI findings in a group
of 25 patients with a history of severe non-missile
TBI but without large focal lesions taken at one year
and nine years following head injury. They report
significant volume reduction in both grey matter
(frontotemporal region, crests of gyri, amygdala,
hippocampus, basal ganglia, and thalamus) and
white matter (CC, fornix, parasagittal white matter,
cerebral peduncles) at one year following injury.'® At
nine years, there were no significant increases in
grey matter reduction, but white matter reduction
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continued particularly in the posterior body of the
CC, and in the white matter under-surface of several
cerebral lobes.

The above studies, all image-based, are alarm-
ing and should serve as a call to action for neuropa-
thologists interested in studying TBI. The need to
pathologically characterize and corroborate the
growing myriad of long-term structural changes that
occur in the brain from TBI as suggested by radio-
logic evaluation is obvious.

In closing

As you have read, there were several important
developments in the field of neurotrauma in the
year 2021. Given the sheer volume of publications
produced in the field over this time, this article could
easily have continued on toward a tome’s length,
and admittedly it was quite difficult to refrain from
discussing more. However, we hope that you as the
reader have enjoyed this summation of the litera-
ture that we chose to highlight.

To conclude this writing, we would like to bring
to attention a poignant short article entitled “The
Banality of Head Injury in The Punisher”, written by
Daniel M. Donaldson et al. and published in Lancet
Neurology in 2021.%° In this article, the authors ex-
amined 26 episodes of the action- and violence-
packed TV series The Punisher, which focuses on an
antihero from the Marvel comic universe who em-
ploys vigilante, and usually lethal, methods to fight
crime. In their assessment, the authors identified
125 instances of head trauma inflicted on characters
in the show, including 12 inflicted on The Punisher
himself, and determined the severity of the TBI
events (as best it could be achieved) by the Glasgow
Coma Scale. By their assessment, 62% of the head
injuries depicted in the show were severe, with an
initial Glasgow Coma Scale of 3 in most cases. How-
ever, in almost all individuals who survived these se-
vere TBI events, neurologic symptoms following the
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initial neurological impairment were virtually nonex-
istent (i.e. no abnormality in mental status after re-
turn of consciousness, no lasting neurocognitive def-
icits, etc.). Indeed, all 12 TBI events suffered by The
Punisher, even when severe, resulted in no neuro-
logic deficits following a return of consciousness.
Further, significant or long-term structural damage
to the face/skull was not appreciated in all but 1
case, even in circumstances where there was sub-
stantial disfigurement of other parts of the body
from the same general traumatic events.

Of course, this phenomenon is far from unique
to The Punisher, as consumers of action TV series
and movies are well aware. Instead, the authors’
analysis of this one TV show highlights how inaccu-
rately violence, particularly TBI, is presented in me-
dia productions and thus to the public as a whole.
The authors suggest that the portrayal of the sever-
ity (or lack thereof) of TBI in media may augment our
perception of TBI and expected outcomes from TBI
in real life, and we agree with this supposition. What
can be done about this is uncertain, but as neuropa-
thologists and TBI researchers we are uniquely
suited to have a seat at the table.
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