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Molecular mechanisms of chronic traumatic
encephalopathy
Henry van den Bedema and Ellen Kuhlb,c
The prevalence of neurodegenerative disorders is rapidly
increasing. While Alzheimer’s disease and dementia generally
correlate with longer lifespans, neurodegenerative disorders like
chronic traumaticencephalopathyoftenaffect individualsat young
age. Historically, the underlying disease mechanisms of these
chronic disorders—the slowly changing biochemical composition
during aging and the repeated, rapidly changing biomechanical
environment during head impact—have been viewed as distinct
events. Recent studies suggest that Alzheimer’s disease and
chronic traumatic encephalopathy share common degenerative
pathways on the molecular and cellular levels. Here we examine
this current trend and explore the molecular, cellular, tissue, and
organ levelmechanismsofneurodegeneration through the lensof
biomedical engineering. Understanding the underlying disease
mechanisms across the spatio-temporal scales of neuro-
degenerationprovidesnewopportunities tomodulate, slowdown,
and possibly revert molecular dysfunction, axonal death, tissue
atrophy, and loss of brain function.
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A brief history of chronic traumatic
encephalopathy
Chronic traumatic encephalopathy is a progressive
degenerative disease
Every year, more than 40 million people worldwide
experience a mild traumatic brain injury or concussion
www.sciencedirect.com
[1]. Recent studies suggest that evenmild concussions, if
repetitive, can trigger progressive neurological degener-
ation, a condition that is nowwidely recognized as chronic

traumatic encephalopathy [2]. The current media hype
around chronic traumatic encephalopathy has created a
new level of awareness and increasingly more head in-
juries are now associated with the condition [3]. Yet, to
date, the only method to reliably diagnose chronic trau-
matic encephalopathy is post mortem histopathology,
where it manifests itself through an accumulation of
hyperphosphorylated tau protein [4], progressive axonal
failure, and gradual structural degradation [5]. Strikingly,
axonal failure and structural degradation appear to be
shared, at least in part, by traumatic brain injury [6] and a

number of other neurodegenerative diseases [7]
including Parkinsonism [8] and Alzheimer’s disease
[9]. However, the molecular mechanisms of neuro-
degeneration remain poorly understood.

Chronic traumatic encephalopathy is more than just a
disorder associated with boxing
Historically, the impact of repeated head injuries on
unsteady gait and mental confusion were first reported in
professional boxers in 1928, where the symptoms
became collectively known as punch-drunk syndrome
[10]. A decade later, upon recognizing that these symp-
toms were in fact chronic and worsened in time, the term
chronic traumatic encephalopathy was coined [11].

Single incidences of chronic traumatic encephalopathy
were reported in a soccer player, a circus clown, and a
head banger; yet, it was not until the autopsy of a
deceased professional football player more than half a
century later that the condition became associated with
widely popular contact sports [12]. We now know that its
symptoms typically do not occur until years, if not de-
cades, after the initial injury [13]. This uncertainty has
provoked a growing anxiety amongst affected individuals:
Throughout the past decade, dozens of former NFL
players have been diagnosed with the condition and

hundreds have pledged to donate their brains for scien-
tific studies [14]. With this new insight, the definition of
chronic traumatic encephalopathy has rapidly evolved
[15] and its clinical symptoms have been collectively
summarized as research diagnostic for criteria traumatic
encephalopathy syndrome [16]. We now broadly asso-
ciate chronic traumatic encephalopathy with repeated
head impacts in a variety of sports including American
football, boxing, wrestling, rugby, hockey, and soccer
[17], as well as blast impacts on the battlefield [18].
Although the public awareness of chronic traumatic
Current Opinion in Biomedical Engineering 2017, 1:23–30
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encephalopathy has drastically increased throughout the
past decade, and we have made important advances in
diagnosing the condition, we still know surprisingly little
about its prevalence, incidence, and risk factors [4].

Chronic traumatic encephalopathy spans across
multiple spatial and temporal scales
From systematic case studies, we now know that chronic
traumatic encephalopathy is characterized through a well-
defined, ordered, and predictable progression of abnor-
mally phosphorylated tau protein throughout the nervous

system [5]. The pathophysiology of chronic traumatic
encephalopathy is closely correlated with other abnor-
mally aggregated proteins including transactive response
DNA-binding protein 43, amyloid beta, and alpha-
synuclein, which are associated with frontotemporal de-
mentia, amyotrophic lateral sclerosis, Alzheimer’s disease,
and Parkinson’s disease [8]. This supports the emerging
view that chronic traumatic encephalopathyda condition
associated with the deposition of misfolded protein with
agedshares several characteristic neuropathological and
clinical hallmarks with many other forms of neuro-

degeneration [19]. Figure 1 highlights the underlying
spatial and temporal spectrum of these neurodegenera-
tive diseases: Traumatic brain injury takes place on
extremely short temporal scales and manifests itself as
Figure 1
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Spatial and temporal spectrum of neurodegeneration. Traumatic
Brain Injury (TBI) takes place on extremely short temporal scales and
manifests itself as biomechanical damage on the larger spatial scales.
Alzheimer’s Disease (AD) takes place on extremely long temporal
scales and manifests itself as biochemical damage on the smaller
spatial scales. Chronic Traumatic Encephalopathy (CTE) propagates
gradually across the spatial and temporal scales and manifests itself
through neurofibrillary tangles, breakdown of the tau-microtubule com-
plex, diffuse axonal injury, and pronounced gray and white matter
atrophy.
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biomechanical damage on the larger spatial scales, top left
[6]. Alzheimer’s disease, by contrast, takes place on
extremely long temporal scales and manifests itself as
biochemical damage associated with the hyper-
phosphorylation of tau on the smaller spatial scales,
bottom right [20]. Chronic traumatic encephalopathy
initially originates in isolated focal perivascular hyper-
phosphorylated tau lesions at the depths of cortical sulci

[4], from where it gradually propagates across the spatial
and temporal scales to eventually affect the entire brain
[21]. It manifests itself histopathologically through
biomechanical and biochemical damage in the form of
neurofibrillary tangles, breakdown of the tau-microtubule
complex, diffuse axonal injury, andmarked gray and white
matter atrophy [22]. These observations raise the
important questions if and how repeated head injuries
affect tau kinase and phosphatase, and how tau lesions
gradually propagate across the brain.
Spatial and temporal determinants of
neurodegeneration
On the molecular level, neurofibrillary tangles are a
hallmark of neurodegeneration
Neurofibrillary tangles are aggregates of hyper-
phosphorylated tau protein. In the healthy axon, tau is
an intrinsically disordered protein that is subject to a
complex array of posttranslational modifications [23]. By
binding to microtubules, tau contributes directly or
indirectly to key structural and regulatory function:

Within individual microtubules, tau modulates micro-
tubule polymerization, controls microtubule structure,
and regulates axonal transport [24]; within the axon, tau
promotes the assembly of individual microtubules into
well-organized, evenly spaced bundles [25]. Two
competing hypotheses have recently emerged to explain
the remarkable dense and regular packing of microtu-
bules within the axon: the polymer brush hypothesis and
the cross-bridging hypothesis [26]. In the polymer brush
hypothesis, dense packing is a result of repulsive forces
between tau proteins of neighboring microtubules and

compressive forces induced by periodically spaced actin
rings underneath the axonal plasma membrane. In the
cross-bridging hypothesis, the regular distance between
neighboring microtubules is a result of tensile forces
induced by the formation of an electrostatic zipper be-
tween two tau proteins of neighboring microtubules.
Despite its critical importance for axonal stability and
intracellular transport, the precise mechanism by which
tau regulates microtubules packing remains insuffi-
ciently understood [27]. We do know though, that
phosphorylation, the site-specific addition of a phos-

phate group, can modulate tau’s affinity to bind to mi-
crotubules [23]. Hyperphosphorylation reduces tau’s
ability to bind to microtubules, which destabilizes mi-
crotubules, causes tau to clump together in neurofi-
brillary tangles, and disrupts intracellular function [7].
Neurofibrillary tangles have long been recognized as the
www.sciencedirect.com
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primary marker of Alzheimer’s disease [20]. While
neurofibrillary tangles are rare in severe traumatic brain
injury, they are increasingly recognized in mild traumatic
brain injury. Their elevated concentration in the cere-
brospinal fluid has recently been proposed as an in vivo
biomarker of chronic traumatic encephalopathy [22].
However, phosphorylated tau pathology is not unique to
chronic traumatic encephalopathy alone: Pathologies

that share common neurodegenerative pathways asso-
ciated with misfolded tau protein have collectively
become known as tauopathies [7]. Since its discovery
more than four decades ago [28], tau has evolved from a
plain microtubule stabilizer to a multifunctional protein
with critically important regulatory functions in the
nervous system [23]. Yet, the precise mechanisms of
tau-mediated neurotoxicity are still far for being
completely understood, and it remains controversial
whether misfolding of tau into neurofibrillary tangles is a
cause or consequence of neurodegeneration [29].

On the cellular level, breakdown of the tau-
microtubule complex induces diffuse axonal injury
The axonal cytoskeleton is made up of microtubules,
neurofilaments, and microfilaments. Microtubules are
hollow cylinders composed of a- and b-tubulin hetero-
dimers that form thirteen laterally joined protofilaments.
With a diameter of 24 nm and a stiffness of 2.0 GPa, mi-
crotubules are the strongest cytoskeletal filaments in

eukaryotic cells [30]. They are critically important in
many cellular processes; they provide structural stability
and serve as highways for intracellular transport [31].
Unlike all other microtubules, axonal microtubules are
coated with tau proteins that protect against depoly-
merization, stabilize their structure, and cross-link them
to neighboring microtubules. The tau-microtubule com-
plex plays a major role in regulating cytoskeletal me-
chanics, structure, and function [32]. Under physiological
conditions, at moderate stretch and stretch rates, tau-
microtubule dynamics make axons behave like rubber

bands; they deform reversibly, and are almost entirely
elastic [33]. Under pathological conditions, at high
stretch and stretch rates, tau-microtubule interactions
make axons brittle and their cytoskeleton becomes
damaged [34]. Cytoskeletal damage disrupts axonal
transport, the transport products build up at the site of
breakage, the axon begins to swell, and will eventually
break [31]. The bulb that forms close to the cell body
upon retraction of the transected axon is a classical hall-
mark of diffuse axonal injury [8]. For a long time, the
common belief was that mechanical forces would trigger

the instantaneous breakdown of the tau-microtubule
complex and induce immediate axonal rupture, a condi-
tion known as primary axotomy. More recent findings
suggest that axonal failure is a gradual interplay of
biomechanical and biochemical phenomena including
the initial biomechanical injury withinmilliseconds of the
www.sciencedirect.com
insult followed by secondary biochemical events within
hours or days, a condition known as secondary axotomy
[35]. Yet, the precise sequence of events by which the
axonal cytoskeleton degrades is currently unknown.

On the organ level, neurodegeneration results in
pronounced gray and white matter atrophy
Unlike severe traumatic brain injury, chronic traumatic
encephalopathy progresses gradually in time, suggesting
that biochemical factors, and not just biomechanical
forces, modulate its pathology [6]. Unlike Alzheimer’s

disease, chronic traumatic encephalopathy is associated
with tau abnormalities that begin focally, suggesting that
biomechanical forces, and not just biochemistry, trigger
its local initiation [4]. While it is widely accepted that
axons gradually fail when exposed to extreme strain or
strain rates [31], there is an ongoing controversy
whether axonal stretching or axonal shearing is the
critical failure mode [27]. When our brain is rapidly
accelerated, different tissue types respond differently to
mechanical loading. Recent studies have shown that
brain tissue displays a gradual stiffness gradient within

its white matter tissue [36] and a discrete stiffness jump
across the gray-and-white-matter interface [37]. Diffuse
axonal injury lesions occur primarily at the gray-and-
white-matter interface [38] where mechanical stress
fields experience a discrete jump, supporting the notion
that biomechanical factors modulate the initial foci of
chronic traumatic encephalopathy. Computational brain
models created from medical images can help us un-
derstand how mechanical forces propagate across the
brain and identify critical regions of elevated axonal
stretch, strain, or stress [39].

Figure 2 shows that hyperphosphorylated tau pathology
is initially restricted to discrete regions located around
small vessels at the depths of the cerebral sulci [5]. This
suggests that damage to the cerebral vasculature at the
time of injury plays a critical role in chronic traumatic
encephalopathy. From these multiple discrete epicen-
ters, neurofibrillary pathology gradually propagates to
the superficial layers of the adjacent cortex, and then
diffuses widely across the frontal and temporal lobes,
the diencephalon, and the brainstem [16]. At the tissue

level, it induces a gradual loss of neurons. At the whole
organ level, cell death translates into enlarged ventri-
cles, pronounced gray and white matter atrophy, and an
overall reduction in brain mass [14]. A recent consensus
panel defined these features to be comparable todbut
regionally distinct fromdthe spatio-temporal propaga-
tion of other tauopathies including Alzheimer’s disease
[4]. Understanding the role of biomechanics in chronic
traumatic encephalopathy could hold the key to identify
the mechanistic origin of neurodegeneration [40] and
explain its unique histopathological traces in comparison

to other non-mechanical tauopathies [8].
Current Opinion in Biomedical Engineering 2017, 1:23–30
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Spatial and temporal progression of chronic traumatic encephalopathy. Stage I: hyperphosphorylated tau pathology restricted to discrete regions
in the cerebral cortex located around small vessels at the depths of sulci; stage II: multiple discrete epicenters located at the depths of cerebral sulci,
from which neurofibrillary pathology propagates to the superficial layers of the adjacent cortex; stage III: widely spread hyperphosphorylated tau pa-
thology with greatest severity in the frontal and temporal lobes; stage IV: severe hyperphosphorylated tau pathology affecting most regions of the
cerebral cortex (adopted from Ref. [5]).
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Challenges & opportunities
How can we diagnose chronic traumatic
encephalopathy?
A first step towards better understanding neuro-

degeneration is reaching a consensus on how to diagnose
it during an individual’s lifetime [41]. Currently, the only
method to reliably diagnose chronic traumatic enceph-
alopathy is post-mortem neuropathology with a com-
plete autopsy and immunohistochemical analysis [4].
While the clinical diagnosis of severe traumatic brain
injury is relatively straightforward, the lack of reliable
in vivo biomarkers for chronic traumatic encephalopathy
implies that we can neither make definitive statements
about the degree of disease progression in a single indi-
vidual, nor estimate its prevalence in the general popu-

lation [42]. Improving diagnostics is a critical step
towards identifying early markers of chronic traumatic
encephalopathy, increasing treatment outcomes, and
preventing disease progression [43]. On the molecular
level, tau composition in the cerebrospinal fluid holds
promise as a cost-efficient in vivo biomarker of neuro-
degeneration [44]; not only as a quantitative marker in
advanced disease progression, but also as a prognostic
marker in the earliest stages when clinical expression is
weak [22]. On the tissue level, neurofibrillary tangles
around small vessels at the depths of cortical sulci are the

single most defining neuropathological biomarker of
chronic traumatic encephalopathy [4]. On the whole
brain level, neuroimaging is offering a wide variety of
Current Opinion in Biomedical Engineering 2017, 1:23–30
in vivo biomarkers including the loss of regional activity,
regional anisotropy, and regional tissue volume derived
from functional magnetic resonance imaging, diffusion

tensor imaging, and volumemagnetic resonance imaging,
respectively [22]. Another promising technology that is
gaining popularity in neuroimaging, magnetic resonance
elastography, suggests the loss in tissue stiffness as an
in vivo biomarker in multiple sclerosis [45], Alzheimer’s
disease [46], and frontotemporal dementia [47]. Prob-
ably the most promising imaging technique today is
positron emission tomography [48], which provides two
independent ligand-based in vivo biomarkers, one se-
lective for amyloid and one selective for tau [49].
Despite significant progress towards identifying early

predictive biomarkers of neurodegeneration, the diag-
nosis of neurodegenerative disorders remains chal-
lenging because of the partial overlap of their clinical
presentations and symptoms [50]. This is particularly
true for chronic traumatic encephalopathy, where studies
are naturally subject to selection bias [8].

How can we predict the effects of chronic traumatic
encephalopathy?
Computational modeling is emerging as a powerful tool to
simulate the mechanistic origin of neurodegeneration and
characterize failure thresholds and safety limits of mo-
lecular, cellular, and organ level damage. On themolecular

level, coarse-grainedmolecular dynamics simulations [51]
or rigidity analysis [52] allowus to virtually probe potential
www.sciencedirect.com
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failure mechanisms of the binding interfaces [53], in the
case of chronic traumatic encephalopathy the tauetau and
tau-microtubule binding sites. On cellular level, repre-
sentative volume elements of cellular substructures [34]
and discrete axonal models of tauetau and tau-
microtubule mechano-kinetics [54] can predict critical
stretch and stretch rates at the onset of axonal breakdown.
On the whole brain level, personalized finite element

models can correlate impact kinematics to axonal strains
and strain rates [55]. For example, simulations based on
head kinematics of football and hockey players have
revealed a close correlation between mean and maximum
strains and strain rates and alterations in fractional
anisotropy[56].With recent advances inneuroimaging,we
can now not only personalize individual loading scenarios
[57], but also the anatomicmodel of the head [58], and its
regional stiffness variations [59]. Simulations of
mechanically-induced brain damage naturally reveal stress
discontinuities at the tissue-vasculature-interface and at

the interface between gray and white matter [60], regions
that have traditionally been correlated with first lesions of
diffuse axonal injury [38]. Personalized simulations can
nowhelp identify brain regions at risk for individual impact
scenarios [61] andcorrelate individual strainprofiles to the
broad spectrum of symptoms associated with chronic
traumatic encephalopathy [16]. The ability to accurately
simulate and reliably predict the effects of mechanical
Figure 3

Multimodal model of neurodegeneration. Biomarker change and neurodeg
multiple mild traumatic brain injuries (red) throughout life. Integrating the bioma
form of cell death, tissue atrophy, and cognitive impairment (right). In normal ag
60s and peaks in the late 90s; the spectrum of symptoms can be detected a
Alzheimer’s disease (green), the timeline of neurodegeneration shifts to the le
chronic traumatic encephalopathy (red), the biomarker change (left) displays m
30 (dark red box). However, their collective response remains well below the
gradually within the effect window until the late 30s (light red box), when earl
(right). Yet, it is not until years after the injuries that the spectrum of symptom

www.sciencedirect.com
forces on neurodegeneration opens numerous opportu-
nities in biomedical engineering [62], from improving
helmets in contact sports [63] and optimizing protective
devices in bicycling [64] to reducing brain damage during
neurosurgery [39]. While most existing approaches model
the brain only at a single spatial or temporal scale, rapid
advancements in multiscale modeling provide a compu-
tational platform to integrate knowledge from different

disciplines [65] and virtually probe how neuro-
degeneration propagates bio-chemo-mechanically [66]
across the spatial and temporal scales [67]. A multimodal
model of neurodegeneration can predict the onset of
neurodegeneration from integrating modes of biomarker
changes throughout life and provide mechanistic links
between normal aging, early aging, and multiple mild
traumatic brain injuries as illustrated in Figure 3.

How can we treat chronic traumatic encephalopathy?
The most important questiondin addition to prevent-
ing neurodegenerationdis whether there is realistic
hope of treating it. The answer may lie in understanding
neurodegeneration at the molecular level [29], where

tau proteins aggregate through nucleation, templating,
growth, multiplication, and spread. Each of these
mechanisms represents a potential target for therapeu-
tic intervention [68]. Therapies that target tau phos-
phorylation, tau aggregation, and microtubule
Current Opinion in Biomedical Engineering

eneration in response to normal aging (blue), early aging (green), and
rker change in time (left) predicts the onset of neurodegeneration in the
ing (blue), the biomarker change (left), increases gradually from the mid
round the age of 85 (blue arrow, right). In response to early aging in
ft. In response to multiple mild traumatic brain injuries (black arrows) in
ultiple discrete peaks within the exposure window between ages 16 and
detection threshold (gray box, right). The effects of the injuries decay
y aging begins (left). The timeline of neurodegeneration shifts upward
s can be detected, around the age of 40 (red arrow, right).
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stabilization are already in clinical trials [7], while tau
reduction strategies are still in the preclinical stage [23].
Recent evidence in mice suggests that cis antibody
treatment could prevent tauopathy development and
spread, and restore many structural and functional
sequelae [69]. In addition, the release of neurofibrillary
tangles into the extracellular space, their diffusion
across the extracellular space, and their uptake by other

cells [70] could be valuable targets to reduce spatial
propagation [68]. Understanding the pathways of
neurodegeneration will likely require a multifaceted
approach [8] in which neurobiologists, neuroradiolo-
gists, and neuroscientists join forces to gain a more ho-
listic picture of neurodegenerative diseases [24]. By
applying engineering principles and design concepts to
biology and medicine, the field of biomedical engi-
neering could play a pivotal role when addressing this
complex challenge [71]. Our current understanding of
the spatial and temporal spectrum of neurodegeneration

converges towards a view in which traumatic encepha-
lopathy covers a landscape of phenomena between
traumatic brain injury and Alzheimer’s disease [19], and
shares common early disease mechanisms [69]. We are
only beginning to understand the complex interplay of
neurodegeneration. Biomedical engineering has the
potential to become a key player in the quest to di-
agnose, predict, and treat neurodegenerative disease.
Acknowledgements
This work was supported by the Stanford BioX IIP 2016 seed grant ‘Mo-
lecular Mechanisms of Chronic Traumatic Encephalopathy’.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Gardner RC, Yaffe K: Epidemiology of mild traumatic brain
injury and neurodegenerative disease. Mol. Cell. Neurosci.
2015, 66:75–80.

2. Stern RA, Riley DO, Daneshvar MA, Nowinski CJ, Cantu RC,
McKee AC: Long-term consequences of repetitive brain
trauma: chronic traumatic encephalopathy. Phys. Med.
Rehabil. 2011, 3:S460–S467.

3. Carone DA, Bush SS: Mild trauma brain injury—symptom validity
assessment and malingering. New York: Springer; 2013.

4
��
. McKee AC, Cairns NJ, Dickson DW, Rolkerth RD, Keene CD,

Litvan I, Perl DP, Stein TD, Vonsattel JP, Steward W, et al.: The
first NINDS/NIBIB consensus meeting to define neuropatho-
logical criteria for the diagnosis of chronic traumatic en-
cephalopathy. Acta Neuropathol. 2016, 131:75–86.

This study summarizes results of a national consensus panel in the
quest to unify neuropathological criteria for chronic traumatic enceph-
alopathy using 25 cases of various tauopathies; it identified an
abnormal accumulation of hyperphosphorylated tau as a pathogno-
monic lesion of chronic traumatic encephalopathy.

5. McKee AC, Stein TD, Nowinski CJ, Stern RA, Daneshvar DH,
Alvarez VE, Lee HS, Hall G, Wojtowicz SM, Baugh CM, et al.: The
spectrum of chronic traumatic encephalopathy. Brain 2013,
136:43–64.

6. Jordan B: The clinical spectrum of sport-related traumatic
brain injury. Nat. Rev. Neurol. 2013, 9:222–230.
Current Opinion in Biomedical Engineering 2017, 1:23–30
7
��
. Spillantini MG, Goedert M: Tau pathology and neuro-

degeneration. Lancet Neurol. 2013, 12:609–622.
This review summarizes the current knowledge of tau-related neuro-
degeneration and discusses the potential for mechanism-based treat-
ment based on preventing tau aggregation and propagation.

8
��
. Smith DH, Johnson VE, Stewart W: Chronic neuropathologies

of single and repetitive TBI: substrates of dementia? Nat. Rev.
Neurol. 2013, 4:211–221.

This highlights controversies in the study of severe and mild traumatic
brain injury, and advocates the hypothesis that chronic traumatic en-
cephalopathy is an environmental modification of the broad spectrum
of pathologies associated with normal aging.

9. Braak H, Del Tredici K: The pathological process underlying
Alzheimer’s disease in individuals under thirty. Acta Neuro-
pathol. 2011, 121:171–181.

10. Martland HS: Punch drunk. JAMA 1928, 91:1103–1107.

11. Bowman KM, Blau A: Psychotic states following head and
brain injury in adults and children. In Injuries of the skull, brain
and spinal chord. Edited by Brock S, Baltimore: Williams & Wilkins
Co; 1940:309–360.

12. Omalu BI, DeKosky ST, Minster RL, Kamboh MI, Hamilton RL,
Wecht CH: Chronic traumatic encephalopathy in a national
football league player. Neurosurgery 2005, 57:128–133.

13. Gavett B, Stern RA, McKee AC: Chronic traumatic encepha-
lopathy: a potential late effect of sport-related concussive
and subconcussive head trauma. Clin. Sports Med. 2011, 30:
179–188.

14. McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET,
Gavett BE, Budson AE, Santini VE, Lee HS, Kubilus CA,
Stern RA: Chronic traumatic encephalopathy in athletes:
progressive tauopathy after repetitive head injury.
J Neuropath. Exp. Neurol. 2009, 68:709–735.

15. Gardner A, Grant I, McCrory P: Chronic traumatic encepha-
lopathy in sport: a systematic review. Br. J. Sports Med. 2014,
48:84–90.

16
�

. Montenigro PH, Baugh CM, Daneshvar DH, Mez J, Budson AE,
Au R, Katz DI, Cantu RC, Stern RA: Clinicial subtypes of
chronic traumatic encephalopathy: literature review and
proposed research diagnostic criteria for traumatic enceph-
alopathy syndrome. Alzheimers Res. Ther. 2014, 6:68.

This publication reviews the clinical manifestations of chronic traumatic
encephalopathy from 202 published cases and correlates its clinical
symptoms to diagnostic criteria for traumatic encephalopathy syndrome.

17. McKee AC, Stein TD, Kiernan PT, Alvarez VE: The neuropa-
thology of chronic traumatic encephalopathy. Brain Pathol.
2015, 25:350–364.

18. Goldstein LE, Fisher AM, Tagge CA, Zhang XL, Velisek L,
Sullivan JA, Upeti C, Kracht JM, Ericsson M, Wojnarowicz MW,
et al.: Chronic traumatic encephalopathy in blast-exposed
military veterans and a blast neurotrauma mouse model. Sci.
Trans. Med. 2012, 4:134ra60.

19. Washington PM, Villapol S, Burns M: Polypathology and de-
mentia after brain trauma: does brain injury trigger distinct
neurodegenerative diseases, or should they be classified as
traumatic encephalopathy? Exp. Neurol. 2016, 275:381–388.

20. Jack CR, Holtzman DM: Biomarker modeling of Alzheimer’s
disease. Neuron 2013, 80:1347–1358.

21. Sharp DJ, Scott G, Leech R: Network dysfunction after trau-
matic brain injury. Nat. Rev. Neurol. 2014, 10:156–166.

22. Montenigro PH, Corp DT, Stein TD, Cantu RC, Stern RA: Chronic
traumatic encephalopathy: historical origins and current
perspective. Ann. Rev. Clin. Psychol. 2015, 11:309–330.

23. Morris M, Maeda S, Vossel K, Mucke L: The many faces of tau.
Neuron 2011, 70:410–426.

24. Kovacs GG: Invited review: neuropathology of tauopathies:
principles and practice. Neuropathol. Appl. Neurobiol. 2015, 41:
3–23.

25
��

. Chung PJ, Choi MC, Miller HP, Feinstein HE, Raviv U, Li Y,
Wilson L, Feinstein SC, Safinya CR: Direct force measurements
www.sciencedirect.com

http://refhub.elsevier.com/S2468-4511(16)30007-1/sref1
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref1
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref1
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref2
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref2
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref2
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref2
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref3
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref3
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref4
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref4
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref4
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref4
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref4
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref5
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref5
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref5
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref5
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref6
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref6
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref7
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref7
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref8
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref8
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref8
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref9
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref9
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref9
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref10
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref11
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref11
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref11
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref11
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref12
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref12
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref12
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref13
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref13
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref13
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref13
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref14
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref14
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref14
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref14
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref14
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref15
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref15
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref15
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref16
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref16
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref16
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref16
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref16
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref17
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref17
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref17
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref18
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref18
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref18
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref18
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref18
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref19
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref19
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref19
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref19
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref20
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref20
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref21
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref21
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref22
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref22
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref22
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref23
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref23
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref24
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref24
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref24
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref25
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref25
www.sciencedirect.com/science/journal/24684511


Molecular mechanisms of chronic traumatic encephalopathy van den Bedem and Kuhl 29

Author's Personal Copy
reveal that protein tau confers short-range attractions and
isoform-dependent steric stabilization to microtubules. Proc.
Nat. Acad. Sci. U. S. A 2015:E6416–E6425.

This study characterizes the tau-microtubule complex using synchro-
tron small angle X-ray scattering and computational modeling of
different tau isoforms to explain dense microtubule packing in crowded
axon environments.

26
��

. Mephon-Gaspard A, Boca M, Pioche-Durieu C, Desforges B,
Burgo A, Hamon L, Pietrement O, Pastre D: Role of tau in the
spatial organization of axonal microtubules: keeping parallel
microtubules evenly distributed despite macromolecular
crowding. Cell. Mol. Life Sci. 2016, 73:3745–3760.

This study addresses the current controversy between the polymer
brush hypothesis and the cross-bridging hypothesis and explains the
regular, dense microtubule packing within the axon via long-range
cross-bridging effect of tau using a combined analytical and numeri-
cal approach.

27. van den Bedem H, Kuhl E: Tau-ism: the Yin and Yang of
microtubule sliding, detachment, and rupture. Biophys. J.
2015, 109:2215–2217.

28. Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW:
A protein factor essential for microtubule assembly. Proc.
Nat. Acad. Sci. U. S. A 1975, 72:1858–1862.

29
��

. Wang Y, Mandelkow E: Tau in physiology and pathology. Nat.
Rev. Neurosci. 2016, 17:5–21.

This publication highlights the central role of tau in neurodegeneration,
discusses the interplay between tau phosphorylation and tau aggre-
gation, and systematically compares current tau-directed therapies in
neurodegeneration.

30. Conde C, Caceres A: Microtubule assembly, organization and
dynamics in axons and dendrites. Nat. Rev. Neurosci. 2009,
10:319–332.

31. Tang-Schomer MD, Patel AR, Baas PW, Smith DH: Mechanical
breaking of microtubules in axons during dynamic stretch
injury underlies delayed elasticity, microtubule disas-
sembly, and axon degeneration. FASEB 2010, 24:
1401–1410.

32. Spires-Jones TL, Stoothoff WH, de Calignon A, Jones PB,
Hyman BT: Tau pathology in neurodegeneration: a tangled
issue. Trends Neurosci. 2009, 32:150–159.

33. Holland MA, Miller KE, Kuhl E: Emerging brain morphologies
from axonal elongation. Ann. Biomed. Eng. 2015, 43:1640–1653.

34
�

. Ahmadzadeh H, Smith DH, Shenoy VB: Mechanical effects of
dynamic binding between tau proteins on microtubules
during axonal injury. Biophys. J. 2015, 109:2328–2337.

This study proposes a new computational model of tau-microtubule
interaction to systematically study the effects of strain and strain
rates on axonal failure; it explains mechanistically why axons fail under
high strain rates but remain intact under low strain rates, even when
stretched to twice their initial length.

35. Johnson VE, Stewart W, Smith DH: Axonal pathology in trau-
matic brain injury. Exp. Neurol. 2013, 246:35–43.

36. Weickenmeier J, de Rooij R, Budday S, Steinmann P, Ovaert TC,
Kuhl E: Brain stiffness increases with myelin content. Acta
Biomater. 2016, 42:265–272.

37. Budday S, Nay R, de Rooij R, Steinmann P, Wyrobek T,
Ovaert TC, Kuhl E: Mechanical properties of gray and white
matter brain tissue by indentation. J. Mech. Behav. Biomed.
Mater. 2015, 46:318–330.

38. Wasserman J, Koenigsberg RA: Diffuse axonal injury. 2007.
Emedicine.com.

39. Weickenmeier J, Butler CAM, Young PG, Goriely A, Kuhl E: The
mechanics of decompressive craniectomy: personalized
simulations. Comput. Methods Appl. Mech. Eng. 2017, 314:
180–195.

40. Blennow K, Brody DL, Kochanek M, Levin H, McKee AC,
Ribbers G, Yaffe K, Zetterberg H: Traumatic brain injuries. Nat.
Rev. Dis. Prim. 2016, 2:1–19.

41. Gavett BE, Cantu RC, Shenton M, Lin AP, Nowinski CJ,
McKee AC, Stern RA: Clinical appraisal of chronic traumatic
www.sciencedirect.com
encephalopathy: current perspectives and future directions.
Curr. Opin. Neurol. 2011, 24:525–531.

42. Stein TC, Alvarez VE, McKee AC: Chronic traumatic enceph-
alopathy: a spectrum of neuropathological changes following
brain trauma in athletes and military personnel. Alzheimers
Res. Ther. 2014, 6:4.

43. DeKosky ST, Blennow K, Ikonomovic MD, Gandy S: Acute and
chronic traumatic encephalopathies: pathogenesis and bio-
markers. Nat. Rev. Neurol. 2013, 9:192–200.

44. Zetterberg H, Blennow K: Fluid biomarkers for mild traumatic
brain injury and related conditions. Nat. Rev. Neurol. 2016, 12:
563–574.

45. Wuerfel J, Paul F, Beierback B, Hambhaber U, Klatt D,
Papazoglou S, Zipp F, Martus P, Braun J, Sack I: MR-elastog-
raphy reveals degradation of tissue integrity in multiple
sclerosis. NeuroImage 2010, 49:2520–2525.

46. Murphy MC, Huston J, Jack CR, Glaser KJ, Manduca A,
Femlee JP, Ehman RL: Decreased brain stiffness in Alzheim-
er’s disease determined by magnetic resonance elastog-
raphy. J. Magn. Reson. Imaging 2011, 34:494–498.

47
�

. Huston J, Murphy MC, Boeve BF, Fattai N, Arani A, Glaser KJ,
Manduca A, Jones DT, Ehman RL: Magnetic resonance elas-
tography of frontotemporal dementia. J. Magn. Reson. Imaging
2016, 43:474–478.

This publication proposes brain stiffness as a non-invasive in vivo
biomarker for neurodegeneration and uses magnetic resonance elas-
tography to demonstrate that the stiffness of the whole brain, the frontal
lobe, and the temporal lobe is significantly lower in individuals with
frontotemporal dementia than in cognitively normal controls.

48. Barrio JR, Small GW, Wong KP, Huang SC, Liu J, Merrill DA,
Giza JC, Fitzsimmons RP, Omalu B, Bailes J, Kepe V: In vivo
characterization of chronic traumatic encephalopathy using
[F-18]FDDNP PET brain imaging. Proc. Nat. Acad. Sci. U. S. A
2015, 112:E2039–E2047.

49
�

. Villemagne VL, Fodero-Tavoletti MT, Maters CL, Rowe CC: Tau
imaging: early progress and future directions. Lancet Neurol.
2015, 14:114–124.

This study compares different strategies to diagnose tauopathies
in vivo via neuroimaging, which would enable a more precise spatial
and temporal characterization of the molecular mechanisms of
neurodegeneration in different types of tauopathies.

50. Iverson GL, Gardner AJ, McCrory P, Zafonte R, Castellani RJ:
A critical review of chronic traumatic encephalopathy.
Neurosci. Biobehav. Rev. 2015, 56:276–293.

51. van den Bedem H, Fraser JS: Integrative, dynamic structural
biology at atomic resolution- it’s about time. Nat. Methods
2015, 12:307–318.

52. Budday D, Leyendecker S, van den BedemH:Geometric analysis
characterizes molecular rigidity in generic and non-generic
protein configurations. J. Mech. Phys. Solids 2015, 83:36–47.

53. Pachov DV, Fonseca R, Arnol D, Bernauer J, van den Bedem H:
Coupled motions in b2AR:Gas conformational ensembles.
J. Chem. Theor. Comput. 2016, 12:946–956.

54. de Rooij R, Miller KE, Kuhl E: Modeling molecular mechanisms
in the axon. Comput. Mech. 2017, 59:523–537.

55. Wu LC, Ye PP, Kuo C, Laksari K, Camarillo D, Kuhl E: Pilot
findings of brain displacements and deformations during roller
coaster rides. 2016 (submitted for publication).

56. McAllister TW, Ford JC, Ji S, Beckwirth JG, Flashman LA,
Paulsen K, Greenwald RM: Maximum principal strain and
strain rate associated with concussion diagnosis correlates
with changes in corpus callosum white matter indices. Ann.
Biomed. Eng. 2012, 40:127–140.

57. Camarillo DB, Shull PB, Mattson J, Shultz R, Garza D: An
instrumented mouthguard for measuring linear and angular
head impact kinematics in American football. Ann. Biomed.
Eng. 2013, 41:1939–1949.

58. Goriely A, Weickenmeier J, Kuhl E: Stress singularities in
swelling soft solids. Phys. Rev. Lett, 2016, 117:138001.
Current Opinion in Biomedical Engineering 2017, 1:23–30

http://refhub.elsevier.com/S2468-4511(16)30007-1/sref25
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref25
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref25
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref26
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref26
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref26
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref26
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref26
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref27
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref27
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref27
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref28
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref28
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref28
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref29
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref29
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref30
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref30
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref30
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref31
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref31
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref31
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref31
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref31
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref32
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref32
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref32
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref33
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref33
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref34
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref34
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref34
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref35
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref35
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref36
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref36
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref36
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref37
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref37
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref37
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref37
http://Emedicine.com
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref39
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref39
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref39
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref39
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref40
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref40
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref40
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref41
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref41
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref41
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref41
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref42
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref42
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref42
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref42
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref43
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref43
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref43
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref44
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref44
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref44
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref45
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref45
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref45
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref45
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref46
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref46
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref46
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref46
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref47
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref47
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref47
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref47
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref48
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref48
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref48
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref48
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref48
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref49
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref49
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref49
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref50
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref50
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref50
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref51
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref51
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref51
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref52
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref52
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref52
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref53
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref53
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref53
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref54
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref54
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref55
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref55
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref55
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref56
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref56
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref56
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref56
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref56
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref57
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref57
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref57
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref57
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref58
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref58
www.sciencedirect.com/science/journal/24684511


30 Future of BME

Author's Personal Copy
59. Murphy MC, Huston J, Jack CR, Glaser KJ, Senjem ML, Chen J,
Manduca A, Femlee JP, Ehman RL: Measuring the character-
istic topography of brain stiffness with magnetic resonance
elastography. PLoS One 2013, 8:e81668.

60. Ghajari M, Hellyer PJ, Sharp DJ: Computational modelling of
traumatic brain injury predicts the location of chronic trau-
matic encephalopathy pathology. Brain 2017. http://dx.doi.org/
10.1093/brain/aww317.

61. Hernandez F, Wu LC, Yip MC, Laksari K, Hoffman AR, Lopez JR,
Grant GA, Kleiven S, Camarillo DB: Six degree-of-freedom
measurements of human mild traumatic brain injury. Ann.
Biomed. Eng. 2015, 43:1918–1934.

62
�

. Meaney DF, Morrison B, Bass CD: The mechanics of traumatic
brain injury: a review of what we know and what we need to
know for reducing its social burden. Ann. Biomech. Eng. 2014,
136:021008.

This publication highlights recent advances and discusses the potential
of biomedical engineering in understanding mild traumatic brain injury
across the molecular, cellular, and whole organ scales.

63. Post A, Oeur A, Walsh E, Hoshizaki B, Gilchrist MD: A centric/
non-centric impact protocol and finite element model meth-
odology for the evaluation of American football helmets to
evaluate risk of concussion. Comput. Methods Biomech.
Biomed. Eng. 2014, 17:1785–1800.

64. Kurt M, Laksari K, Kuo C, Grant GA, Camarillo DB: Modeling and
optimization of airbag helmets for preventing head injuries in
bicycling. Ann. Biomed. Eng. 2016. http://dx.doi.org/10.1007/
s10439-016-1732-1.

65. Cloots RJH, van Dommelen JAW, Kleiven S, Geers MGD: Multi-
scale mechanics of traumatic brain injury: predicting axonal
strains from head loads. Biomech. Model. Mechanobiol. 2013,
12:137–150.
Current Opinion in Biomedical Engineering 2017, 1:23–30
66. Woerman AL, Aoyagi A, Patel S, Kazmi SA, Lobach I,
Grinberg LT, McKee AC, Seeley WW, Olson S, Prusiner SB: Tau
prions from Alzheimer’s disease and chronic traumatic en-
cephalopathy patients propagate in cultured cells. Proc. Nat.
Acad. Sci. U. S. A 2016:E8187–E8196.

67. Goriely A, Budday S, Kuhl E: Neuromechanics: from neurons
to brain. Adv. Appl. Mech. 2015, 48:79–139.

68
��

. Jucker M, Walker LC: Self-propagation of pathogenic protein
aggregates in neurodegenerative diseases. Nature 2013, 501:
45–51.

This publication interprets neurodegeneration within the wide class of
diseases characterized through misfolded proteins that aggregate into
seeds, form pathogenic assemblies, and spread in a prion-like manner;
within this prion paradigm, the authors identify new therapeutic strategies
for a large class of currently intractable neurodegenerative diseases.

69
��

. Kondo A, Shahpasand K, Mannix R, Qiu J, Moncaster J,
Chen CH, Yao Y, Lin YM, Driver JA, Sun Y, et al.: Antibody
against early driver of neurodegeneration cis P-tau blocks
brain injury and tauopathy. Nature 2015, 523:431–436.

This study is the first to identify cistauosis, the formation of cis
phyosphorylated tau protein, as an early marker of tauopathy, and
introduce a cis antibody, which blocks the process of cistauosis and
prevents tauopathy development and spread.

70. Kriegel J, Papadpoulos Z, McKee AC: Chronic traumatic en-
cephalopathy: is latency in symptom onset explained by tau
propagation? Cold Spring Harb. Perspect. Med. 2017. http://
dx.doi.org/10.1101/cshperspect.a024059.

71. Goriely A, Geers MGD, Holzapfel GA, Jayamohan J,
Jerusalem A, Sivaloganathan S, Squier W, van Dommelen JAW,
Waters S, Kuhl E: Mechanics of the brain: perspectives,
challenges, and opportunities. Biomech. Model. Mechanobiol.
2015, 14:931–965.
www.sciencedirect.com

http://refhub.elsevier.com/S2468-4511(16)30007-1/sref59
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref59
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref59
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref59
http://dx.doi.org/10.1093/brain/aww317
http://dx.doi.org/10.1093/brain/aww317
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref61
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref61
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref61
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref61
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref62
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref62
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref62
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref62
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref63
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref63
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref63
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref63
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref63
http://dx.doi.org/10.1007/s10439-016-1732-1
http://dx.doi.org/10.1007/s10439-016-1732-1
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref65
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref65
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref65
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref65
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref66
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref66
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref66
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref66
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref66
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref67
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref67
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref68
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref68
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref68
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref69
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref69
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref69
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref69
http://dx.doi.org/10.1101/cshperspect.a024059
http://dx.doi.org/10.1101/cshperspect.a024059
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref71
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref71
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref71
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref71
http://refhub.elsevier.com/S2468-4511(16)30007-1/sref71
www.sciencedirect.com/science/journal/24684511

	Molecular mechanisms of chronic traumatic encephalopathy
	A brief history of chronic traumatic encephalopathy
	Chronic traumatic encephalopathy is a progressive degenerative disease
	Chronic traumatic encephalopathy is more than just a disorder associated with boxing
	Chronic traumatic encephalopathy spans across multiple spatial and temporal scales

	Spatial and temporal determinants of neurodegeneration
	On the molecular level, neurofibrillary tangles are a hallmark of neurodegeneration
	On the cellular level, breakdown of the tau-microtubule complex induces diffuse axonal injury
	On the organ level, neurodegeneration results in pronounced gray and white matter atrophy

	Challenges & opportunities
	How can we diagnose chronic traumatic encephalopathy?
	How can we predict the effects of chronic traumatic encephalopathy?
	How can we treat chronic traumatic encephalopathy?

	Acknowledgements
	References


