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Abstract

Unique from other brain disorders, traumatic brain injury (TBI) generally results from a discrete 

biomechanical event that induces rapid head movement. The large size and high organization of 

the human brain makes it particularly vulnerable to traumatic injury from rotational accelerations 

that can cause dynamic deformation of the brain tissue. Therefore, replicating the injury 

biomechanics of human TBI in animal models presents a substantial challenge, particularly with 

regard to addressing brain size and injury parameters. Here we present the historical development 

and use of a porcine model of head rotational acceleration. By scaling up the rotational forces to 

account for difference in brain mass between swine and humans, this model has been shown to 

produce the same tissue deformations and identical neuropathologies found in human TBI. The 

parameters of scaled rapid angular accelerations applied for the model reproduce inertial forces 

generated when the human head suddenly accelerates or decelerates in falls, collisions, or blunt 

impacts. The model uses custom-built linkage assemblies and a powerful linear actuator designed 

to produce purely impulsive nonimpact head rotation in different angular planes at controlled 

rotational acceleration levels. Through a range of head rotational kinematics, this model can 

produce functional and neuropathological changes across the spectrum from concussion to severe 

TBI. Notably, however, the model is very difficult to employ, requiring a highly skilled team for 

medical management, biomechanics, neurological recovery, and specialized outcome measures 

including neuromonitoring, neurophysiology, neuroimaging, and neuropathology. Nonetheless, 

while challenging, this clinically relevant model has proven valuable for identifying mechanisms 

of acute and progressive neuropathologies as well as for the evaluation of noninvasive diagnostic 

techniques and potential neuroprotective treatments following TBI.
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1 Introduction

1.1 Traumatic Brain Injury (TBI)

TBI represents a major health and socioeconomic problem, as annually in the USA alone 

there are over 80,000 deaths with over five million exhibiting chronic neurological deficits 
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[1 – 6]. The so- called “mild” TBI, otherwise known as concussion, is astonishingly 

prevalent as it is estimated that 1.6–3.8 million sports-related concussions occur in the USA 

each year [2, 7 – 11]. Moreover, recent military conflicts have seen a dramatic increase in 

the prevalence of TBI compared to twentieth century wars, causing TBI to be described as 

the “signature injury” of the modern warfighter [12]. The persisting and even progressive 

neuropathology and neurological dysfunction triggered by this mechanical injury represents 

a particularly unique challenge, as noted in preclinical models and humans [13 – 20].

As a heterogeneous disorder, long-term outcome following TBI is dependent on the type and 

severity of the initial physical event (primary injury) compounded by multifaceted 

pathophysiological consequences (secondary injuries) [21 – 27]. The primary injury 

represents physical damage on the macro- (tissue tears, vascular disruption), micro- (cell 

shearing), or nano-scale (cytoskeletal breakage, plasmalemmal damage). Complex 

secondary pathophysiological cascades include inflammation and reactive gliosis, edema, 

metabolic deficits, loss of ionic homeostasis, aberrant enzymatic activation, increase in 

reactive oxygen species, excitotoxicity, hypoxia, and altered cell signaling [16, 26, 28 – 32]. 

These deleterious cascades may lead to prolonged cellular dysfunction, axonal degeneration, 

and cell death [32 – 36]. Collectively, the initial injury and evolving pathophysiology often 

lead to neurodegeneration and other pathologies progressing over weeks, months, years, or 

even decades [16, 20, 24, 31, 32, 37 – 41]. Due to chronic and progressive mechanisms of 

neurophysiological dysfunction and neuronal/axonal degeneration, TBI can be considered an 

acute biophysical trauma that can lead to a neurodegenerative disease state in some cases.

Across the severity spectrum of TBI, outcomes vary from temporary, mild cognitive deficits 

to permanent, severely debilitating changes affecting motor function, emotion, and cognition 

[41, 42]. Even concussion may lead to cognitive disruptions immediately post-injury as well 

as persistent neurological deficits [43 – 46]. Moreover, functional impairment following TBI 

may be prolonged due to complex degenerative cascades, the limited regenerative ability of 

the brain, and lack of effective treatments. Unfortunately, despite reports of hundreds of 

treatments that have show efficacy in rodent models of TBI, none have translated to clinical 

use despite over 30 clinical trials based on the preclinical data [47, 48]. While the lack of 

positive findings in clinical studies may reflect the complexity and heterogeneity of human 

TBI and challenges in clinical trial design [28], it may also serve as a cautionary tale of the 

inability of rodent models to replicate the pathophysiology and neurodegenerative sequelae 

of clinical TBI [49].

1.2 TBI Biomechanics: The Importance of Head Rotational Acceleration

TBI is unique from any other neurological affliction in that it is induced by a discrete 

physical event. The vast majority of clinical TBIs are closed-head (i.e., non-penetrating) 

diffuse brain injuries caused by inertial loading to the head [2, 17, 30, 50 – 52]. The cause of 

the inertial loading is the transfer of kinetic energy, typically based on the body/head having 

momentum and impacting a larger object (e.g., concrete in the case of a fall or a dashboard 

in the case of a motor vehicle collision) to cause rapid deceleration; and/or the head being 

impacted by a object having significant momentum (e.g., tackler in American football, head 

collisions in soccer) to rapidly accelerate the head (with deceleration often occurring due to 
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another impact and/or due to anatomical limitations, e.g., the chin impacting the chest). Of 

note, the head may be loaded without an impact, as the transfer of kinetic energy can occur 

through the body (e.g., restrained occupant in a motor vehicle collision). In moderate-to-

severe TBI, the impact loading itself commonly exerts focal effects such as overt bleeding 

and contusion on the brain surface. However, approximately 90 % of clinical TBIs are 

classified as mild, which by definition are closed-head injuries and not typically associated 

with bleeds or contusions, although there is debate in this area [53, 54]. In concussion, 

although impact and inertial loading of the head generally act in combination, the linear 

forces associated with head impact primarily serve to rapidly accelerate or decelerate the 

head relative to the body, thus generating rapid angular acceleration– deceleration of the 

head.

Such rapid rotational loading of the head generates complex stress–strain fields throughout 

brain tissue, which was suggested over 70 years ago to be the principal cause of diffuse brain 

injury [55, 56] (Fig. 1). This relationship is exemplified with concussion in particular, where 

loss-of-consciousness or other neurological deficits occur absent a focal (impact) contusion, 

suggesting that a blow to the head causes diffuse strain fields associated with rapid head 

rotation (inertial loading). Indeed, the importance of head movement/rotation to the etiology 

of concussion was established in seminal studies by Drs. Denny-Brown and Russell, who 

found that transient loss-of-consciousness was readily induced when the head was free to 

rotate, but not when forces were applied to a fixed head [55]. This work was extended in a 

series of seminal studies conducted by Dr. Ommaya and colleagues at the National Institutes 

of Health in the 1960s and 1970s establishing the importance of head rotational versus linear 

(translational) accelerations in loss-of-consciousness and associated neuropathology using 

nonhuman primates (NHP) [57 – 62]. Here, neurological endpoints such as loss-of-

consciousness and coma were rarely obtained with impacts causing linear head motion—and 

when present, only at extremely high “g” levels—but rather occurred with much lower 

impact thresholds when the head was free to rotate causing angular acceleration. This was 

also reflected in the presence and distribution of diffuse axonal injury (DAI)—the hallmark 

pathology of closed-head TBI—which was suggested to be biomechanically induced based 

on the generation of diffuse strain patterns in the brain following rotation, but was not 

present with linear head motion.

After numerous studies rigorously testing linear versus rotational head acceleration in loss-

of-consciousness, coma, intracerebral hemorrhage, and DAI, Ommaya and Gennarelli 

concluded that:

At equivalent levels of input acceleration, rotation of the head appears to be 

necessary for loss of consciousness as well as productive of diffuse and focal 

lesions in the brain, the main damage distribution being at brain surfaces and at 

zones of changes in density of the intracranial tissues. Translation of the head in the 

horizontal plane on the other hand produces essentially focal effects only, resulting 

in well-circumscribed cerebral contusions and intracerebral hematomas; such focal 

effects do not appear adequate for the production of cerebral concussion or other 

evidence of diffuse effects on the brain. [50]
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Collectively, this body of work over the 1960–1970s established a causal link between the 

physical and physiological consequences of TBI, and in particular the importance of head 

rotational acceleration in the etiology of diffuse brain injury. Building on these seminal 

studies, subsequent work applied analytical and physical models to determine the relevant 

tissue-level strain fields resulting in the previously observed neuropathology, suggesting the 

need for high strains (10–50 %) at the tissue- and cell-level, delivered at rapid strain rates of 

10–50 s–1 (i.e., over tens of milliseconds) [63 – 67]. Of note, many biophysical responses in 

neural cells have been shown to be strain rate-dependent owing to the viscoelastic nature of 

cells where at high strain rates—characteristic of TBI—the cellular structures may behave in 

a brittle manner whereas at low strain rates structures may be compliant even for large 

strains [68 – 74]. At or beyond these empirically derived biomechanical thresholds, there 

will be an element of physical tissue, cellular, and/or axonal damage that may be focal, 

multifocal, or completely diffuse, resulting in varied manifestation from overt disruption of 

intra- and extra-cerebral vasculature (e.g., acute subdural hematoma) to subtle cellular 

and/or subcellular damage (e.g., diffuse axonal injury in subcortical white matter); with 

particularly vulnerable brain regions depending on factors such as the local neuroanatomy, 

micro-structural discontinuities (i.e., interfaces), cell (tract) orientation, and plane of head 

rotation [63, 64, 75 – 79]. Moreover, in closed-head diffuse brain injury, the dominant mode 

of brain tissue deformation is shear strain, owing to the shear modulus being at least several 

orders of magnitude lower than the bulk modulus of brain tissue [56, 70, 80, 81]. From a 

tissue mechanics standpoint, this makes the strain fields in the brain highly dependent on 

rotational loading, but relatively impervious to linear translation—thus furthering the links 

between head rotational acceleration, tissue strain levels, and resulting macro- to micro-

neuropathology.

Remarkably, the collective experimental observation over the past 50 years have borne out 

predictions made by Holbourn in the 1940s, who postulated that rotational forces were 

necessary to generate shear strain patterns in viscoelastic (and virtually incompressible) soft 

tissue, whereas significant tissue deformation fields would not be achieved by linear forces 

[56]. Holbourn's own work on the mechanics of head injury coupled with the physiological 

work of his contemporaries led him to conclude that “concussion is a rotational injury” [56]. 

Thus, it is the consensus view in the field that this rapid rotational loading of the head and 

neck about the craniocervical junction and torso (i.e., acceleration–deceleration inertial 

loading) is the proximal cause of diffuse brain injury in general and concussion in particular. 

Therefore, attention to the tissue and cellular biomechanics of injury—based on tissue- and 

cellular-level strain fields—is critically important to fully describe clinical TBI across the 

spectrum of severities as well as to validate experimental preclinical models.

1.3 The Importance of Large Animal Models of TBI and Human Relevance

The complex neuroanatomy and neurophysiology of humans and other large mammals such 

as pigs, denoted by gyrencephalic brains, substantial white matter domains and specific 

pathophysiological features, may be key factors in the development of specific features of 

trauma-induced neuropathology [30, 82]. Although rodent models provide a powerful 

platform to elucidate mechanisms of trauma-induced neurodegeneration, they may not be 

suitable to mimic all aspects of clinical TBI. Therefore, it is important that biomechanically 
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and neuroanatomically dependent phenomena elucidated in rodent models be subsequently 

evaluated in large animal models of TBI prior to extrapolation to humans. In particular, there 

are crucial differences between the rat (or mouse) and pig brain that must be considered in 

modeling closed-head TBI. First, brain mass is an important consideration, and is a key 

parameter in closed head inertial brain injury where mass-mass effects dominate [56, 61, 62, 

75]. Large-animal models of closed-head TBI may be uniquely capable of replicating the 

tissue-level biomechanics of inertial brain injury marked by diffuse strain patterns in the 

brain. It is a significant challenge to achieve sufficient head rotational acceleration in small 

rodents to mimic the tissue-level forces without inducing compression effects or rupture of 

the vasculature, although some have proposed models for this purpose [83, 84]. Another key 

similarity between the human and pig brain is gross neuroanatomy, as humans and most 

large mammals possess gyrencephalic (3D gyri and sulci) brains with substantial white 

matter domains whereas rats and mice have lissencephalic brains with a paucity of white 

matter. Specifically, human and porcine brains exhibit a similar 60:40 ratio of white matter 

to gray matter, whereas that ratio is 14:86 in rats and 10:90 in mice [85 – 87]. This 

discrepancy in white matter geometry and volume between large mammals versus rodents is 

a crucial component for the fidelity of modeling the mechanisms and distribution of DAI, 

the hallmark pathology of closed-head diffuse brain injury across a range of severities in 

humans [15, 30, 51, 52, 88 – 91]. Also, cortical neuronal degeneration immediately post-

trauma and in chronic traumatic encephalopathy follows a distinct pattern with respect to the 

macro neuroanatomy [38]—which would be impossible to mimic using lissencephalic 

rodents. Pathophysiological components are also important. Rodents (absent genetic 

modifications) normally do not acquire specific neurodegenerative pathologies such as Aβ 
plaques; however, these pathologies are found in swine post-TBI [19, 92]. Moreover, the 

majority of rodent TBI studies utilize open skull techniques and are dominated by focal/ 

impact injuries, which poorly replicate diffuse brain injury and inherently possess 

craniectomy and/or bleeding, which confound any attempt at “mild” levels of TBI [93]. 

Overall, models employing lissencephalic animals may fail to capture the mechanisms and 

distribution of acute pathophysiological responses and neuropathological manifestation such 

as neuronal and axonal degeneration.

The relatively low mass rodent brain make attempts to properly scale closed-head inertial 

forces prohibitively challenging, and DAI is a pathology difficult to replicate in 

lissencephalic rodents with a paucity of white matter. Thus, a large animal model with 

biomechanical fidelity to clinical TBI is valuable to identify acute and chronic 

pathophysiological and neurodegenerative changes following closed-head TBI and to 

validate pathophysiological mechanisms found using rodents.

1.4 Overview of Large Animal TBI Studies at the University of Pennsylvania

After Ommaya's seminal studies in the 1960s and 1970s, researchers focused on gaining an 

improved understanding of the biomechanics, injury etiology, and treatment of diffuse 

traumatic white matter injury using several species, ages, assessments, and post-injury 

intervals ranging from hours to months [64, 75 – 77, 79, 94 – 110]. The initial studies in the 

1970s through the early 1980s investigated a spectrum of brain injuries ranging from mild 

cerebral concussion through severe injuries such as DAI with prolonged coma and/or acute 
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subdural hematoma in the NHP [75 – 77, 94]. Of note, while mild brain injuries (e.g., 

concussion) are the most common types of brain injuries, DAI and subdural hematoma are 

responsible for approximately 70 % of the mortality and morbidity associated with brain 

injury. These landmark studies included a broad range of rotational loading directions, 

acceleration amplitudes, as well as repeated and single loads, and revealed thresholds for 

concussion, coma, and subdural hematoma as a function of rotational acceleration levels 

across different planes of rotation [75 – 77, 94]. Moreover, this work revealed patterns of 

prominent neuropathology including DAI similar to that seen in humans postmortem [75]. 

These initial studies were highly impactful for the TBI field, greatly increasing our 

understanding of the biomechanical etiology and thresholds for a range of neurological and 

neuropathological consequences of TBI. Importantly, these studies built on Ommaya's work 

establishing that diffuse brain injuries were predominantly caused by rotational accelerations 

of the head.

1.5 Overview of the Injury Apparatus for Rapid Head Rotation Without Impact

In the early 1990s, Gennarelli began working with Meaney and Smith to develop a model of 

non-impact closed-head rotational TBI in adult swine [64, 79, 92, 95 – 99, 111 – 114]. This 

model was later adapted by Margulies and colleagues as a pediatric model of TBI using 

neonatal to adolescent swine [100 – 109, 115 – 124]. For these studies, the injury device 

subjects the porcine head to nonimpact, rapid angular acceleration to induce inertial forces 

common in human TBI resulting from falls, impacts, or collisions [64, 79, 125]. This 

porcine model has been shown to induce reproducible neurological and neuropathological 

deficits ranging from short-term neurological abnormalities to prolonged loss-of- 

consciousness/ coma, mild edema to profound increases in intracranial pressure, vascular 

abnormalities with or without the presence of overt hemorrhages, and, upon postmortem 

examination, astrogliosis, neuro-inflammation, perikaryal degeneration and multifocal DAI 

[79, 92, 96, 98] (see section 3 Outcome Measurements below). Due in large part to 

neuroanatomical similarities between humans and pigs and biomechanical inputs 

representative of diffuse rotational loading in humans, this model is the most clinically 

relevant model of closed- head diffuse brain injury in use today. Of note, outcomes vary 

based on plane of head rotation, escalating head rotational acceleration/velocity kinematics, 

and time post-injury. Importantly, the emergence and distribution of these features—with 

proper bio-mechanical scaling—mirror that seen in humans across the spectrum from “mild” 

to “severe” TBI. Indeed, it has been well established that the porcine model is suitable to 

model clinical TBI as it satisfies key considerations related to the human condition, 

including the injury biomechanics, cellular biophysical responses, pathophysiological 

progression, and neurodegenerative sequelae of clinical TBI.

2 Application of the HYGE Device as a Large Animal Model of Closed-Head 

TBI

Using a pneumatic device (HYGE, Inc., Kittanning, PA; formerly BENDIX, Corp.), the 

injury paradigm was developed to establish a preclinical model of closed-head diffuse brain 

injury with biomechanical and neuropathological fidelity to inertial TBI in humans and not 

confounded by impact or focal contusion effects. The HYGE model is based on pure 
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impulsive head rotational acceleration and deceleration using mammals with large brain 

mass and complex gyrencephalic neuroanatomy. This well-characterized model subjects the 

head to rapid angular acceleration using custom- built linkage assemblies coupled to a 

pneumatic actuator to convert linear motion to angular motion. In this fashion, this model 

produces pure impulsive non-impact head rotation in different planes at controlled rotational 

acceleration levels [64, 79, 98, 126] (Fig. 2). Multiple strains of pigs have been used with the 

HYGE, including Hanford and Yucatan miniature swine and Yorkshire swine (standard 

North American farm strain) over a range of immature ages to the adult. In the past, all tests 

were conducted using female pigs; however, male pigs have recently been incorporated into 

studies. In all these strains, brain masses range from 35–80 g for neonatal to adolescent pigs 

and 80–150 g for adult pigs, and total body weight at the time of injury ranges from 

approximately 2–50 kg.

2.1 Induction of Head Rotational Diffuse Brain Injury Using the HYGE Pneumatic Actuator

All procedures with the model are carried out in accordance with the University of 

Pennsylvania's Institutional Animal Care and Use Committee and adhere to policies set forth 

in the Guide for the Care and Use of Laboratory Animal, Eighth Edition. During the 

procedure, the animals are fully anesthetized and physiological parameters are monitored 

continuously throughout the procedure, including SpO2, heart rate, respiratory rate, and 

temperature (Fig. 3). For coupling to the linkage assembly, the animals are secured to a 

custom-built bite plate designed to accommodate the jaw and snout.

2.2 HYGE Device Operation

The HYGE device uses compressed gas to accelerate an internal piston that moves a thrust 

column in a programmable linear fashion. This shaft is then coupled externally to a custom-

built external linkage assembly to produce the desired kinematics (Fig. 4). Specifically, the 

kinematic linkage assembly is directly coupled to the thrust column of the HYGE actuator, 

and converts the linear action of the thrust column to angular (rotational) motion. The 

actuator consists of a pneumatic cylinder 6 in. in diameter, and the internal piston is 

surrounded by a hydraulic fluid (i.e., transmission fluid) within the shaft. The piston is 

driven by a preset differential pressure using compressed nitrogen and is capable of 

generating 40,000 lb of thrust (over 18,000 kg) in less than 6 ms. The linkage incorporates 

the ability to independently control the center of rotation, degree of angular excursion, and 

direction of the motion relative to the anatomy. All of the aspects of acceleration waveform 

and magnitude are controlled by custom designed metering pins located internal to the 

HYGE device.

The side arms and bite plate (and thus the animals' head) are transduced rotationally by the 

linkage assembly upon activation of the HYGE piston (Fig. 4). Importantly, the HYGE 

device permits head rotations in the sagittal, coronal, horizontal, and oblique planes, with a 

center of rotation about the cervical spine. The force generated by the piston is determined 

by differential pressure levels inputted into load and set chambers, thus providing direct 

control of the magnitude of the rotational acceleration transduced by the linkage assembly. 

Two metering pins are used to create a biphasic, acceleration–deceleration load time history. 

The magnitude of these components can be adjusted by changing the metering pin profiles to 
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produce a predominant deceleration phase if desired. Thus, the HYGE device has the 

capability to independently modify angular acceleration/deceleration and angular velocity by 

using alternative acceleration and deceleration metering pins, respectively (Fig. 4). Although 

the duration of the inertial load is comparable to impact loading conditions (3–20 ms), a 

limitation of the HYGE device is that it may not model the sudden deceleration (or 

acceleration) that can occur with severe blunt impact. Long-term usage of the system has 

provided calibration curves to enable the HYGE to be set to a specific angular velocity based 

on the input pressures and the particular side arms used. As a result, one can reproducibly 

control the angular velocity and acceleration of the head, and thus the severity of the injury.

2.3 Measurement of Injury Kinematics

The injury kinematics are measured for each study. Specifically, angular velocity is 

measured by a magnetohydrodynamic sensor (custom-built ARS-06 from Applied 

Technology Associates, Albuquerque, NM) mounted to the linkage assembly sidearm. Since 

the linkage arm and the head are rigidly affixed to each other, tracking the linkage arm 

angular velocity equates with tracking the angular velocity of the head without the 

confounder of direct attachment to the scalp (angular velocity is the same anywhere along 

the same lever arm). The sensor transduces angular velocity into an electric field (voltage) 

that is generated by the movement of a conducting fluid in relation to a permanent magnet. 

Each sensor has been calibrated by Applied Technology Associates to allow conversion of 

voltage to angular velocity. The voltage is measured by a National Instruments data 

acquisition system running custom written LabView software to acquire voltage samples at 

10 kHz (one sample every 0.1 ms), and then these measurements are converted to angular 

velocity based on the calibration of each individual sensor. The angular movement can be 

visualized by plotting angular velocity versus time. Angular displacement is calculated by 

integrating the angular velocity, whereas angular acceleration is calculated by taking the 

derivative of the angular velocity as described [107].

A second derivative of the filtered angular velocity can also be computed to calculate the 

angular jerk. From these operations, traces for the angular position, velocity, and 

acceleration may be attained for a given injury (see Table 1). For each injury, traces are 

analyzed to compute maximums, minimums, and averages for each parameter (Fig. 5). The 

start and end points are manually picked out with assistance of custom software that shows 

each instance the angular velocity crossed zero (negative to positive value or positive to 

negative value). The peak velocity point is a key component in the HYGE movement. The 

point not only provides a straightforward metric for injury severity, but this point also 

provides a dividing mark between a positive phase of acceleration and a negative phase of 

acceleration (deceleration). Analysis is performed separately on both phases. From all the 

traces and start/end points, motion parameters of the injury may be extracted and compared 

from trial to trial. Under these parameters, the HYGE device is capable of excursions up to 

110° in <20 ms (generally <12 ms), generating angular velocities of up to 350 rad/s at 

angular accelerations up to 300,000 rad/s.
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2.4 Injury Biomechanics: Human Scaling, Physical Models, and Anatomical Considerations

The loading conditions generated by this device closely approximate the conditions of 

inertial brain injury in humans based on brain mass scaling. Traditionally, the rotational 

accelerations necessary to scale tissue-level forces from human to pigs has been 

accomplished based on Holbourn's Scaling Equation with subsequent refinements (A.H.S. 

Holbourn [1956]; private communication to Dr. Sabina Stritch, October 13, 1956; [127]). 

Thus, the smaller porcine brain mass (<150 g) requires higher levels of rotational 

acceleration to produce injuries that mimic those seen in the adult human (brain mass 

approximately 1000–1500 g) (Fig. 5). Porcine to human kinematic scaling has been 

improved to account for additional factors such as age and brain tissue mechanical 

properties [104]. An alternative scaling relationship based on rotational velocity has also 

previously been proposed [127]. Recently, we have used these simplified scaling 

relationships to transfer the rotational accelerations associated with concussion in humans, 

described in recent studies to be 5600–8000 rad/s [128 – 132], to equivalent rotational 

motions in the smaller young adult swine brain [114]. Based on these estimated scaling 

relationships and the range of brain mass for humans and young adult swine, we calculated 

that coronal plane rotational accelerations ranging from 28,000–59,000 rad/s (corresponding 

with rotational velocities of approximately 110–150 rad/s) were associated with these 

concussion thresholds in humans. In addition, we previously determined that axial plane 

accelerations in pigs caused increased localized strains in the brainstem region [133] 

compared to coronal plane accelerations, so we therefore calculated a proportionally lower 

level of peak rotational acceleration in this plane of 14,000–30,000 rad/s (corresponding 

with rotational velocities of approximately 95–120 rad/s). Therefore, equivalent tissue-level 

strain fields between the porcine brain and human brain are predicted to occur during 

rotational acceleration at rates approximately 4–6 times greater for pigs, owing to the 

reduced brain mass of swine relative to humans.

There is a broad range of rotational acceleration levels attainable using the HYGE device, as 

well as the capability for angular acceleration and deceleration to be modified independently 

of the angular velocity. This unique capability may allow the elucidation of the relative 

contributions of rotational velocity, rotational acceleration, and acceleration duration to 

determine the importance of these kinematic variables on injury risk. To further establish 

links between macro- and micro-biomechanical features as well as to advance scaling to 

human injuries, the HYGE device has been used to subject physical models of the skull - 

brain structures to identical loading conditions used to produce specific brain injuries in 

animals [63, 65, 66, 104, 126]. The data from these physical model experiments together 

with an analytical approximation of the deformations of the tissues of the brain allowed the 

development of early correlations between the specific brain injuries and the loading 

conditions. Thus, the HYGE device is ideally suited to identify biomechanical thresholds for 

concussion and various neuropathologies based on targeted kinematic parameters, and relate 

these outcomes to predicted and measured tissue-level strain fields.

A consideration in extrapolating findings from this porcine model to human TBI is based on 

whole-organism neuroanatomi-cal differences. As quadrupeds, pigs alter the dynamics of 

tissue strains across distinct structures based on brain anatomy, likely affecting specific 
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regions such as cerebellar versus cerebral strain fields. Also, the relationship between the 

center-of-mass and the center-of-rotation varies across injury planes for human versus pigs. 

In humans, the center of mass and center of rotation are approximately the same for rotation 

in the horizontal/axial plane, but different for head rotation in the sagittal and coronal planes. 

Alternatively, in quadrupeds, the center of mass and center of rotation are the same for 

rotation in the coronal plane, but differ in the sagittal and horizontal/axial planes (see Fig. 2). 

Notably, sagittal is the only plane where the relationship between the location of the center 

of mass and center of rotation is similar between humans and quadrupeds (proportionally). 

These notable differences between human and porcine anatomy are known parameters that 

can be accounted for experimentally and in mathematical simulations of strain fields.

3 Outcome Measurements

Over the last 20 years, this unique porcine model of TBI has been instrumental in seminal 

discoveries linking the biomechanics, pathobiology, physiological, and cognitive/behavioral 

outcomes of closed-head TBI. Moreover, these studies have improved our ability to monitor 

and noninvasively assess overt and subtle pathological features of injury. Thus far, studies 

using this model have been reported in numerous publications [64, 79, 92, 95 – 109, 111 – 

124].

3.1 Neurological Recovery

This porcine model of non-impact closed-head rotational-acceleration induced TBI results in 

different neurological outcomes which are dependent on the plane of head rotation and the 

level of rotational acceleration/velocity [67, 98, 114, 126, 134]. In general, adult swine 

undergoing rotational injury in the coronal plane at the levels tested (typically 120–300 

rad/s) experience brief or no apnea and do not present a measurable loss-of- consciousness. 

These coronal-rotated animals generally recover quickly and without overt signs of injury. 

Specifically, the animals regain consciousness within 15–30 min of removing anesthesia 

(i.e., indistinguishable from sham animals), require little to no oversight during recovery, 

and become ambulatory, regain balance, and self-feed within a few hours of the procedure. 

In contrast, animals are more vulnerable to head rotation in the sagittal or axial planes. At 

head rotational velocity levels above 110 rad/s in these planes, the animals generally exhibit 

some degree of loss-of-consciousness (i.e., transient or prolonged/coma), typically on the 

order of hours.

These animals often need continuous oversight during recovery, with many requiring 

ventilation due to vascular compromise, brain swelling and marked increases intracranial 

pressure (ICP) as described below. Head rotational velocity beyond 130 rad/s generally 

results in persistent coma and prolonged neurointensive care and ventilation. Moreover, 

acute changes in EEG activity have been noted in injured animals [98]. Changes included 

slowing of alpha rhythms in the frontal and parietal areas and intermittent rhythmic high 

amplitude theta and delta activity. Thus the full spectrum of acute neurological outcomes 

may be attained based on rotational levels, including no overt changes, transient loss-of-

consciousness, prolonged coma, and even death. Overall, based on loss-of-consciousness 

and neurological recovery, head rotation in the coronal plane at levels generated by the 
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HYGE are considered to induce a “mild” TBI phenotype, whereas sagittal or axial plane 

rotation is considered to induce a “mild,” “moderate,” or “severe” TBI phenotype depending 

on the head rotational levels employed [98, 114, 126, 134]. Of note, these observations have 

been consistent across sexes and strains, and are specifically based on the ranges of angular 

velocities/acceleration tested to date.

To semiquantitatively assess the acute neurological recovery and depth of unconsciousness 

in brain-injured pigs, we have developed a numerical coma scale scoring system based on 

the following categories: corneal reflex (0 = absent, 1 = unilateral, 2 = bilateral); response to 

pain (0 = absent, 1 = movement without any sign of intention, 2 = movement with intention); 

spontaneous eye opening (0 = negative, 2 = positive); and righting reflex (2 = positive). The 

severity of coma was determined by the sum of the scores: 0–1 represented severe coma, 2 

or 3 moderate coma, 4 or 5 mild coma, and 6–8 emergence from coma [98]. A coma scale 

score is determined for each animal at 30-min intervals beginning immediately following the 

injury. Further evaluation was based on gross neurosensory examination including normal 

startle reflexes, gait, rooting behavior, eating, and drinking; however, these are only 

qualitatively assessed.

3.2 ICP Changes and Edema

A common cause of death and long-term disability following severe TBI is devastating 

elevations in ICP caused by vascular compromise and/or secondary sequelae causing edema. 

Indeed, the control of increased ICP is a major therapeutic goal in neurointensive care and 

neurosurgical settings. As such, ICP measurements before and after TBI in a completely 

closed-head environment have a significant research value in order to better understand the 

mechanisms of TBI-induced ICP increases and ultimately to optimize effective ICP-

management therapies for patients. The porcine model of closed-head rotational TBI is 

ideally suited to acquire such dynamic measurements using human-scale devices (Fig. 6). 

Accordingly, in recent studies we developed custom-built, small, fully implantable wireless 

devices (both analog and digital) capable of continuously measuring ICP prior to, during, 

and after head rotational acceleration in swine [135 – 137]. Across various studies, the mean 

baseline ICP ranged from 9.5 ± 3.4 to 16.7 ± 4.6 mmHg (mean ± standard deviation; 

typically measured over a ∼24 h period before injury), and varied based on activity level and 

body position. Following rapid head rotation, device integrity and positioning remained 

suitable for dynamic ICP reading within 2 min post-injury, which is impressive given the 

rotational forces used to induce diffuse brain injury in these studies (peak angular 

acceleration of over 50,000 rad/s). Head rotation in the sagittal plane inducing severe injury 

produced a rapid and extreme ICP spike occurring immediately upon injury, generally 5–7 

times baseline measurements and peaking at 8–10 min post-injury. The acute elevation in 

ICP generally lasted for 40–60 min, followed by a gradual decline to maintain an elevated 

level of 2–4 times baseline over several hours post-injury.

To confirm our measurements, the gold standard Camino ICP monitor (1104B, Integra Life 

Sciences) was introduced into the parenchyma 1–3 h post-injury (placed contralateral to 

wireless device). Over multiple trials, Camino measurements were within 10 % of 

concurrent measurements with custom implanted devices, with discrepancies potentially 
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attributed to different placement (intraparenchyma versus subdural). Gross pathology 

revealed subdural hematoma in animals experiencing immediate ICP changes, whereas 

persistently elevated ICP was likely influenced by both cytotoxic and vasogenic edema. 

Moreover, the results attained with our novel implantable devices were consistent with 

previously published post-TBI ICP trends obtained by the Camino catheter using this swine 

model [79].

This fully implantable, telemetry-based neuromonitoring system may be utilized as a tool to 

diagnose and track ICP changes following TBI for a range of severities with diminished risk 

of infection. Our findings demonstrated a significant spike in ICP at the time of head 

acceleration and a sustained increase in ICP over a period of time post-injury. Moreover, 

different peak ICP levels were observed at the different injury levels. While not unexpected, 

this novel system provides the opportunity to acquire per-animal baseline ICP measurements 

as well as to continuously measure ICP following closed-head TBI. Moreover, this miniature 

device serves as a robust platform that may be expanded to include other critical 

physiological modalities such as cerebral oxygen and blood flow. Based on experimental 

objectives, these data can be transmitted continuously (up to 17 m) over extended time 

periods following injures at a range of severities, during acute recovery as well as later in 

awake, behaving animals post-injury.

3.3 Neuroimaging

A major goal for TBI diagnosis and treatment is the noninvasive detection of the acute and 

evolving neuropathological consequences of the injury. Such information would be 

invaluable in assessing the extent and distribution of subtle pathology following mild TBI—

often difficult to diagnose—and in identifying patients most likely to require therapy or 

other interventions. Moreover, these techniques will provide a means to improve the 

efficiency and sensitivity of studies evaluating the efficacy of therapeutic intervention. Here, 

large animal studies using brains that more closely resemble human anatomy and employing 

conventional clinical imaging equipment, such as magnetic resonance imaging (MRI), are 

particularly valuable. Early in the history of the porcine TBI model, Kimura et al. employed 

magnetization transfer ratio imaging (MTR) to correlate changes in MRI scans to 

histological evidence of damage, opening the door to a range of imaging modalities [99, 

138]. Subsequent studies utilized proton magnetic resonance spectroscopy (MRS) to detect a 

decline in N-acetylaspartate (NAA) in areas of confirmed axonal damage and a decrease in 

intracellular magnesium [139]. The introduction of newer radiological techniques, such as 

susceptibility weighted imaging (SWI), diffusion tensor imaging (DTI), and diffusion 

kurtosis imaging (DKI), along with stronger magnets, have provided more detailed analysis 

of changes that occur after TBI. By combining the images generated with histological 

evidence, this model provides the ideal vehicle to study the chronological progression of 

TBI, and thus facilitate diagnosis and treatment.

3.4 Gross Pathology and Neuropathology

A crucial component of the porcine-HYGE model is that it provides the opportunity to 

directly evaluate the gross and histopathological consequences of TBI. Typically, there are 

no overt changes in the gross appearance of the brain and often no evidence of bleeds in 

Cullen et al. Page 12

Methods Mol Biol. Author manuscript; available in PMC 2017 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



animals that have undergone rotation in the coronal plane (over the range of head rotational 

levels evaluated to date), and in rare cases where bleeds are present they are localized and 

modest. In contrast, brains injured in the sagittal or axial planes may display signs of edema 

(moderate level) and/or subarachnoid/subdural hemorrhage (moderate and severe). When 

present, blood is usually found in the tentorium and around the base of the brain (Fig. 7). 

The varied neurological recovery (described previously) and level of vascular involvement 

underscores the multifaceted nature and complexity of head rotational TBI in this swine 

model, as is the case across the severity spectrum of TBI in humans.

The porcine model has been used to increase our understanding of the distribution, 

progression, and mechanisms of neuropathology following closed-head diffuse brain injury. 

Prominent changes have varied based on neuroanatomical locale and severity of head 

rotation, and include astrogliosis, neuro-inflammation, perikaryal degeneration and 

multifocal DAI (Fig. 8) [79, 92, 96, 98]. In particular, DAI has been demonstrated to be one 

of the most common and important pathologic features following closed-head TBI in 

humans and in animal models [50 – 52, 75, 79]. DAI is a major feature of closed-head 

diffuse brain injury in swine, and manifests as accumulation of axonal transport proteins 

such as amyloid precursor protein (APP) in swollen regions of axons with eventual 

degeneration in stereotypical distribution suggestive of a biomechanical etiology [30, 140] 

(Fig. 9). Moreover, the morphology of degenerating axons closely resembles that seen in 

human brains post-TBI (Fig. 10). In both animal models and human postmortem studies of 

TBI, multiple notable proteins have been shown to accumulate in degenerating axons, 

including Aβ, neurofilament (NF) proteins, and α-synuclein [140, 142 – 144] (Fig. 11). 

Numerous additional proteins—both structural and enzymatic—have been shown to 

aggregate in degenerating axons, which provide tantalizing pathophysiological links 

between TBI and chronic neurodegenerative sequelae, and underscore the important role of 

progressive DAI in these processes [92] (Fig. 12). Specifically, many of these proteins are 

the primary constituents of the pathologic inclusions found in several neurode-generative 

diseases [19, 31, 142, 145]. It is suspected that axonal degeneration plays a critical role in 

chronic neurodegeneration post-TBI, whereby axonal transport is progressively blocked by 

the accumulation of pathological proteins, creating conditions for the propagation of such 

pathology gradually over time [19, 31]. Additionally, perikaryal degeneration has been 

observed in this model, generally following severe loading conditions and in specified 

neuroanatomical regions, including the cerebral cortex and hippocampus (Fig. 13). In 

particular, hippocampal neuronal degeneration has been shown only following relatively 

high head rotational levels (often complicated by hematoma) but not lower levels associated 

with concussion [79, 95, 114, 134].

3.5 Future Directions

Ongoing studies are expanding the use of this model to include novel measurements as well 

as to translate outcomes utilized in pediatric swine, including behavioral assessment [100, 

109, 146], neurophysiological changes [134, 146, 147], and multi-model neuromonitoring 

[101 – 103, 137]. These lines of study will further advance the capabilities, clinical 

relevance, and impact of this important model for improving our understanding of TBI 
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sequelae and enhancing our ability to restore neurological function following TBI across a 

range of severities.

4 Overview: Why Model TBI in Pigs?

4.1 Relevance to Human TBI: Why Input Biomechanics Matters

This swine model of closed-head rotational acceleration induced TBI is a well-characterized 

model with biomechanical and neuro-anatomical fidelity to human TBI. It is clearly 

important to improve our understanding of the links between the physical and physiological 

consequences of TBI to guide the development of targeted therapeutics to address the 

predominantly afflicted cell populations based on the mechanisms of injury. As in a drug 

study, where it is important to test the effects of a compound at a “physiologically relevant” 

concentration (i.e., the concentration in which it is present in the brain), when studying TBI 

it is crucial that the injury levels applied be “biomechanically relevant” to human TBI. 

Failure to be within the “relevant” regime may lead to measurement of confounding 

responses that do not represent pathways in the human condition. Thus, models with 

sufficient biomechanical fidelity to human TBI are critical to advancing our understanding 

of the cellular, tissue, and whole-organism responses to neurotrauma.

4.2 Biomechanical Thresholds and Injury Risk Criteria

Biomechanical thresholds and risk criteria for TBI are vigorously being investigated due to 

the high incidence of sports- and military-related TBI and an increased understanding of the 

long-term neurological and neurodegenerative consequences. It has been demonstrated that 

diffuse brain injury thresholds and outcomes depend on the direction of head motion as well 

as on the magnitude of rotational kinematics [94, 126]. Moreover, the time over which head 

rotation occurs is an important component of injury thresholds, as animal studies have 

indicated that the incidence of concussion increases when the duration of rotational 

acceleration is increased [57]. Furthermore, animal studies have demonstrated that the 

location of brain deformation may affect the resulting injury, suggesting that even a 

concussion-specific brain deformation threshold may vary with region [148 – 151].

Moreover, as described previously, it has been demonstrated in human and animal studies 

that higher rotational velocities and accel-erations—rather than linear accelerations—are 

associated with larger diffuse brain deformations and worsened neurological and 

neuropathological outcomes [152 – 154]. In addition, animal studies have shown that purely 

linear motions produce little brain deformation or distortion and no concussion [50, 154, 

155]. Of note, whereas impact forces have recently been shown to correlate with concussion 

thresholds and injury severity, linear accelerations are not the proximal cause of injury, 

rather brain tissue strain fields—and the resulting TBI—are primarily caused by the 

resulting head rotational acceleration levels. Although, for rare instances when head impact 

is in line with the center of mass of the head, linear acceleration correlates with head 

rotational acceleration. In these situations, linear acceleration is a reasonable surrogate for 

the average deformation response in the brain. However, the majority of TBIs are due to 

combined rotation and linear head motion; for these cases, computational simulations have 

predicted the relationship between the location of head impact, the kinematic response of the 
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head (linear and rotational accelerations), and the predicted diffuse strain fields in the brain 

[156, 157]. In these more common non-centroidal head impacts, linear and rotational 

accelerations are not significantly correlated, and the rotational acceleration component of 

the head correlates most strongly with brain tissue deformations. As such, for the most 

common head impact scenarios, the linear acceleration component of the head will not 

adequately describe the brain's deformation response, and therefore will not be a robust 

predictor of TBI risk when used alone. Consequently, recent efforts to define macro-

biomechanical thresholds based on linear forces will undoubtedly possess limited predictive 

utility for loss-of-consciousness, neuropathology, and later neurological outcomes. Although 

TBI risk metrics based on kinetics and kinematics of head motion are complex and 

multifaceted, the porcine-HYGE model is an ideal platform to relate input biomechanics to 

neurological and neuropathological outcomes due to fidelity to closed- head TBI in humans.

4.3 Summary

The porcine-HYGE model is biomechanically representative of human TBI based on many 

considerations. Closed-head diffuse brain injury in humans generally results from rapid head 

rotation, occurring with or without head impact, the severity of which is dependent upon the 

acceleration and/or deceleration of the head (non-impact or impact-induced) [56, 63 – 65, 

75, 158 – 161]. There are key similarities between pig and human brain that are crucial in 

replicating TBI pathology. For instance, this model may uniquely represent the relevant 

injury biomechanics based on rapid head acceleration/rotation. This is due primarily to the 

anatomical advantage of the pigs possessing gyrencephalic architecture with substantial 

white matter domains. This complex brain architecture in swine allows replication of the 

diffuse tissue/cell-level strain fields responsible for cell injury in TBI in humans. As such, 

relevant pathophysiological consequences are also reproduced, including DAI—the 

predominant pathology in closed-head TBI in humans—in patterns and extent similar to 

humans.

Importantly, this model is biomechanically well characterized to produce primarily diffuse 

damage, while previous physical model and computational studies allow detailed analysis of 

the resulting strain fields. Indeed, when angular acceleration is scaled based on the relative 

masses of human and pig brains, the loading conditions generated closely approximate the 

conditions of inertial brain injury in humans [64, 114]. In addition, the acute neurological 

and gross consequences closely mirror the human condition, as this is the only model to 

produce the full range of acute neurological effects, ranging from no/transient loss-of- 

consciousness (“mild” TBI) to prolonged coma (“severe” TBI). Furthermore, vascular 

compromise (e.g., subdural hematoma) thresholds are scalable to human TBI, and are only 

present at “moderate-to-severe” injury levels. Moreover, unlike rodents, non-genetically 

modified pigs have been shown to develop hallmark neurodegenerative pathologies in TBI 

studies. Finally, outcome parameters are more relevant to humans, and include 

neurobehavioral, neuroimaging, neurophysiological, and neuropathological outcomes.

While this porcine model is cumbersome and labor-intensive, it is the most clinically 

relevant animal model of closed-head TBI in use today. Unfortunately, due to the complex 

nature of procedures and apparatus, our HYGE device is currently the only one in the world 
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that is utilized as a preclinical model of TBI. The combination of high cost, low throughput, 

and in-depth expertise are formidable impediments to this model being adopted by more 

labs. However, due to the unparalleled clinical relevance it would be beneficial for this 

model to be employed more widely provided sufficient expertise is present. Indeed, 

biomechanical input parameters and animal selection should be carefully considered, and 

therapeutic advancements made in rodent models that are to be applied to human TBI should 

be considered first for confirmation in a large animal model such as the one presented here.
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Fig. 1. 
Modeling closed-head diffuse brain injury in swine. (a) Conceptual schematic of diffuse TBI 

in humans, which is most often caused by rapid rotational acceleration/deceleration of the 

head. Such inertial loading due to angular acceleration/velocity generates diffuse strain 

patterns in the brain. (b) Mock-up showing predicted tissue deformation during head 

rotational acceleration–deceleration loading of the pig brain during rapid head rotation in the 

coronal plane. Head rotational parameters, in particular angular acceleration, may be scaled 

from humans to gyrencephalic mammals based on brain mass. Figure adapted with 

permission from [30]
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Fig 2. 
Methodology for closed-head rotational acceleration TBI in swine. Closed-head diffuse 

brain injury was induced using rotational acceleration–deceleration of the head/brain in the 

coronal, sagittal, or axial plane. This provides control over the afflicted anatomical 

substrates and the extent of injury
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Fig. 3. 
Physiological monitoring of experimental subjects. Physiological parameters are measured 

before, during, and after head rotational injury using the HYGE device. The bite plate 

demonstrates the way that the pig was mounted onto the HYGE device with custom linkages 

to convert linear motion to angular rotation
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Fig. 4. 
HYGE device and custom-built linkage assembly for head rotation in the coronal plane. (a) 
Schematic of the HYGE pneumatic actuator and custom linkage assembly to convert the 

linear motion of the HYGE piston to angular motion. (b) Pictures of the HYGE device used 

to deliver head rotational acceleration in swine, demonstrating the pre-loading and 

maximum rotation position

Cullen et al. Page 28

Methods Mol Biol. Author manuscript; available in PMC 2017 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
HYGE kinematics and scaling to human inertial TBI. (a) Representative concurrent angular 

velocity and angular acceleration traces. (b) Angular acceleration trace highlighting the 

acceleration and deceleration phases. (c-d) Overlay of multiple color-coded (c) angular 

velocity and (d) angular acceleration traces to show changes in waveform slopes and 

duration for various rotational scenarios. (e) Holbourn's Scaling Equation and relevant 

assumptions to scale head rotational loading from humans to pigs. (f) For a fixed ratio of 

brain masses, angular acceleration scales linearly between humans and pigs
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Fig. 6. 
Telemetry-based neuromonitoring system in swine model of closed-head rotational injury. 

(a) Schematic of implanted custom-built device contained above the skull with a burr hole 

for sensor access to CSF. (b) Example ICP trace from wireless device before and after 

closed-head TBI in swine. In this study, baseline ICP readings were relatively stable over the 

8 h prior to injury at 16.7 ± 4.6 mmHg (mean ± standard deviation). We found that closed-

head rotation TBI induced a rapid and extreme ICP spike occurring directly upon injury. The 

acute elevation in ICP generally lasted for 40–60 min, followed by a gradual decline to 

maintain a persistently elevated level over several hours post-injury. (c) Current and future 

capabilities of this fully implantable wireless neuromonitoring system
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Fig. 7. 
Gross pathology. Thresholds for vascular compromise as a function of rotational plane and 

peak angular velocity. Gross pathological examinations were performed to assess the 

severity level and complexity of the injuries. In general, brains appeared grossly normal 

following coronal head rotation, and in the rare case of bleeding, such was localized and 

minor. Following high sagittal injuries, subdural hematoma, extensive bleeding on the brain 

stem and spinal cord, as well as blood accumulation within the ventricles and within cortical 

sulci may be observed
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Fig. 8. 
Routine histopathology examination of the swine brain. (a, b) H&E examination for 

histological assessment of tissue/cellular structure, including detection of cell infiltration, 

edema, and pyknosis. (c, d) Immunohistochemistry for reactive astrogliosis based on glial 

fibrillary acidic protein (GFAP) immunoreactivity showing astrocyte hypertrophy (AB5804 

polyclonal antibody; 1:500; Millipore, Billerica, MA). (e, f) DAI detection based on amyloid 

precursor protein (APP) immunoreactive axons in the subcortical white matter displaying 

the classic morphological appearance of traumatic axonal injury, including terminally 

disconnected swollen axonal bulbs (monoclonal antibody specific for the N-terminal amino 

acids 66-81 of APP; 1:50,000; Millipore)
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Fig 9. 
Distribution of axonal pathology in pig model. Schematic representation of the distribution 

and severity of axonal injury following head coronal plane (left) and axial plane (right) 
rotation. Lines through the brain shown at the top of the figure demarcate anatomical regions 

of interest: frontal lobe, basal ganglia, and occipital lobe (a) brainstem through brain base 

(b) rostral thalamic level (c), and dorsal hippocampal level (d). Regions of axonal injury are 

shaded according to severity (mild, moderate, or severe). Reprinted with permission from 

ref. [98]
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Fig. 10. 
Examples of axonal pathology in swine model in comparison to humans post-TBI [141]. 

Immunohistochemistry using specific antibodies for neurofilament and APP to identify 

intra-axonal accumulations and other morphological changes. (a) A multitude of axonal 

varicosities and axonal bulbs, demonstrating widespread traumatic axonal injury in pigs 

following head rotational acceleration. (b – d) Examples of trauma-induced axonal 

undulations in pigs and humans: (b) Pig 3 h post-TBI. (c) Human TBI: 18-year-old male, 

deceased 10 h following assault. (d) Human TBI: 18-year-old female, deceased 22 h 

following a motor vehicle collision. The HYGE model of TBI in swine produces diffuse 

axonal injury that mirrors that detected in humans post-TBI. Adapted with permission from 

ref. [141]
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Fig. 11. 
Pathological accumulation of multiple proteins in axons in swine post-TBI. Corpus callosum 

from (a, c, e) sham pigs compared to (b, d, f) pigs at 7 days following rotational acceleration 

induced TBI using the HYGE device. Immunohistochemistry revealed protein 

accumulations of (b) APP, (d) neurofilament (NF200), and (f) α-synuclein (Syn303)
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Fig. 12. 
Co-localization of multiple proteins in cells and axons in swine post-TBI. Representative 

double-immunofluorescence photomicrographs demonstrating co-accumulations of proteins 

in damaged (a – l) axons, (m – n) neurons and (o – p) macrophages at 3 days and 6 months 

post-injury. Merged green and red fluorescence shown in yellow. In axon bulbs in the white 

matter, co-accumulation A (antibodies 6F3D and 13335/ Green) was found with CCA (249/

Red) in (a) and (f), caspase-3 (P20/Red) in (b), BACE (BACE-2/Red) in (g), APP (22C11/

Red) in (e), and PS-1 (PS-1/Red) in (h). Co-accumulation of BACE (Green) was found with 

APP (Red) in (c) and (i), kinesin (L1/Red) in (d) and (k), and CCA (Red) in (j). Co-

accumulation of APP (Red) was found with PS-1 (Green) in (l) n neurons A (Green) co-

accumulated with APP (Red) in (m) and CCA (Red) in (n). Macrophages demonstrated co-

immunoreactivity of A (13335/Green) with OX42 (CD11b/Red) in (o) and (p). Scale bar = 

25 μm. Reprinted with permission from ref. [92]
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Fig. 13. 
Neuronal degeneration following moderate-to-severe TBI in swine. H&E staining of the 

cerebral cortex and hippocampus in (a, c) sham pigs and (b, d) pigs subjected to closed-head 

rotational acceleration using the HYGE device. Neuronal degeneration, as shown by 

neuronal pyknosis, was observed at 7 days following sagittal plan rotation in the (b) cortex 

and (d) hippocampus
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Table 1
HYGE kinematic parameters

Angular velocity (rad/s)

Maximum and minimum velocity

Average positive velocity (mean, median)

Time: Start of movement to max velocity

Time: Maximum velocity to zero velocity

Time: Total movement time

Angular acceleration (rad/s2)

Maximum acceleration

Minimum acceleration

Maximum - minimum acceleration

Average positive acceleration (mean, median)

Average negative acceleration (mean, median)

Time: Duration of positive acceleration

Time: Duration of negative acceleration

Time: Max velocity (zero acceleration) to minimum acceleration

Position (radians and degrees)

Distance (radians) to maximum velocity point

Total distance (radians)

Methods Mol Biol. Author manuscript; available in PMC 2017 August 11.


	Abstract
	1 Introduction
	1.1 Traumatic Brain Injury (TBI)
	1.2 TBI Biomechanics: The Importance of Head Rotational Acceleration
	1.3 The Importance of Large Animal Models of TBI and Human Relevance
	1.4 Overview of Large Animal TBI Studies at the University of Pennsylvania
	1.5 Overview of the Injury Apparatus for Rapid Head Rotation Without Impact

	2 Application of the HYGE Device as a Large Animal Model of Closed-Head TBI
	2.1 Induction of Head Rotational Diffuse Brain Injury Using the HYGE Pneumatic Actuator
	2.2 HYGE Device Operation
	2.3 Measurement of Injury Kinematics
	2.4 Injury Biomechanics: Human Scaling, Physical Models, and Anatomical Considerations

	3 Outcome Measurements
	3.1 Neurological Recovery
	3.2 ICP Changes and Edema
	3.3 Neuroimaging
	3.4 Gross Pathology and Neuropathology
	3.5 Future Directions

	4 Overview: Why Model TBI in Pigs?
	4.1 Relevance to Human TBI: Why Input Biomechanics Matters
	4.2 Biomechanical Thresholds and Injury Risk Criteria
	4.3 Summary

	References
	Fig. 1
	Fig 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig 9
	Fig. 10
	Fig. 11
	Fig. 12
	Fig. 13
	Table 1

