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Abstract

After 30 years of characterisation and implementation, fluid percussion injury (FPI) is firmly 

recognised as one of the best-characterised, reproducible and clinically relevant models of TBI, 

encompassing concussion through diffuse axonal injury (DAI). Depending on the specific injury 

parameters (e.g. injury site, mechanical force), FPI can model diffuse TBI with or without a focal 

component, and may be designated as mild to severe according to the chosen mechanical forces 

and resulting acute neurological responses. Among FPI models, midline FPI may best represent 

clinical diffuse TBI, because of the acute behavioural deficits, the transition to late-onset 

behavioural morbidities, and the absence of gross histopathology. The goal here was to review 

acute and chronic physiological and behavioural deficits and morbidities associated with diffuse 

TBI induced by midline FPI. In the absence of neurodegenerative sequelae associated with focal 

injury, there is a need for biomarkers in the diagnostic, prognostic, predictive and therapeutic 

approaches to evaluate outcomes from TBI. The current literature suggests that midline FPI offers 

a clinically-relevant, validated model of diffuse TBI to investigators wishing to evaluate novel 

therapeutic strategies in the treatment of TBI and the utility of biomarkers in the delivery of 

healthcare to patients with brain injury.
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Introduction

Experimental models of traumatic brain injury (TBI) have been developed to reproduce 

many of the clinical sequelae of human TBI, and have traditionally played a crucial role in 

evaluating and understanding the physiological, behavioural, and histopathological 

consequences of TBI, with a view towards developing novel therapeutic strategies for this 

devastating disease. Since human TBI is a markedly heterogeneous disease, no single animal 

model of TBI can reproduce the entire spectrum of clinical TBI features and symptoms1. 

Rather, the implementation of distinct, yet complementary, models is necessary to 

effectively represent the range and types of clinical TBI (e.g. focal, diffuse, multi-focal, 

haemorrhagic)2. Over the past half-century, experimental TBI models have markedly 

expanded our insight into the post-traumatic sequelae, particularly with respect to the 

delayed and progressive secondary cellular and molecular cascades that are initiated by the 

traumatic event3. Experimental results have led to the continued development of diagnostic 

tools and treatment strategies, which have either become part of standard clinical practice or 

remain under intense pre-clinical and clinical investigation. Primarily for the treatment of 

severe TBI, experimental results have refined the timing of decompressive craniectomy to 

alleviate intracranial pressure (ICP)4,5. Similarly, experimental studies on injury 

pathophysiology have informed intensive care unit (ICU) monitoring of mean arterial 

pressure, intracranial pressure, cerebral blood flow and oxygen and glucose metabolism6–8.

This review provides a succinct overview of one widely used variation of experimental 

mechanically-induced TBI in whole animals – midline fluid percussion injury (FPI) as a 

model for diffuse TBI. We make repeated reference to lateral FPI for comparison with 

midline FPI, since neither model has been completely described, as no model could ever be. 

Overwhelmingly, rodents have been selected as the species of choice in experimental TBI, 

due to several overt advantages: small size, accelerated lifespan, modest cost, and extensive 

normative data. While larger animals have been incorporated in FPI studies, for this review 

we focus on midline FPI in the rodent.

Considerations in modelling TBI

All TBI begins with the application of mechanical force to the head or brain, which initiates 

systemic and cellular processes that are hallmarks of the disease9. The applied mechanical 

forces (hydraulic pressure in the FPI model) are controlled to ensure reproducibility of the 

device within a specified performance range (see Figure 1). By raising the pendulum height, 

greater mechanical forces can be applied to the brain that exacerbate the resulting 

neurological, physiological, behavioural and pathological outcomes. Additionally, the 

direction or angle of the application of forces can alter these outcomes. Direct relationships 

between applied mechanical force and outcome measures indicate a continuum of injury 

severities. Over the years, injury severity for experimental TBI has been categorized as mild, 

moderate, and severe according to both mechanical parameters of the injury and the 

magnitude of resulting neuro-behavioural, cellular, molecular, and histopathological changes 

in an attempt to correlate to the clinical condition, the magnitude of post-traumatic 

responses, and the rate of recovery. However, severe experimental TBI does not necessarily 

equate with severe clinical TBI, considering that the need for neurosurgical and critical care 

Lifshitz et al. Page 2

Brain Inj. Author manuscript; available in PMC 2017 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is not warranted or possible for rodents. Unlike humans, for all injury severities, rodents 

resume breathing, gain reflexive responses and ambulate shortly after mild-moderate injury. 

Within hours, animals are feeding, grooming and require little to no intervention. Rodents 

with more severe brain injuries may require subcutaneous fluids, softened food, and light 

husbandry to account for acute post-injury symptoms, but nothing approximating the extent 

of care required for severe brain-injured humans. Nonetheless, the principal benefit of 

experimental models of TBI is the reproducibility achieved by employing standardized 

surgical protocols and the inclusion of uninjured (sham) animals as a control for systemic 

variables (e.g., anaesthesia, surgical procedure, temperature) as a reference for post-

traumatic outcome assessment. These standardized protocols also provide a reference within 

the same laboratory and inform laboratories at other institutions as to the parameters 

necessary to reproduce the results.

Types of injury

It is generally accepted that human TBI is not a single pathophysiological entity, and in 

individual cases distinct and heterogeneous radiological lesions may or may not be evident1. 

The pathophysiology of human TBI ranges from multifocal, microscopic lesions 

undetectable by conventional imaging (effectively defining diffuse brain injury) to overt 

haemorrhage and oedema dispersed over circumscribed regions or hemispheres. In this way, 

human TBI necessarily requires both a quality (e.g. diffuse, focal, haemorrhagic) and 

severity (e.g. mild, moderate, severe) to capture the accurate diagnosis of a particular patient 

with TBI. In particular, diffuse brain injuries result from tissue distortion and shear at the 

moment of injury that are induced by inertial forces exceeding a defined threshold10. As a 

result, cerebral brain injury emerges from the physiologic disruption, diffuse axonal 

pathology, and possible petechial haemorrhages scattered throughout the brain parenchyma, 

depending on injury severity. Pathology typically localizes at tissue interfaces with 

mismatched biomechanical properties, such as the grey-white matter interface, cerebral 

blood vessels, and genu or gyri. By their nature, diffuse injuries are difficult to detect in the 

clinical setting, but occur with the highest prevalence and across a wide range of injury 

severity in the human population11,12. In contrast, focal TBI involves lacerations and 

contusions, often, but not always, accompanied by skull fracture and/or hematoma13. At the 

focal site of mechanical impact to the head or brain, cortical cavitation or atrophy may occur 

and progress into subcortical structures, particularly at higher magnitudes of injury14. To 

encompass this range of clinical TBI phenotypes, different injury models and their variations 

have been developed and characterised. The FPI model affords sufficient flexibility to induce 

diffuse tissue damage, without overt tissue destruction, by selecting an impact site along the 

mid-sagittal cranial suture (see Figure 1).

Fluid percussion models of TBI in rodents

FPI is among the most well characterised and commonly used of all TBI pre-clinical models, 

having originated as early as the 1940s and adapted to rodents in the late 1980s15–18. From 

its inception to its adaptation to rodents, FPI involved production of a midline injury and was 

modified shortly thereafter to the lateral injury site in its latest variation in 198719. Using 

this model, brain injury is induced by a 20 msec fluid pulse delivered onto the intact dura 
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through a craniectomy20, defining this technique as a model of TBI rather than closed head 

injury. The intended clinical and pathological outcomes from FPI can be produced by 

varying the placement of the craniectomy, for example. If the craniectomy lies along the 

midline suture, the result is a diffuse brain injury in both hemispheres21,22, whereas a lateral 

craniectomy results in a combination of focal brain injury with a diffuse component18,19. 

Additionally, shifting between parasagittal and lateral craniectomy locations can induce 

more subtle, but detectable differences, specifically in the presence and size of lesion 

development, deficits in cognitive performance, hippocampal cell loss and reactive 

astrocytosis23,24. While FPI procedures necessitate breaching the cranial vault, the skull is 

sealed to the injury device, recreating a closed system at the time of injury. Midline FPI 

therefore can successfully model a closed head injury with decompressive craniectomy to 

accommodate the herniation of the brain through the skull defect, thus controlling 

intracranial pressure. Most FPI protocols do not include cranioplasty, rather electing to allow 

for natural fibrosis to occur over the skull defect.

Certain concessions and assumptions exist in studies involving FPI. As expanded upon 

below, rodents subjected to FPI regain gross neurological function within 2 to 20 minutes 

depending on injury severity, with little intervention. Therefore, it is generally acknowledged 

that FPI most closely models mild-moderate TBI, with a Glasgow coma score (GCS) of 9–

13, in which patients are generally responsive, but likely disoriented. The magnitude and 

duration of behavioural performance impairments and histopathological damage depends on 

the initial injury severity25,26. As with most experimental TBI models, FPI studies have 

primarily been conducted in male rodents to reflect the 3:1 demographics of TBI in males 

over females11,12. The focus on male subjects eliminates confounding effects of hormone 

cycling females, but overlooks any gender-related effects on pathophysiology or therapeutic 

efficacy27. Sex can differentially affect outcome from TBI, likely due to levels of circulating 

sex hormones28–31, which encourages inclusion of female rodents in experimental study 

designs to increase the translational predictability of TBI models. Furthermore, although 

TBI is the leading cause of death and disability in children in the United States, most TBI 

related research is conducted in adults and then later translated to the paediatric population. 

Procedures for FPI can be adapted for juvenile animals, by adjusting craniotomy size and 

impact forces32,33.

The remainder of this review will focus on the range of acute deficits and chronic 

morbidities that are evident with midline FPI, in addition to the necessity and utility of 

biomarkers in study designs using pre-clinical models of TBI.

Acute injury-induced deficits

We define a post-traumatic neurological deficit as a transient consequence of TBI-related 

pathology that impairs brain activity and behavioural function, including cognitive, motor, 

and sensory domains, which naturally recover, in part, over time post-injury. Deficits are 

most pronounced for neurological function subserved by domains within close proximity to 

the injury. As pathological and reparative processes come into balance, albeit a balance 

offset from baseline function, neurological function is expected to plateau. Animals 
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subjected to midline FPI express characteristic neurological deficits immediately after injury 

that typically resolve or plateau with time as a function of injury severity.

Immediate transient deficits—Upon impact from FPI, the neurological reflexes of the 

injured animal are immediately suppressed, including corneal, pinnae, and righting reflexes. 

Amongst these, the righting reflex serves as a sensitive, non-invasive evaluation tool in 

which duration of suppression correlates with injury severity19,34,35. Whether the suppressed 

reflexes involve a loss of consciousness remains an unresolved argument, since 

consciousness remains difficult, if not impossible, to assess in rodents. Reflex suppression 

may be accompanied by apnoea and post-traumatic seizure, where duration and prevalence 

may also correlate with injury severity, but definitive results are not yet available. More 

recently, the fencing response, believed to be associated with neurochemical and 

pathological events in the lateral vestibular nucleus of the brainstem, has been identified as a 

visible forearm posturing indicative of a TBI that exceeds an injury severity threshold for a 

mild injury in both experimental (mFPI) and clinical TBI35. In this way, the acute 

neurological responses to TBI in rodents model the intent of GCS to capture initial 

neurophysiological function versus injury-induced deficits in the wake of injury, and more 

faithfully reflect injury severity than the physical parameters and settings of the device itself.

Physiological responses to midline FPI are immediately evident when assessing 

cerebrovascular changes. Following injury, a severity-dependent pattern of hypertension and 

elevated intracranial pressure (ICP) has been reported36. The increased ICP is accompanied 

by an increase in mean arterial pressure (MAP), irregular breathing, and reduced heart rate, 

known as the Cushing reflex. Furthermore, cerebral blood flow (CBF) after lateral FPI 

shows an initial global suppression within one hour post-injury and a more persistent focal 

reduction at the trauma site, both of which resolve within 4–24 hours post-injury,18,37 which 

have not been demonstrated for midline FPI. Concomitant with physiological alterations, the 

blood brain barrier (BBB) becomes permeable after midline FPI, initially at the injury site, 

but possibly progressing to other brain regions, particularly in the cervicomedullary 

junction38. However, cerebrovascular changes evident early after midline FPI in rodents 

typically resolve within hours to days post-injury.

After lateral FPI, potassium efflux from mechanically damaged cells releases excitatory 

amino acids (EAAs), which then activate glutamate receptors and secondary calcium 

signalling pathways. In re-establishing homeostasis, an initial period of glucose hyper-

metabolism that occurs following lateral FPI is followed by a period of glucose hypo-

metabolism39,40. Although the time course of glucose utilization may vary between human 

and animal models, both follow a similar sequence of events41. Sustained post-traumatic 

glucose hypo-metabolism correlates with injury severity and may render the recovering 

brain vulnerable to secondary insults42–44. Detailed, acute cerebral metabolic studies have 

yet to be conducted for midline FPI.

As an extension of physiological deficits, prevailing hypotheses suggest that sleep may aid 

in cellular repair and be beneficial in recovery following injury. After FPI, sleep significantly 

increases for up to 6 hours regardless of injury severity or when during the day the injury 

occurred45. The temporal profile of secondary injury cascades, particularly inflammatory 
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cascades46, may be driving the significant increase in post-traumatic sleep, because 

inflammatory cytokines may act as sleep-regulatory substances47. Similarly, pyrogenic 

molecules, which partially overlap with sleep regulatory substances, can induce post-

traumatic fever48,49. Post-traumatic sleep and fever could contribute to or confound the 

natural course of recovery, because their biological functions include restoration, 

conservation, and adaption of cellular processes50. Further studies are warranted to fully 

understand the cellular benefit or detriment, if any, of acute post-traumatic physiological 

responses to TBI51,52.

Acute behavioural deficits—Acute motor deficits, similar to those observed in humans, 

have been reported in rodents following FPI using tests of neuromotor function such as the 

beam balance, beam walk, rotarod, and inclined plane tests (see Figure 1)51,53–55. Cognitive 

deficits, both learning and memory, have been evaluated in rats using tests such as the radial 

arm maze and the Morris water maze (MWM) task56. Further discrimination of retrograde 

and anterograde amnesia may be achieved by training animals prior to or following the 

injury, respectively53. Following midline FPI, these neurobehavioural deficits are most 

evident in the first few days post-injury, when compared to uninjured control animals. In 

many cases, behavioural deficits can be magnified when the tasks become more difficult, as 

exemplified by under-exposure to training trials. Similarly, the severity of TBI can influence 

the difficulty of the task and extend deficits for months to a year post-injury25. Overall, 

behavioural performance may improve with time, not necessarily reaching pre-injury levels, 

and rarely worsening.

Chronic morbidities

We define post-traumatic morbidity as the long-term consequences of injury-related 

pathological processes that emerge in a delayed manner due to impaired brain circuit 

function and activation, including problems with cognition, sensory processing, and 

affective/emotional function57,58. As a corollary to acute behavioural deficits, the 

behavioural morbidities are minimal or initially absent after injury, and build towards a 

maximum neurological impairment. In this way, morbidities evolve over time in brain-

injured humans (the acute deficits transition to chronic morbidities), and valuable clinically-

relevant models of TBI should demonstrate similar injury-specific morbidities with a 

protracted time course.

Enduring physiological morbidities—The endocrine system is particularly vulnerable 

to TBI in humans and animal models59–61. However, systematic investigation of the 

neuroendocrine sequelae in FPI models is limited. Endocrine dysfunction arises from 

structural damage, leading to hypopituitarism or adrenal insufficiency, which can occur at 

any time post-injury, and may contribute to, or exacerbate neurological, somatic, and 

emotional post-traumatic morbidities59,60, particularly in times of stress62. Lateral FPI 

induces acute increases in the stress response as measured by serum hormone levels61,63,64, 

but few studies have investigated enduring endocrine dysfunction using lateral or midline 

FPI.
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Epilepsy is a common comorbidity of human TBI, with nearly 50% of TBI cases presenting 

with epilepsy65. TBI can lead to early seizures, occurring in the first 7 days post-injury, or 

can develop into post-traumatic epilepsy (PTE). Lateral FPI increases susceptibility to 

seizure and decreases seizure threshold66. Although evidence for spontaneous electrographic 

seizures exists, the incidence ranges from 50–92% and can require up to 8 weeks for 

phenotypic expression67,68. Furthermore, a single lateral FPI has been shown capable of 

reproducing PTE in the rat, with electrophysiological and structural sequelae paralleling 

changes seen in human PTE67. It is likely, however, that genetic predisposition or chemical 

exposure may be necessary to reliably and consistently elicit PTE after FPI. Whether these 

same results emerge in midline FPI remains to be investigated.

Behavioural morbidities—Months to years after clinical TBI, neuromotor deficits can 

transition to chronic morbidities, such as persistent difficulties with coordination, posture, 

and steadiness of movement18. Alternatively, new morbidities may emerge as acute phases 

of injury resolve and recovery processes re-establish homeostasis. In recovery, the 

possibility exists for new circuits to form from collateral sprouting and mediate new 

functions (see Figure 1). Moreover, once behavioural morbidities emerge from reorganizing 

circuits, neurobehavioural function may never return to a pre-injury status, because rewired 

circuits remain. In the experimental setting, rodents demonstrate neuromotor deficits (which 

can last for months), including poor performance on rotarod, beam walk, catwalk, and rope 

hang tests, indicating dysfunction in coordination, balance, gait, and grip strength, 

respectively53. However, few behavioural deficits, if any, establish themselves as late-onset 

morbidities.

Clinical somatic signs of post-concussion symptoms include sensory sensitivity, particularly 

to light and sound, which can emerge in a delayed manner and persist for months after 

injury58. Similarly, midline FPI produces a sensory sensitivity to whisker stimulation in 

rats69–73. Sensory sensitivity to whisker stimulation is demonstrated by the whisker nuisance 

task, where brain-injured rodents show an aggravated response to whisker stimulation that 

develops by 28 days post-injury, while uninjured animals are ambivalent to the same 

stimulation71.

For midline FPI, the protracted transition of acute behavioural deficits into more chronic 

behavioural morbidities provides the opportunity for therapeutic interventions to attenuate or 

prevent persistent neurological symptoms. Achieving this goal requires sensitive and 

selective tools to identify stages of the symptom transition and precision therapeutics to 

antagonize the underlying cellular processes. Categories and classes of biomarkers can serve 

as tools to identify the optimal timing for intervention and evaluate therapeutic efficacy (vide 
infra). Pre-clinical development of treatments focused on time-sensitive restoration of 

function, while inhibiting morbidity, likely hold great translational relevance to improve 

quality of life for those living with TBI.

Anatomical and pathological correlates—Diffuse axonal injury is the primary 

persisting histological feature of diffuse TBI74, which can only be evaluated in clinical cases 

resulting in autopsy. The low mortality with mild-moderate TBI precludes post-mortem 

histological evaluation of human cases. Brains of boxers and football players have been 
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studied for pathology associated with repetitive TBI, where atrophy and degeneration, as 

well as abundant Tau staining have been described as pathological hallmarks of a newly-

described post-traumatic disease, chronic traumatic encephalopathy (CTE)75. The most 

prominent clinical imaging findings in diffuse TBI, where available, include hematoma. In 

FPI, subdural hematoma occurs upon impact and generally resolves by one week post-injury. 

Subarachnoid and intraventricular haemorrhage, both sequelae of fatal TBI, do not occur 

following the most severe levels of FPI, which highlights the anatomical differences between 

rodent and human brains and underscores the limitations of experimental models to 

reproduce all sequelae of human TBI.

In rodent models, histopathological analyses can be used to quantify the magnitude and 

spatial distribution of molecular and cellular targets. However, the translational importance 

of these markers is limited, unless they are clinically detectable, as would be the case for 

physiology, radioligands, or fluid-based biomarkers. Since radioligands present additional 

patient risks without probable clinical indication, we focus on physiological and fluid-based 

biomarkers, but leave more comprehensive treatment to other reviews76–79.

Need for biomarkers for the diagnosis and prognosis of TBI

Biomarkers, in general, complement clinical assessments of patient symptoms, mental state, 

or the impact of a disease on patient quality of life. Whereas clinical history and physical 

exam may have subjectivity, biomarkers are intended to be objective primary or indicator 

measurements of normal biologic processes, pathologic processes, or responses to 

therapeutic intervention. In this way, biomarkers traditionally separate into four categories: 

diagnostic, prognostic, predictive and therapeutic. Overall, significant challenges arise in 

validating biomarkers for TBI in pre-clinical models when the disease itself is broadly 

defined with often antagonistic cellular processes. Pre-clinical investigations into biomarkers 

can provide the knowledge necessary to advance healthcare delivery, when comprehensively 

incorporated into study designs. Below, we discuss the need and utility of each biomarker 

category in experimental studies of diffuse TBI.

Diagnostic biomarkers distinguish patients with a particular disease or disease subset from 

those without the disease. In an initial evaluation, diagnostic biomarkers would stratify 

patients based on disease phenotype, in order to assign clinical pathways optimized for a 

particular disease subset1. Specifically, diagnostic biomarkers may indicate ongoing or 

cumulative cellular injury or repair processes; however a rapid measurement is essential to 

capture the dynamics of injury in a clinically meaningful timeframe. Diagnostic biomarkers 

are similarly valuable in pre-clinical research to stratify research subjects. Stratification of 

research groups aids in identifying optimal treatments for a refined subset of TBI, rather 

than the entire disease category. In pursuing diagnoses and treatments for a more precise 

subset, variability within groups is minimized, thereby increasing the power of the study. For 

brain-injured animals, righting reflex, neuromotor deficits, and sleep physiology can be 

incorporated as diagnostic biomarkers of neurological function for stratification to develop 

uniform animal groups. Potential fluid-based diagnostic biomarkers of injury may include 

UCH-L1 in the acute phase of injury, whereas GFAP holds utility in the post-acute phase 79.
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Prognostic biomarkers inform clinicians and investigators about the clinical course of the 

disease, with a focus on the emergence and magnitude of neurological deficits and 

morbidities. The specific measurements themselves are not necessarily clinically meaningful 

as they often precede specific clinical outcomes, thereby permitting clinicians to forecast 

disease trajectory. In the laboratory, prognostic biomarkers would predict the onset and 

magnitude of behavioural impairments, whether deficits or morbidities. For example, 

circulating levels of stress hormones (e.g. corticosterone) or auto-antibodies following injury 

could serve as prognostic biomarkers regarding weight gain, anxiety, and immunity.80 To 

date, few if any, translational studies have investigated prognostic biomarkers in pre-clinical 

TBI.

Predictive biomarkers have utility in identifying patient populations likely to respond (or not 

respond) to one or more specific treatments. Predictive biomarkers would indicate levels or 

responses of specific biological processes that can specifically identify treatment approaches 

with predictable outcome. To this end, predictive biomarkers epitomize precision and 

personalized medicine in tailoring treatments to individual patients. Meaningful predictive 

biomarkers provide the confidence to identify subjects and their disease state for which a 

particular therapeutic approach will be effective. In the laboratory, the use of genetically 

similar animals subjected to standardized protocols of TBI models does not facilitate the 

identification and testing of predictive biomarkers. However, experimental outcomes often 

differ between species, strain, age, and sex, which indicates that demographics may predict 

efficacy of therapeutic outcomes relevant to the clinical population.

Therapeutic biomarkers are dynamic assessments that indicate the predicted outcome from a 

therapeutic intervention has occurred. Ideal therapeutic biomarkers would be periodically 

measured during the therapeutic intervention to ensure that the therapy was effectively 

targeting the mechanism of action. As an example, heart rate can be measured during 

meditation to demonstrate efficacy of the procedure (meditation) on the measured outcome 

(heart rate). In pre-clinical TBI research, therapeutic biomarkers are infrequently measured; 

clinical outcomes are compared against homogenous groups of treated and untreated 

animals. The incorporation of therapeutic biomarkers in pre-clinical study designs could 

reduce group sizes, since therapeutic efficacy could be measured prospectively. In designing 

studies, repeated measurements of intracranial pressure, food intake, or neurological 

function could serve as therapeutic biomarkers depending on the predicted mechanism of 

action for the therapy.

Evoked biomarkers have not been considered in a systematic manner. Rather than measuring 

the static or incidental levels of biological molecules or physiological processes, evoked 

biomarkers would be measured before and after a specific provocative test. This situation is 

akin to the glucose tolerance test for gestational diabetes and provocative hormone testing 

for endocrine dysfunction. In the context of TBI, particularly diffuse injury, most 

neurological functions are within the dynamic range of the general population. However, 

stress, exercise or other physiological challenge (e.g. hypoxia) may result in exaggerated or 

suppressed responses, compared to normative values. To a large extent, the current return-to-

play guidelines for sport-related concussion suggest an evoked biomarker, where graduated 

levels of activity are encouraged as long as post-concussive symptoms do not worsen.81 In 
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the laboratory, animals are exposed to numerous measurements and interventions, but 

typically in a sequential manner, rather than massed to evoke specific symptomatology. An 

alternate approach may be exposure to a natural stressor (e.g. predator odour) prior to 

cognitive evaluation, in order to evoke specific symptomatology in brain-injured compared 

to uninjured animals.

Lastly, none of these biomarkers are effective in isolation, where a refined array of 

biomarkers (biological and physiological) could improve the diagnosis, add confidence to 

the prognosis, and follow the course of disease and its response to treatment. Truly 

personalized medicine will require biomarker arrays to define the specific phenotype or 

“bio-signature” of the patient with brain injury and refine approaches for their specific 

condition. However, every potential biomarker requires scrutiny in terms of its own 

specificity and sensitivity before being incorporated into a biomarker array that can advance 

clinical care in a meaningful way. Biomarker arrays as a diagnostic strategy extend beyond 

the clinic to non-health-care settings. Developing these tools could be beneficial at the point 

of injury (e.g. battlefield, sporting event), as well as rehabilitation and long-term care 

facilities.

The limited investigation of biomarkers following midline FPI warrants further studies into 

their bioavailability and utility. Experimental study designs that incorporate biomarkers 

would permit cross-study comparisons, comparisons between laboratories using the same 

experimental model, and comparisons between studies that use different experimental 

models of TBI. Furthermore, biomarkers can benefit the development of current models, 

which are incorporating mild, repetitive, and paediatric brain injuries. A biomarker platform 

can represent differences in pathophysiology and outcomes introduced by modifications in 

model parameters. Readers are directed to current reviews on specific biomarkers, which 

focus primarily on fluid-based and imaging biomarkers. 77,79,82,83

Limitations of the midline FPI model

Animal research in TBI holds significant validity towards the human condition, but cannot 

faithfully replicate every feature18. For example, TBI results in chronic sleep disorders in 

humans, but midline FPI and other rodent models, to date, have failed to reproduce sleep 

disturbances in the chronic phase52. Additionally, acute and chronic vestibular deficits and 

morbidities remain challenging to investigate in rodents with prehensile tails, suggesting that 

vestibular deficits or the difficulty of the test may have to be far greater in the animal model 

to elicit phenotypic expression. Along these lines, compensatory actions and movements 

may permit injured rodents to accomplish the behavioural tasks established in the laboratory, 

while significant underlying changes in circuitry remain undetected84. Similarly, post-

traumatic headache remains the single most concerning symptom for those living with 

TBI85, but strategies to identify the prevalence of and evaluate headache in rodents are 

limited. Increased attention to detail and refinement of behavioural tests of animal 

performance are critical to incorporate translationally relevant pre-clinical outcomes in 

experimental TBI.
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All rodent models have general limitations when modelling TBI. Differences in weight, sex, 

age at injury, and genetic background can influence outcome, including effects on applied 

mechanical force and secondary injury processes. Similarly, the analgesics and anaesthetics 

necessary to induce injury can confound the natural course of brain injury (see Rowe et al. 

2013 for review)86. The use of anaesthetics during the mFPI model cannot completely be 

avoided; however, a consistent (drug and dose) intra-study anaesthesia protocol is imperative 

when conducting TBI studies to reduce variability.

Conclusion and future directions

After 30 years of characterisation and implementation, midline FPI is recognised as a 

clinically relevant model of TBI, particularly mild, diffuse TBI, such as concussion. This 

model remains valuable for translational research, and can be analysed across time post-

injury at different levels of analysis. Additionally, TBI, whether associated with a fall, motor 

vehicle accident, sports injury, or assault, often occurs concomitantly with other injuries. 

While studies have begun to investigate combined injuries such as TBI and bone 

fractures87–89, future opportunities exist to expand this research and study combined injuries 

that often occur in the clinical setting, such as TBI with hypoxia, and TBI with 

hypoglycemia. Furthermore, future opportunities exist to expand the mFPI model to 

repetitive head injury studies. Repetitive TBI, common in sports-related injury, has yet to be 

routinely modelled specifically in mFPI, but a growing number of studies have successfully 

administered repetitive TBI with other FPI animal models90–94. Additionally, age-at-injury 

has been largely overlooked in studies involving the FPI model32,95 where continued 

investigation is warranted. It is essential that females gain greater representation in brain-

injury research to address anatomical and physiological differences between genders. Lastly, 

pre-clinical study designs would benefit from and provide additional translational value by 

incorporating multiple biomarker categories into the study design. It remains clear that 

midline FPI continues to complement other experimental models of TBI to aid in the 

understanding and search for treatments of the clinical condition.
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Figure 1. 
Illustration of midline fluid percussion injury (FPI) as a model of diffuse brain injury, in 

which neurovascular damage to the brain can lead to behavioral deficits, and transition to 

behavioral morbidity as damaged circuits undergo reorganisation. Golgi-stained neurons 

from uninjured and braininjured brains show intact neuropil, truncation of neuronal 

processes, and then a burst of arborisation resulting in circuit reorganisation. Experimental 

diffuse TBI is induced by midline FPI (device shown) delivered through a craniectomy 

centered on the sagittal suture. Behavioral data indicate that midline FPI results in acute 

deficits (e.g. beam balance, beam walk), which transition into chronic morbidities (e.g. 

sensory sensitivity of the whiskers). Biomarkers across all categories (e.g. diagnostic, 

prognostic, predictive, therapeutic, evoked) support pre-clinical investigation of the natural 

course of the disease and evaluation of therapeutic efficacy.
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