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Abstract
Traumatic brain injuries (TBIs) contribute to a high degree of mortality and morbidity in society. 
From engineering point of view, the human brain can be considered as a mechanical system which 
is subjected to extreme effects, since every type of TBIs are derived from the large magnitude of 
mechanical loads. Impact biomechanics deals with the prevention of injuries via the suitable de-
sign of safety systems. It requires the quantification of limit values of the mechanical effects that 
humans can tolerate. The goal of this paper is twofold. Firstly, it contains a brief literature review 
where some of the most important milestones and major conclusions of previous researches are 
mentioned. Secondly, it presents a proposal about the applicability of reliability analysis to assess the 
vulnerability of the human brain.

Keywords: traumatic brain injuries, vulnerability of the human brain, reliability analysis, injury 
risk curves

Introduction

Injury biomechanics covers several areas of 
study involving different parts of the human 
body. Among these fields the investigation of 
traumatic brain injuries (TBIs) can be con-
sidered as a special area due to the epidemi-
ological importance of TBIs. TBIs contribute 
to a high degree of mortality and morbidity 
in society, and motor vehicle accidents are the 
leading source of blunt impact-induced head 
injuries.1,2 As it was reported in the middle of 
the 1990s, approximately 1,7 million TBIs oc-
curred in the United States every year.3

The main aim of impact biomechanics is the 
prevention of injuries via the suitable design 
of passive restraint systems. This procedure re-
quires the quantification of limit values of the 
mechanical effects that humans can tolerate. 
Intensive research work has been carried out 
for decades to determine such tolerance levels, 
however, this work is far from finished yet. The 

human brain can be considered as a mechan-
ical system which is subjected to mechanical 
loads which could cause injuries. These loads 
can be considered as extreme effects in a sense 
that they have large magnitude (comparing to 
those loads which arise every day), relatively 
rare occurrence and extreme consequences 
(brain injury). The determination of tolerance 
values can be considered as a fragility analysis 
where those effects are quantified which would 
cause the failure of the mechanical system. 

Early researches have led to the development 
of several head injury predictors which could 
be adopted into motor vehicle safety standards 
around the world. Indeed, due to the develop-
ment of safety systems in cars over the last 20 
years, the number of TBIs have been reduced, 
however there are indications that this trend is 
slowing down and TBIs still represent major 
diseases wordwide.4 One possible reason for 
that is the roughness of existing injury crite-
ria. Nowadays the evaluation of passive safety 
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system of cars is based on the Head Injury 
Criteria (HIC), which was originally proposed 
by Versace5 at the beginning of the 1970s. HIC 
takes into account the integral of the linear 
acceleration pulse a(t), measured at the centre 
of gravity of the head. The evaluation is per-
formed in a way that a HIC value is calculated 
according to Equation 1:

(1)

where t1 and t2 are arbitrary initial and final 
times during the acceleration pulse, are cho-
sen to maximize HIC, and this value is com-
pared to a limit value which is prescribed in 
the particular standard. Although the evalua-
tion methodology of restraint systems based on 
HIC has been used for more than forty years, 
several doubts exist corresponding to the appli-
cability of the currently used procedure which 
indicates the necessity of further research. In 
the next section a brief literature review is pre-
sented where some of the most important mile-
stones and conclusions of previous researches 
are shown. These conclusions help understand 
the potential weaknesses of the currently used 
safety standards which initiated new research 
methodologies, including the determination of 
tissue-level tolerances with finite element anal-
yses based on accident reconstructions and 
experiments performed on living cell cultures. 
Afterwards a proposal is made about the appli-
cability of reliability analysis which may be an 
appropriate tool in the future for performing 
a detailed vulnerability analysis of the human 
brain.

Previous methods and main results

At the beginning, impact biomechanical re-
searches started with experimental investiga-
tions on cadavers, animals or certain type of 
physical models. The main goals were to iden-

tify and describe injury mechanisms and to de-
termine tolerance limits. In these researches the 
occurrence of injury was connected to a certain 
value of so-called input parameters which are 
characteristics of the external mechanical load 
which acts on the human head. Among the 
first efforts the skull fracture experiments of 
Wayne State University should be mentioned 
which have led to the development of the first 
tolerance curve6 with regards to the occurrence 
of head injury. Furthermore, researches have 
been performed where the injury mechanisms 
of different types of brain injuries have been 
analyzed. After experiments, contusions have 
been associated with the increase of intracranial 
pressure due to the relative motion between the 
skull and the brain and the local bending of 
the skull.7,8 Contusion may occur not just at the 
site of the impact (coup) but at areas distal to 
the loading site (contrecoup)9,10(Figure 1).

Later, contusion was identified as a possible 
outcome of the movements of the brain against 
rough and irregular skull surfaces.12 Subdural 
and epidural hematoma can also occur due to 
the relative motion between the brain and the 
skull which causes shear strains, elongation 
and the rupture of bridging veins.13 After the 
vein rupture, neural tissue is compressed due 
to the increased pressure which can cause cell 
death. Injury mechanisms of intracerebral he-
matoma (Figure 2) are similar to those which 
have been mentioned for contusions.14,15 Fur-
thermore, since different pressure values arise 
at the coup and contrecoup locations, a pres-
sure gradient exists which creates shear stress-

Figure 1. Coup and contrecoup injuries11 
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example Equation 2 shows a possible limit-state function G : 
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es in neural tissue which can also cause focal 
injuries.16,17

Diffuse injuries form a spectrum of injuries 
ranging from mild concussion to diffuse axonal 
injury (DAI). Axonal damage is thought to oc-
cur due to shear strains and stresses (Figure 3) 
which occurs in the neural tissue during the 
trauma.19 However, by now it is known that 
the axonal damage does not necessarily occur 
at the moment of the trauma, but the shear 
effects cause an axolemmal permeability dys-
function which can lead to axonal damage 
through different phenomena.20

After the identification of injury mechanism, 
injury thresholds should be quantified. In or-

der to achieve that it is important to determine 
which kind of external effects can cause the 
previously described injury mechanisms. In 
early studies much attention was paid on the 
separate investigation of the effect of linear 
(translational) and rotational (angular) acceler-
ations. It has led to a debate about which effect 
has the more important contribution to brain 
injury. Holbourn22 hypothesized that rotation-
al acceleration has a greater effect than linear 
accelerations in the occurrence of injury and 
others supported this theory.23 Two concepts 
existed how rotations cause injury: (i) inabil-
ity of the brain to rotate within the skull caus-
es injurious focal point shear strains and (ii) 
diffuse shearing of brain tissue normally located 
at zones of change in density. Further studies 
confirmed that rotational acceleration could 
induce severe brain injuries like concussion,9 
DAI or acute subdural hematoma.24 However 
other researchers25 who put emphasize on the 
analysis of the effect of skull deformations and 
intracranial pressure gradients, emphasized 
the importance of translational accelerations 
in the development of head injury. As a con-
clusion it can be stated that both linear and ro-
tational accelerations can cause brain injuries, 
and both effects have a specific role because 
they produce different injury mechanisms.26 

Figure 3. Axonal damage21

Figure 2. Epidural hematoma18 
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Now it is thought that axonal injury derived 
from axonal stretch due to rotational accelera-
tion, while translational acceleration is respon-
sible for intracranial pressure induced strains 
and contusions.

After the recognition of the complexity of in-
jury mechanisms and that brain injuries are 
outcomes of the combination of translation-
al and rotational accelerations several doubts 
arose with regard to the applicability of the 
currently used injury metrics. One of the big-
gest shortcoming of HIC is that it takes into ac-
count solely the linear accelerations,27 however 
previously it has been shown that rotational ac-
celerations have an important contribution to 
brain injuries. Furthermore, HIC is a so-called 
input variable based injury criterion, because it 
is based on linear accelerations which are the 
characteristics of the external load. However, 
it has been questioned whether it is enough 
to use a metric which takes into account only 
the external effects and does not consider the 
strains and stresses which arise in the highly 
deformable components of the brain.28 Ad-
ditionally, the believed contribution of HIC 
values to the failure probability is question-
able. The currently used limits of HIC values 
are derived from the risk curves of Prasad and 
Mertz,29 which were determined based on 
cadaver experiments. However, in these ex-
periments only skull fracture and hematoma 
creation due to artery rupture were analyzed, 
and other types of brain injuries were not con-
sidered. Despite these doubts, HIC is widely 
used to evaluate the performance of passive 
restraint systems. In the past several changes 
have occurred in the safety standards where 
the acceptable HIC value and the time inter-
val where the integral (in Equation 1) is calcu-
lated have been altered, but the main concept 
of HIC has remained unchanged. One major 
reason for that is its easy applicability. Such 
an input variable based metric has the advan-
tage that the evaluation of crash tests is simple, 

since the acceleration pulse is easily obtained 
due to the sensors placed on the dummies.

The above mentioned doubts motivated have 
researchers to continue the investigations in 
order to establish more robust injury metrics. 
A new trend has developed where 3D finite 
element head models are used to perform nu-
merical experiments. This approach allows us 
to work with relatively precise material param-
eters and geometry, while both linear and rota-
tional accelerations can be considered. These 
kinematic variables serve as an input data of 
these simulations where so-called output (i.e. 
dependent) variables like stresses, strains and 
pressures are calculated. This possibility initi-
ated a tremendous research effort in order to 
identify so-called tissue-level tolerances (i.e. 
threshold values of stresses, strains and pres-
sures).

By now, many different models exist in the 
literature which differ in certain geometri-
cal characteristics, material parameters and 
boundary conditions. Usually these numerical 
models are validated against cadaver experi-
mental data.30,31 One of the most widely used 
models is the University College of Dublin 
Brain Trauma Model (UCDBTM) (Figure 4) 
of Horgan and Gilchrist32,33 which is freely 
available at BEL Repository.34

Figure 4. The University College of Dublin Brain 
Trauma Model  
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Researches for tissue-level tolerances usually 
involve accident reconstructions.35-37 Usually 
dynamic simulations are performed to calcu-
late those kinematic variables which acted on 
the head and later these loads are placed to 
the finite element head model to calculate the 
output variables. Since the clinical outcome 
of these accidents are known, the calculated 
stresses, strains and pressure values can be 
used to estimate human tissue-level tolerances. 
As a result, several proposed threshold values 
were published,38,39 however these results have 
a large deviation which can be attributed part-
ly to the natural variability among humans, 
uncertainty in the reconstruction process and 
modelling uncertainty due to the application 
of the particular finite element model and 
imperfect failure criteria. Due to the large de-
viation of results, it is not reasonable to adjust 
one specific tolerance value, therefore such a 
conclusion was made that future investigations 
should be based on a probabilistic basis where 
the possibility of brain injury is determined. 
The latest trend is to draw risk curves where a 
distribution is used to describe injury tolerance 
limit.39-42 These curves express conditional 
probability, since they show that how large the 
injury probability is if the characteristics of the 
effect (which can be either an input or an out-
put variable) has a specific intensity.

Discussion and proposal  

The previous literature overview intends to 
outline three major conclusions: 

 - In order to perform a more reliable vulner-
ability analysis of the human brain, injury 
description should be based on tissue-lev-
el variables (i.e. stresses, strains, pressures) 
instead of kinematic variables.

 - The vulnerability of the brain is affect-
ed by several parameters which have a 
large variability. It indicates that instead 
of a deterministic approach with the ap-

plication of one specific threshold value, 
tolerance assessment should be based on a 
stochastic approach where the probability 
of head injury is determined in terms of 
risk curves.

 - Although the applicability of HIC is 
questionable, only some details have been 
changed in the previous decades while the 
main idea has remained unaltered. It sug-
gests that even if further researches follow 
a tissue-level approach, the resulting crite-
rion should be expressed in terms of input 
variables, because it would be easier appli-
cable to evaluate passive restraint systems 
in the engineering practice

By now different techniques were recommend-
ed to determine risk curves, and in many im-
pact biomechanical studies these curves have 
been developed for different body regions, 
injury types and severity classes.41 These tech-
niques usually involve a regression analysis, 
where some kind of distribution function (e.g. 
normal, log-normal, Weibull or log-logistic) is 
fitted to sample points which were obtained 
from experiments. Although it is questionable, 
that such an analysis where patient specific 
kinematic loads were placed to the same head 
model is capable of describing the effect of ma-
jor kinds of uncertainties which can affect the 
shape of the resulting risk curve. For example, 
since the same head model is used the effect of 
the natural variability of geometrical and ma-
terial parameters among humans is neglected. 
Due to this variation, instead of a deterministic 
modelling approach, a probabilistic approach 
should be applied where a spectrum of out-
put variables are determined.43 Moreover, if the 
same finite element head model is used, then it 
is not possible to take into account the model-
ling uncertainty which may have an important 
effect on the shape of the risk curves, since sev-
eral open questions exist corresponding to the 
biomechanical modelling of human brain.43 
Furthermore, in case of a risk curve where 
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injury probability is expressed in terms of an 
input variable, calculations should include that 
uncertainty which derives from the variability 
of the loading curve shape.

As a matter of fact, in case of the vulnerabil-
ity analysis of mechanical systems exposed to 
extreme effects, there is a long tradition of ex-
pressing the fragility of the system in terms of 
fragility curves, where the probability of failure 
is shown in the function of intensity of the ap-
plied load. Injury risk curves mentioned above 
correspond to these fragility curves where the 
vulnerability of the human brain is analyzed. 
It is well known that the shape (e.g. the slope) 
of these curves highly affected by the amount 
of uncertainties which derive from several 
sources. In other engineering fields (e.g. earth-
quake engineering, nuclear engineering) the 
so-called full probabilistic approach is applied 
in many cases44,45 to consider the effect of dif-
ferent types of uncertainties during the cal-
culation. This is accomplished via defining 
random variables whose standard deviation de-
scribe the variability of the considered param-
eter. In most cases these random variables can 
be characterized approximately which implies 
that the calculated failure probability is only an 
estimation, still the full probabilistic approach 
can be considered as a state-of-art technique to 
characterize the fragility of a mechanical sys-
tem. With the application of random variables 
failure probability can be calculated by reliabil-
ity analysis46,47 instead of the statistical eval-
uation of a limited number of sample points. 
During the application of reliability analysis 
different failure modes (e.g. injury types) can 
be considered trough the definition of failure 
components where each component is charac-
terized by a limit-state function. A limit-state 
function separates the sample space into a safe-
ty and a failure domain. Theoretically the fail-
ure probability can be calculated as the inte-
gral of the joint probability density function of 
the random variables over the failure domain. 

However, instead of evaluating these integral 
analytically, usually numerical techniques are 
applied to calculate the probability of failure. 
The theoretical background of the different 
techniques and further details of the reliability 
analysis can be found elsewhere.46,47        

Our proposal is based on the idea that the pre-
viously mentioned full probabilistic methodol-
ogy could be used to perform a more detailed 
vulnerability analysis of the human brain. Fol-
lowing this aim, some remarks are mentioned 
about the framework of the reliability analysis 
(Figure 5) which will serve as a starting point 
of our future research. It has already been 
mentioned that different failure components 
(and limit-state functions) should be defined 
for different types of injury. Then the question 
may arise that how the failure of the whole sys-
tem should be defined. In case of brain injury, 
the application of a series system would be rea-
sonable, where the mechanical system is con-
sidered to be already failed if one of the possi-
ble types of injury occurred. Another important 
question is the correlation among injury types, 
which could be answered based on clinical ex-
periences. One of the most important conclu-
sion of the previous studies was that the future 
investigations should be based on a tissue-lev-
el approach. Therefore, limit-state functions 
should include output parameters like calcu-
lated stresses (or strains) and limit stresses (or 
strains). For example Equation 2 shows a pos-
sible limit-state function G:

(2)

where σcalculated is a stress value (effect) which 
was calculated from the finite element sim-
ulation and σlimit is the limit value of stresses 
(resistance). The value of σlimit should be a 
realization of a random variable ∑limit which 
describes tissue-level tolerance. In order to per-
form a detailed vulnerability analysis, the ap-
plication of such a variable which describes the 
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variability of tissue-level tolerance among hu-
mans is essential, since this variability was one 
of the major reasons for implementing proba-
bilistic approach and risk curves. The charac-
terization of these variables could be based on 
the results of previous studies where accident 
reconstructions were performed. Another im-
portant issue is to take into account the uncer-
tainty which derives from the random shape 
of possible time-acceleration curves. Previous 
studies showed that this variability can high-
ly influence the magnitude of brain deforma-
tion.48 Analogously to earthquake engineering, 
this task could be obtained by repeating finite 
element simulations for several time-accelera-
tion records which have been normalized in a 
way that these records represent approximate-
ly the same intensity. Such time-acceleration 
records for crash tests can be obtained from 
the National Highway Traffic Safety Admin-
istration (NHTSA) database. In future studies 
further random variables may be applied as 
well. In many cases, terms in the limit-state 
functions are multiplied by random variables 
which describe modelling uncertainties. Such 

a variable could be characterized based on a 
detailed research work, where several finite 
element head models are used with different 
complexity, geometry, material parameters and 
boundary conditions to observe the variability 
of calculated results deriving from our mod-
elling approach. By scaling time-acceleration 
records, the reliability analysis can be repeat-
ed for several times for different intensity (e.g. 
HIC) values in order to obtain discrete points 
(injury probabilities for given intensity values) 
on which distribution function can be fitted to 
obtain the injury risk curve.

Probably the application of the full probabi-
listic approach will produce many questions 
corresponding to the characterization and the 
number of the applied random variables, selec-
tion and normalization of time-history records, 
definition of limit-state functions, etc. Howev-
er, this approach has the advantage that every 
type of uncertainties can be described by ran-
dom variables, and there is a possibility that the 
most important variables can be characterized 
approximately based on results of previous and 

Figure 5. Framework of the reliability analysis
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current researches. Furthermore, the proposed 
methodology fulfils those requirements that 
injury evaluation is based on a tissue-level vari-
ables, while injury risk curves are expressed in 
terms of input variables (e.g. HIC values). Ob-
viously, there is a lot of work to do in order to 

determine reliable risk curves for brain injuries 
and reliability analysis may become one of the 
state-of-art techniques in the future whose ap-
plication will lead to the improvement of re-
straint systems and occupant safety.
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