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1. Epidemiology of traumatic brain injuries 

According to the World Health Organisation (WHO), more than 5 million people die every year 
due to injuries which accounts for 9% of the world’s deaths [1]. Trauma also results in millions of 
injuries leading to long-term disability [2]. Traumatic injuries can disrupt the life of young 
individuals also, therefore, they have an even more devastating outcome considering the years of 
life lost (YLLs) and years lived with disability (YLDs) (Fig. 1).  

 
Figure 1. Epidemiology of injuries compared to other diseases in 2019 (based on annual data of 

Global Burden of Disease Study) [2]. 

Traumatic Brain Injury (TBI) is the disruption in the brain's normal function caused by an 
external mechanical insult. TBIs have a devastating epidemiological burden as 69 million injuries 
occur annually, and nearly 5.5 million people suffer a severe TBI each year. The number of TBI-
related deaths and disabilities is more significant than in the case of any other traumatic insults [3] 
(Fig. 2). 

 
Figure 2. Cause of traumatic deaths [3]. 

One main category of TBIs is the so-called primary injuries that occur immediately or shortly 
after the trauma in the form of different lesions (e.g. contusion, hematomas, axonal injury, etc.). 
These injuries are the direct consequence of the mechanical effects which can be explained by the 
extreme strains, stresses and pressures of the soft tissues. Therefore, the results of biomechanical 
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research are widely used to prevent and mitigate future injuries. Among the possible causes of 
primary TBIs, motor vehicle crashes have a unique role considering that (1) these are one of the 
main reasons for these injuries (Fig. 3) and (2) engineers and decision-makers can control the 
number and severity of such injuries to a certain extent. 

 

Figure 3. Distribution of injury-related deaths among different causes [2]. 

The other main type of these injuries is the secondary injuries that develop hours or days after 
the trauma as a complication of the already injured tissue. Once a primary injury occurs, the natural 
circulation of the cerebrospinal fluid (CSF) can be disrupted, leading to excessive fluid 
accumulation, tissue swelling and the elevation of intracranial pressure (ICP). As the ICP increases, 
the level of tissue oxygenation decreases, leading to the disruption of the cellular metabolism and 
the death of the neural tissue. This complex injury mechanism including oedema and ischemia can 
lead to severe secondary brain injury resulting in poor functional outcome or death. It has 
significant epidemiological importance also, considering that oedema (together with its 
complications) accounts for approximately 50% of TBI-related deaths [4]. 

2. Goals and research directions 

2.1. Analysis of primary injuries 

A possible solution for preventing many future injuries is to apply more robust safety systems 
in vehicles. The effectiveness of the applied restraint systems is controlled by the safety standards 
of the motor vehicle industry, however, the biomechanical background of the current standards is 
highly questionable. Hence, the first step in improving the safety systems is the development of 
more reliable standardized evaluation procedures. 

In my research, I have been following the above-noted approach to increase further our 
knowledge regarding humans' physical tolerance levels in case of car crashes. The applied research 
methodology in my work (illustrated by the flow chart in Fig. 4) have two main characteristics: 

1. The evaluation of injury risk is always based on the biomechanical behaviour of the soft 
tissues, which is quantified based on a large number of finite element (FE) reconstructions 
of frontal crash tests. 

2. In order to develop more reliable risk curves, a reliability analysis-based framework is 
developed using the following steps: 1) identifying failure components (i.e. injury types), 
2) describing failure criteria via limit state functions, 3) quantifying the major sources of 
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uncertainties by random variables, 4) calculate the injury risk1 by reliability analysis, 5) 
repeat the above procedure for different loading intensities to construct risk curves.  

 
Figure 4. Flow chart of the reliability analysis-based framework. 

2.2. Analysis of secondary injuries 

TBIs' burden can also be reduced by further development of the medical treatment procedure to 
avoid poor functional outcomes caused by secondary TBIs. One of the main goals of the medical 
treatment is the mitigation of the increased ICP. However, if it is not achieved by standard medical 
care, a neurosurgical operation called decompressive craniectomy (DC) is performed as an ultimate 
life-saving procedure, where a relatively large part of the skull is removed to allow the expansion 
of the brain tissue. Despite the effective ICP reduction, the overall effectiveness of this operation 
is questionable due to the large deformation of the tissue that can also result in poor functional 
outcomes. Moreover, the effective application of DC is further aggravated by the fact that its 
optimal execution in terms of the size and location of the skull opening is not straightforward. As 
mechanical terms such as pressures and strains of the brain tissue are critical parameters in the 
effectiveness of the medical treatment, an engineering optimization task is given where the pressure 
reduction should be obtained with the cost of allowable strains.  

Therefore, in my work (illustrated by the flow chart in Fig. 5), systematic series of FE 
simulations are performed for a large number of DC scenarios to determine the mechanical 
behaviour of the brain tissue during surgery. Based on the observed tendencies, a multiobjective 
optimization strategy is adapted to the current problem to give some insight into the optimal 
execution of DC on a biomechanical basis.  

 
1 The technical terms used in the biomechanical literature of TBIs may contradict with the terms applied in 
Engineering Reliability. Technically, a curve which describes the conditional probability of failure in the 
function of the loading intensity should be called fragility curve (or vulnerability curve) instead of risk curve 
(considering that probability and risk are two sharply different terms in Engineering Reliability. 
Nevertheless, mainly, terms like risk curve, risk analysis, etc. are used in this work to fit into the 
biomechanical literature. 
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Figure 5. Framework for the engineering optimization of decompressive craniectomy. 

3. Reliability assessment of the standardized evaluation procedure 

Currently, the applicable safety standards are based on the injury metric called Head Injury 

Criterion (HIC) defined as: 
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where a(t) is the resultant translational acceleration time history of the head and t2 - t1 is the 
considered time interval which is chosen to maximize the value of HIC. The applied thresholds in 
the standards are based on the original risk curve of Prasad and Mertz [5]:  
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where Ф is the cumulative standard normal distribution function, HIC15 is the measured HIC value 
considering a max. 15 ms long interval, and PAIS 4+ is the probability of a severe head injury. 

My research aims to perform an advanced vulnerability analysis of the human brain to 
investigate the connection between HIC15 and PAIS 4+, because it is suspected that the actual risk  
may be considerably larger than the current standards predict. In order to investigate the HIC15 – 
PAIS 4+ connection, the probability of traumatic brain injury is determined for several HIC15 values 
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by reliability analysis using Monte Carlo (MC) simulations. The reliability analysis performed in 
this research has the following main characteristics: 

 Injury criteria are described at the tissue level; 

 Tissue-level effects are calculated via a validated finite element model; 

 Certain types of uncertainties are considered by random variables.  
 

The following three of the most common types of severe TBIs are considered in this research: 

 diffuse axonal injury (DAI), 

 acute subdural hematoma (ASDH), 

 contusion. 
 

In the knowledge of the translational and rotational accelerations that occurred on the dummies’ 
head in previous crash tests, tissue-level effects are calculated by the standard finite element head 
model included in the SIMon software [6] using explicit dynamic simulations (Fig. 6).  

  
a) Pressure distribution b) 1st principal strain 

 

Figure 6. Obtained pressure and strain distribution in the coronal section at a typical reconstruction. 

The uncertainty of tissue-level effects is characterized based on the reconstruction of 100 frontal 

crash tests scaled to eight different HIC15 levels (leading to 1600 simulations in total, including the 
sensitivity analysis as well). The determination of random variables is performed by curve fitting 
using non-parametric kernel density estimation (Fig. 7). 

 
Figure 7. Kernel density estimation of ECSDM in case of HIC15=700: a) fitting density function to the 

histogram of the observed data; b) checking the curve fitting by probability plot2. 

 
2 The risk of DAI is quantified by an injury predictor called cumulative strain damage measure (CSDM) 
which gives the relative brain volume where the maximum principal strain (MPS) exceeds a prescribed 
tolerance value. ECSDM is the random variable of the tissue-level effect related to CSDM. 
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The uncertainty of the tissue-level tolerances are taken from previous literature data [6]. The 
conditional injury probability is calculated by Monte Carlo simulations where 106 random samples of 
tissue-level effects (Fig. 8.a) and resistances (Fig. 8.b) are generated according to their distribution 
function and the outcome of the 106 virtual experiments is evaluated (Fig. 8.c).   

 
Figure 8. Illustration of Monte Carlo simulation: a) random sample of the effect; b) random sample 

of the resistance; c) outcome of experiments3. 

In the knowledge of the probability of each injury type, the probability of an AIS 4+ injury can 
be determined by the reliability analysis of the system evaluated by Monte Carlo simulations. The 
random vectors of the effect and the resistance are generated according to their multivariate 

distribution function using the same marginal distribution functions as above and describing their 
correlation with multivariate copula functions (Fig. 9).  

 
Figure 9. Generating correlated samples of the effect in case of HIC15=700. 

The results of injury probabilities and the system's reliability are shown in Table 1. 
  

 
3 The risk of ASDH is quantified by an injury predictor called relative motion damage measure (RMDM) 
which describes the stretching of the bridging veins [6]. 
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Table 1. Injury probabilities obtained by reliability analysis4. 

HIC15 PDAI PASDH Pcontusion 
Lower 

bound of 
PAIS 4+ 

Upper 
bound of 

PAIS 4+ 

PAIS 4+ based on 
system reliability 

200 0.0409 0.1410 ≈0 0.1410 0.1819 0.1810 
400 0.0800 0.2639 0.0003 0.2639 0.3442 0.3279 
500 0.0915 0.3165 0.0015 0.3165 0.4095 0.3806 
600 0.1131 0.3469 0.0041 0.3469 0.4641 0.4234 
700 0.1515 0.4075 0.0236 0.4075 0.5826 0.4993 
1000 0.2346 0.5186 0.0310 0.5186 0.7842 0.6179 
1500 0.3509 0.6273 0.0527 0.6273 1 0.7326 
2000 0.4920 0.7648 0.0944 0.7648 1 0.8438 

 

Based on these results, a new risk curve with lognormal distribution function was constructed (Eq. 
(3) and Fig. 10): 

 15
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                                                 (3) 

 

Figure 10. Modified risk curve obtained by reliability analysis. 

Results of the sensitivity analysis in terms of injury probabilities are summarized in Table 2. 

  

 
4 PDAI, PASDH, Pcontusion, are the injury probabilities related to DAI, ASDH and contusion, respectively. 
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Table 2. Results of the sensitivity analysis. 

HIC15 
PAIS 4+ 

without the uncertainties 
in the resistance 

PAIS 4+ 
without the uncertainties 

in the effects 

PAIS 4+ 

without rotational 
effects 

200 0.0777 0.1257 0.0064 
400 0.2024 0.2602 0.0110 
500 0.2559 0.3293 0.0142 
600 0.3057 0.3842 0.0165 
700 0.3876 0.4841 0.0219 
1000 0.5253 0.6844 0.0322 
1500 0.6755 0.8668 0.0718 
2000 0.8277 0.9751 0.1159 

In conclusion, the results of the tissue-level reliability analysis of the human brain indicate a 
considerably higher injury risk than predicted by current safety standards (Table 1, Fig. 10). 
Accordingly, a new risk curve was proposed, following a lognormal distribution with parameters 
μLN=6.5445 and σLN=1.1993 (Eq. (3) and Fig. 10). The sensitivity analysis confirmed that rotational 

effects have a critical contribution to the observed injury probabilities (Table 2), strengthening the 
common belief that rotational effects are the primary cause of brain injuries. These observations 
suggest that using a solely translational acceleration-based injury metric contains several 
uncertainties that can lead to relatively high injury probabilities even if relatively small translational 
effects occur. 

4. Evaluation of new injury metrics and associated risk curves 

Although the current standards are still based on HIC, serious doubts exist regarding its 
reliability. As these doubts seem to be justified [7, 8] (see Chapter 3 also), the revision of the 
standardised evaluation procedures is expected. The most promising new injury metric is the Brain 
Injury Criteria (BrIC) [9] which was already implemented into the New Car Assessment Program 
[10]. In the case of BrIC, the magnitude of the effect is quantified by the maximum directional 
angular velocities (ωx, ωy, ωz) of the head: 

22 2
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where ωxC, ωyC and ωzC are critical maximum angular velocities [9]. Following a deterministic linear 
relationship between BrIC and the tissue level predictors, corresponding risk curves were 
formulated related to DAI only [9]: 
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In my research, the re-evaluation of the available risk curves (Eqs. (5.a-b)) is performed by tissue-

level reliability analysis (with similar steps as detailed in Chapter 3). Furthermore, the comparison 
of some available injury metrics (HIC15, BrIC, RIC, RVCI)5 and their risk curves is performed. The 
state variables of the soft tissues during the crash tests are calculated by explicit dynamic  simulations 
using the standard [6] and the improved [13] SIMon software (illustrated in Figs. 11-12 at BrIC=0.5 
loading level). 

  

a) Compressive pressure wave at the coup side b) Tensile pressure wave at the contrecoup side 

  

c) Pressure gradient on a sagittal section 

Figure 11. Pressure distribution at the time of the head impact for a typical test reconstruction (test 
No. 4549 at BrIC=0.5). 

a) Shear stress peaks near the corpus callosum b) Diffuse distribution of 1st principal strain 

Figure 12. Distribution of the shear stresses and the 1st principal strains at the time of the head 
impact for a typical test reconstruction (test No. 4549 at BrIC=0.5). 

 
5 RIC is the abbreviation of Rotational Injury Criterion [11], and RVCI stands for Rotational Velocity 
Change Index [12]. 
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Similarly to Chapter 3, the record-to-record variability among crash tests is quantified with the 
large-scale FE reconstruction of 100 frontal crash tests at different loading levels (leading to 1400 
simulations in total). The determination of the random variables and the main steps of the Monte 
Carlo simulations are illustrated in Fig. 13. 

 
Figure 13. Main steps of reliability analysis: a) fitting distribution function to FE results; b) Monte 

Carlo simulation; c) generating correlated samples with given marginal distributions6. 

The obtained injury probabilities at given BrIC values are shown in Table 3 (where PDAI(MPS) is 
the probability of DAI based on MPS, PDAI(CSDM) is the probability of DAI based on CSDM, PASDH 
is the probability of ASDH, Pcontusion is the probability of contusion. At the same time, PAIS 4+(MPS) 
and PAIS 4+(CSDM) are the combined injury probabilities following an MPS-based and a CSDM-based 
description of DAI, respectively). 

  

 
6 G1 is the value of the limit state function related to diffuse axonal injury.  
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Table 3. Injury probabilities obtained by reliability analysis. 

BrIC PDAI(MPS) PDAI(CSDM) PASDH Pcontusion PAIS 4+(MPS) PAIS 4+(CSDM) 

0.20 0.010 0.000 0.013 0.000 0.025 0.013 
0.50 0.102 0.013 0.121 0.000 0.224 0.130 
0.70 0.208 0.094 0.259 0.004 0.425 0.313 
0.85 0.296 0.223 0.396 0.017 0.581 0.511 
1.00 0.395 0.409 0.549 0.036 0.724 0.716 
1.25 0.530 0.649 0.729 0.082 0.864 0.899 
1.50 0.665 0.792 0.896 0.202 0.963 0.982 

The new risk curves related to DAI alongside the available curves (Eq. (5.a-b)) are shown in Fig. 
14. 

 
Figure 14. Risk curves related to diffuse axonal injury. 

Risk curves related to different injury types and the combined AIS 4+ injury are shown in Fig. 15. 

 
Figure 15. Risk curves related to different injury types. 
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The proposed risk curve related to a combined AIS 4+ injury is given by Eq. (6): 

 
3.1570
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4 ( ) 1
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   .                                      (6) 

The comparison of the above-noted injury metrics is based on the obtained correlation (in terms 
of the coefficient of determination (R2)) between the analysed injury metrics and tissue-level 
predictors (Fig. 16). For this analysis, one hundred FE simulations have been performed (with the 
standard and the improved SIMon model as well) using the original (i.e. unscaled) acceleration 
records of the previously-selected crash tests. 

 
Figure 16. Correlation of injury metrics with tissue-level predictors. 

The reliability of the risk curves of these new injury metrics is also analysed. The performance 
of the injury risk curves is expressed by the sum of squared errors (SSE) with respect to the results 
obtained by tissue-level predictors. These results are summarized in Table 4 and 5. 

Table 4. Performance of risk curves related to diffuse axonal injury (bold values were 
obtained by reliability analysis) 

  

Takhounts 
(MPS) 

(Eq. 5.a) 

Reliability 
analysis 
(MPS) 

(Fig. 15) 

Takhounts 
(CSDM) 
(Eq. 5.b) 

Reliability 
analysis 
(CSDM) 
(Fig 15) 

RIC-based  RVCI-based  

SSE 0.5093 0.4615 0.3493 0.3196 3.3116 1.0249 

Table 5. Performance of risk curves related to different injury types (bold values were 
obtained by reliability analysis) 

 
DAI 

(Fig. 16) 
ASDH 

(Fig. 16) 
Contusion 

(Fig 16) 

AIS 4+ 
HIC-based 

(Eq. 2) 

AIS 4+ 
HIC-based 

(Eq. 3) 

AIS 4+ 
BrIC-based 

(Eq. 6) 
SSE 0.3196 4.2379 0.0074 11.672 5.6191 4.0769 

In conclusion, the tissue-level reliability analysis of the human brain for frontal car crashes 
resulted in slightly modified risk curves for DAI (Fig. 14) and new risk curves related to ASDH, 
contusion and combined AIS 4+ injury (Fig. 15). My current results (Fig. 16 and Table 4) indicate 
that the probability of DAI should be primarily characterized by CSDM (instead of MPS) and the 
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currently proposed risk curve. A moderate R2=0.61 degree of correlation was observed for DAI, 
while considerably smaller values were found for the other injury types (Fig. 16). The results of the 
correlation analysis indicate that BrIC seems to be the best currently available injury metric (Fig. 
16). Similarly, based on the evaluation of the risk curves, the currently proposed BrIC-related risk 

curve (Eq. (6)) seems to be the most reliable tool available for evaluating brain injury risk in case of 
frontal crash tests (Table 5).  

5. Finite element modelling of decompressive craniectomy  

Three models are created with with patient-specific geometry to perform series of virtual 
experiments and observe how the tissue behaviour depends on the applied skull opening in the 
case of different preoperative conditions. The main steps of geometry creation starting from the 
segmentation of patients’ CT scans are illustrated in Fig. 17. 

 

 

a) b) 

 

c) d) 

Figure 17. Main steps of creating the geometry: a) segmentation of CT scans; b) crude surface mesh 
after segmentation; c) smoothed surface mesh after VCG reconstruction; d) CAD geometry. 

These models include the falx and the brain with the details of lateral ventricles, longitudinal 
fissure and the corpus callosum. 

An isotropic, hyperelastic, second-order Ogden-type material model is applied for the brain based 
on previous experimental analysis of the slow, large deformations of the human brain tissue [14]. 
The falx is modelled by a linear elastic material model. 
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The FE mesh is developed in Ansys Workbench [15], using the patch-independent algorithm, 
which ensures that a high-quality tetrahedral mesh is generated even for the highly irregular 
geometry (Fig. 18). The applied meshes contain 120,000-170,000 elements depending on the 
opening size due to the local refinement near its edges (Fig. 18). In order to avoid volumetric 
locking, special four-node tetrahedral elements are applied using a mixed u-P formulation where 
nodal pressures are also primary unknowns of the equations of state. For the falx, a quadrilateral 
shell FE mesh is generated (Fig. 18).  
 

  
a) b) 

 
c) 

Figure 18. Finite element mesh: a-b) axonometric view; c) axial section of the FE mesh. 

Based on the results of several preliminary simulations, a fixed skull-brain interface was applied 
and the supporting effect of the skull was modelled by fixed nodal supports, allowing the significant 
reduction of the computational time and the avoidance of large element distortion at the edges of 
the skull openings. The ventricles are represented as internal cavities and the supporting effects of 

the cerebrospinal fluid are considered by (1) a 5 mmHg pressure load (to approximate a healthy state 
as detailed below), and (2) soft elastic spring supports to model that the compression of the 
ventricles during brain swelling causes pressure increment at the surfaces of the ventricles. 

The analysed quasi-static cases are modelled by static simulations in Ansys [15]. Large 
deformations are captured by geometrically nonlinear calculations using the Updated Lagrangian 
formulation. Each simulation includes three load steps. Firstly, a 5 mmHg pressure is applied to the 
brain's initial (stress-free) geometry to reach an approximate healthy state. In the second load step, 
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the swelling of the brain is modelled by a uniformly distributed fictive thermal expansion of the 
tissue to reach the preoperative (i.e. injured) state. The DC is performed in the third load step by 
deleting the nodal constraints at the skull opening to reach a bulging displacement at the 
postoperative state. 

For validation purposes, two real-life cases are reconstructed to compare simulation results to 

real-life observations. In both cases, the injury is modelled to reach the same preoperative ICP, 
which was measured before surgery, then the same skull opening is applied, and the postoperative 
state variables of the tissue are monitored. This validation methodology has two main steps. Firstly, 
a qualitative evaluation of the obtained deformations is performed (Fig. 19), and then a quantitative 
evaluation of the ICP reduction is applied (Table 6) based on the real-life measurements and 
literature data. 

  

a) Postoperative CT scan b) Tissue displacements c) Intracranial pressure 

Figure 19. Model validation based on the comparison of observed and simulated results: a) 
Postoperative CT scan of Case #1; b) Simulated tissue deformations of Model #1; c) Simulated ICP 

of Model #1. 

Table 6. Comparison of measured and simulated ICP values. 

ICP [mmHg] 
Case #1 Case #2 

Measured Simulated Measured Simulated 

Preoperative 18 18 10 10 

Postoperative 12 13.3 5 5.7 

After model validation, several series of virtual experiments are performed on the three different 
models to identify how the tissue behaviour depends on the following preoperative and 
intraoperative data: 

1. Preoperative ICP (ICPpre): Simulation are performed for six different preoperative 
pressure values (ranging from 16.5 mmHg to 41.5 mmHg); 

2. Area (ADC) and locations of the skull opening: 10 unilateral (ranging from 20 cm2 to 
200 cm2) and 10 bifrontal (ranging from 10 cm2 to 100 cm2) scenarios are analysed. 

Some typical simulation results are illustrated in Fig. 20 for unilateral skull opening. 



18 
 

[mm]  
 

[mmHg] 

 

a) Displacements b) Intracranial pressure 
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c) Max. principal strain d) Max. shear strain 

Figure 20. Illustrative results of FE simulation of unilateral DC: a) Displacements; b) ICP; 
c) MPS; d) Max. shear strain. 

6. Engineering optimization of decompressive craniectomy 

The goal of the optimization is to identify optimal skull opening scenarios depending on the 
input conditions, to obtain the required ICP reduction with the cost of minimal injurious tissue 
defomations. The mathematical formulation of the optimization problem is based on the 
monitoring of three output quantities: (1) the postoperative pressure (ICPpost), (2) the maximal shear 

strains, and (3) the maximum principal strains of the tissue. Accordingly, the optimization is based 
on the minimization of three objective functions, which are functions of the skull opening area: 
postoperative ICP (fICP), damaged relative brain volume due to shear strain (fDamG) and damaged 
relative brain volume due to MPS (fDamE). These objectives functions are obtained in two main 
steps. Firstly, response surfaces of the above-mentioned output parameters (given in the function 
of the preoperative pressure and the skull opening area) are fitted to a large set of FE results (360 
simulations in total) by cubic spline interpolation (Fig. 21). 
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Figure 21. Response surfaces of the brain tissue in terms of the monitored outputs: a) ICPpost 
response surface; b) VDamE response surface; c) VDamG response surface)7. 

Afterwards, in the light of the tendencies of tissue behaviour, objective functions associated with 
a specific preoperative ICP value are cut out from the response surfaces (illustrated in Fig. 22). 

 

Figure 22. Objective functions for unilateral DC: a) fICP objective function; b) fDamE objective 
function; c) fDamG objective function. 

 
7 VDamE is the relative brain volume where the obtained MPS exceeds the tolerance value of the tissue (TDamE). 
Similarly, VDamG is the relative brain volume where the maximum shear strain exceeds its tolerance value 
(TDamG). 
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The multiobjective optimization problem is solved by scalarization using Goal Programming 
(GP) and Physical Programming (PP) methods [16], using multiple resultant objective functions. 
The mathematical formulation of the optimization problem has been implemented in Matlab [17]. 
This algorithm enables the determination of the optimal skull opening area (Aopt) in a case where 
all input parameters are known. However, as tissue tolerances are highly variable and not readily 
known, this optimization was performed for different tissue-level thresholds (Fig. 23).  

 

Figure 23. Dependence of the optimization results on the applied thresholds: a) optimal unilateral 
skull opening; b) Pm for unilateral opening; c) optimal bifrontal skull opening; d) Pm for bifrontal 

opening8. 

Furthermore, this optimization strategy is nested into a large-scale parametric study to obtain 
generally applicable approximate results for the optimal skull opening. In this case, the optimal 
skull opening in this parametric study (Aopt,m) is determined by averaging the results of individual 
optimizations over the analysed interval of the thresholds. The surface of the optimal skull opening 
in the function of ICPpre and the relative weight of the fICP objective function (wICP) is shown in 
Figs. 24.a-b for the unilateral and in Figs. 24.c-d for bifrontal skull openings.         

 
8 Pm is the mean value of the considered resultant objective functions at the optimal skull opening.  
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Figure 24. Averaged optimal skull opening based on the large-scale parametric study: a) optimal 
unilateral skull opening; b) contour plot of Aopt,m for unilateral opening; c) optimal bifrontal skull 

opening; d) contour plot of Aopt,m for bifrontal opening. 

 

For unilateral skull openings, the obtained Aopt,m results are also illustrated by the set of curves 
(Fig. 25) that may be applicable more efficiently at the time of the decision-making. 
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Figure 25.  Set of curves of averaged optimal craniectomy size for unilateral skull opening based on 
the large-scale parametric study: a) Aopt,m in the function of wICP; b) Aopt,m in the function of ICPpre. 

In conclusion, a comprehensive analysis of the biomechanical behaviour of the brain tissue 

during DC has been provided based on a large number of FE simulations. These results pointed 
out that the postoperative pressure has an approximately linear dependence on the skull opening 
area and the preoperative pressure (Figs 21.a and 22.a). The currently detailed optimizations strategy 
was developed to determine the optimal skull opening for several input parameters. These results 
indicate that the unilateral skull opening is more advantageous than the currently analysed bifrontal 
openings (Figs. 23.b and 23.d). The large-scale parametric study showed that the optimal unilateral 

skull opening area usually falls within the 130-180 cm2 interval (Figs. 24.a-b and 25) which is in 
accordance with the available medical guidline [18]. Although current results may be limited due to 
the lack of knowledge of exact tissue tolerances, these observations may help with the design of 
DC and provide the basis for a long-term validation procedure. One day, this may lead to the 
implementation of such an optimization procedure into the clinical practice supporting the 
individualized therapeutic plans where the biomechanical behaviour of the brain tissue is also 
considered.  
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7. Theses 

Thesis #1 

1.a) I have developed a reliability analysis-based framework to determine the probability 
of brain injury in crash test conditions. This methodology includes the following 
advantages compared to the current standardized evaluation procedure: 

 I: All important injury types can be considered during the calculations, even those that could 
not be considered in the early experimental studies. This method implies that the previously-
applied indirect approach related to skull fracture can be discarded; 
II: The injury criteria are evaluated based on the biomechanical behaviour of the brain tissue 
and vessels; 
III: The quantification of the tissue-level effects fits the conditions of car crashes based on a 
large number of finite element reconstructions of crash tests; 
IV: The essential tissue-level uncertainties which can affect injury probability significantly can 
be taken into account by random variables.  

1.b) I have performed the detailed reliability assessment of the HIC-based risk curve, 
which provides the basis of the currently applied safety standards. In this analysis, the 
following results have been obtained: 

I: The obtained injury probabilities by tissue-level reliability analysis are significantly (~10 
times) larger in the design interval than those which are predicted by the original risk curve; 
II: Following results of reliability analysis, a new risk curve has been constructed by lognormal 

distribution with the following parameters: μLN = 6.5445 and σLN = 1.1993; 
III: The comparison of TBI risk observed in real-world crashes and predictions based on 
standardized tests may not be so reliable, and a minimal amount of data is available on this 
topic. Nevertheless, current results of the tissue-level reliability analysis support previous real-

world observations [13], where it was found that the predicted injury probability was less than 
10% of the observed value; 
IV: The performed sensitivity analysis has revealed that rotational effects and tissue-level 

uncertainties have a fundamental effect on the observed injury probabilities; 
V: The translational effects solely have only a small contribution to injury probability, 
concluding that the HIC metric itself cannot effectively quantify tissue-level effects. This 
observation and the shape of the obtained new risk curve imply that the HIC metric is not 
effective in quantifying injury risk, as relatively large injury probabilities are already present 
for relatively small HIC15 values due to the above-noted drawbacks. 
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Thesis #2 

2.a) With applying the reliability analysis-based framework, I have evaluated in detail 
the reliability of the most prominent newly proposed injury metric (BrIC). This 
investigation led to the following results: 

I: The available risk curves related to DAI are in good agreement with the results of the 
reliability analysis; 
II: Despite the good agreement of the above-noted curves, the newly developed CSDM-based 

risk curve related to DAI has the advantage that it can quantify the non-zero injury risk in 
the BrIC<0.523 design interval in opposed to the available curve; 
III: New risk curves have been constructed related to contusion, subdural hematoma and the 
combined AIS 4+ brain injury. 

2.b) The reliability of the BrIC metric and the corresponding risk curves have been 
compared to other newly proposed injury metrics. This comparative study has led to the 
following observations: 

I: The BrIC metric gives the highest correlation with both of the DAI-related tissue-level 
predictors, and this correlation is higher with CSDM than with MPS; 
II: The BrIC gives the highest correlation with RMDM, implying that it is the most effective 
among the analysed metrics for quantifying the risk of subdural hematoma. However, this 
correlation is considerably less than it was obtained for the analysis of DAI. Moreover, for 
the analysis of contusion, none of the considered metrics seems to be reliable; 
III: The comparison of the risk curves related to DAI in terms of SSE shows that the currently 
proposed reliability analysis- and CSDM-based curve gives the best agreement with the 
results of the tissue-level evaluation; 
IV: Among the combined AIS 4+ curves, the currently proposed reliability analysis-, CSDM- 
and BrIC-based risk curve gives the best result in terms of SSE. Accordingly, among the 
available risk curves, the currently proposed curve seems to be the most reliable tool for 
evaluating the probability of brain injury in case of frontal car crashes.  
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Thesis #3 

3.a) I applied a FE simulation-based framework to identify the biomechanical 
behaviour of the brain tissue during decompressive craniectomy. This methodology is 
advanced compared to previous studies by the simultaneous fulfilment of the following 
characteristics: 

 FE simulations are performed on models with patient-specific geometry where the healthy 
state is estimated based on averaged ventricle size depending on the age of the patient; 

 The model validation includes the comparison of tissue displacements and the ICP as well; 

 A systematic study of virtual experiments has been performed using a large number of FE 

simulations with different preoperative pressures and skull opening scenarios to determine 
how the tissue behaviour depends on these preoperative and intraoperative conditions; 

3.b) The mathematical background and the algorithm of the multiobjective 
optimization of DC have been developed to determine optimal skull opening based on the 
biomechanical behaviour of the brain tissue. 

3.c) A large-scale parametric study has been completed using the above-noted 
algorithm to determine averaged results indicating how the optimal skull opening depends 
on the preoperative conditions. My results imply that a relatively large, 130-180 cm2 skull 
opening seems to be optimal, which fits the current recommendations of the medical 
treatment procedure.  
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