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1. Introduction

This report focalises on head injury criteria foluds and elderly and is therefore in
continuity with D 5.1.1 B entitled “Improved heaajury criteria based on a state of
the art FE Head model. As age dependence is coadidleis part of the project has
been worked out within 5.3.3. To fix the contexttbé present work it should be
recalled that head injury remains one of the moestuent and severe injuries
sustained by vehicle occupants, motorcyclists, gedas and cyclists in road

accidents and account for approximately 40% of rfagalities in the European Union

(EV). A reduction in head injury fatalities of 208ould equate to almost 4000 lives
saved per annum. It is anticipated that one esdemtijuirement for achieving this
target is having head injury assessment method$ ¢am accurately and

comprehensively asses the potential head injutky uisder a broad range of head
impact conditions.

At present the most widely accepted method of assgdiead injury risk in road
safety research is the Head Injury Criterion (HIBdwever, HIC only considers the
injury risk to the head resulting from linear heaxtelerations. As such, HIC cannot
be used to predict the possibility of head injuniesulting from head rotation, or
distinguish between the different types of headriag that can occur, such as skull
fractures, subdural haematomas or diffuse axonaii@s. It is anticipated that a head
injury assessment method, more advanced than HilClead to the development of
improved head protective systems capable of reduitia incidence of head injury

fatalities.

The objective of developing a more advanced hepnlyimisk assessment technique
has been identified as a priority in sub-task 1f1Sab-project 5 (SP5) of the
APROSYS Integrated Project.

The principal intentions of the work in SP5.1.1 APROSYS was to develop
improved head injury assessment techniques anujloyicriteria that will supersede

the use of HIC as the accepted means of assessaggjury risk.

It was proposed in SP5.1.1 that a more compreherssid advanced head injury risk
assessment technique could be based on the poediétom a numerical head model.

Hence, the principal intention of SP5.1.1 was twettgp improved head injury
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assessment techniques on an advanced numerical rheddl, where the main

objectives of the work were to:

Assess the main injury mechanisms of the head,;
Review and evaluate the current numerical head Moitethe global
community and choose one or more appropriate ‘sifatee-art’ numerical
head models on which head injury criteria couldlbeeloped,;
Develop and propose advanced model based head iojiteria on the
chosen ‘state-of-the-art’ numerical head model(s).
In this framework task of SP5.1.1 the head loadiogditions and predictions from
the ULP and NHTSA Finite Element (FE) head modeésenstatistically analysed
against the head injury data from 68 accident casesder to determine the best

predictors of head injury. Statistical analysis wan carried out on the head loading

conditions from the accidents, such as the peaatimnd rotational acceleration of
the head and HIC, and the predictions from the meadels, such as the von Mises
stress or strain and pressure in the brain, inrotdedetermine which of the
investigated parameters provided the most accyradictor of the head injuries
sustained in the accidents. The recorded injuriadied in the analysis included
examples of DAI, SDH and skull fractures. The ppat findings from the SP5.1.1

work were as follows:

Peak linear head acceleration and HIC were foundthe majority of

instances, to provide more accurate regression Isdde predicting severe
DAI than any parameter based on the predictionm ftbe NHTSA head

model.

Peak negative brain pressure computed with NHTSAlehavas found to

provide the most consistently accurate predictohedd injury based on the
predictions from this head model and provided tlusthaccurate predictor of
SDH and skull fracture in comparison with globattéas. However, in these
two instances the accuracy of the regression modaks poor with R-Sq
values lower than 0.3.

When a more detailed state of the art head FE misdaeked (ULP head
model), results show clearly improved head injurigeda. The correlation

factors expressed through R-Sq are over 0.5 foremabel and sever DAI as
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well as for skull fracture. For these injuries beandidate parameters are
respectively first principal or Von Mises sheariaggain and strain energy
within the skull. Finally only the prediction of $Dis unsatisfactory as R-Sq

value is only around 0.20.

It was concluded, based on the results of this wibr&t there is evidence to support
the use of alternative parameters to predict hejadyi risk over HIC and peak linear

head acceleration.

Three tolerance limits obtained with the ULP FEHMre found:

The maximal first principal strain value reachedabgignificant volume of at
least ten contiguous elements from the brain igp@ed as a correlate to

neurological injury occurrences with a toleranceitiabout 31%.

The minimum value reached by the pressure of thmrachnoid space is
proposed as a correlate to subdural hematoma eco@s with a tolerance
limit about -136kPa.

The maximum value reached by the global strain ggnef the deformable
skull is proposed as a correlate to skull fractuceurrences. This criterion is
only computed for the pedestrian cases where tf@rdable skull FEHM is

driven with a direct impact. The tolerance limiaisout 865mJ.

The injury risk curves obtained for these thred¢eca are recalled in Figure 1 to
Figure 3.
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Figure 1. Best fit regression model for DAI injuryinvestigated for the ULP model in the SP5.1.1B
context considering brain first principal strain.
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Figure 2. Best fit regression model for SDH injuryinvestigated for the ULP model in the
SP5.1.1B context considering CSF minimum pressure.

Report -



APROSYS Project Report AP-
SP53-0017-FINAL

0.9k

Dar

0.7 g : 4

0.6+ ’ g i

Injurny risk
o
[+)
1

0.4f : ; |

S § % risk : 677mJ 1
50% risk : 865m.) |

95% risk : 1182m.J

02k

01 F

ot e | 1 1 1 1 1 1 1
0 600 1000 1600 2000 2600 5000 9600 4000 4600 5000
Skull strain energy[md]

Figure 3. Best fit regression model for skull fraatire injury investigated for the ULP model in the
SP5.1.1B context considering skull strain energy.

It is proposed in this report to develop head wjcrteria specific to “young” adults
separately from criteria for “elderly” people. Rbis purpose, two age classes will be
distinguished with an age limit at 60 years oldl Aead trauma cases will be
simulated with the ULP head model and specificrasiee limits for these two classes
of age will be computed in accordance with the raeaal injury parameters

established within 5.1?1 “Improved Head Injury Ei.

The present report contains two ain sections, os@gbthe description of the
methodology, including a short description of UL&all FE model and head trauma
cases to be reconstructed and the second parinfgebe results in terms of head

injury criteria separately for adults and elderly.
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2. Methodology

2.1.INTRODUCTION

A total of 68 head trauma cases were analysed. fmglished two ages’ classes
“young adults” and “elderly” age classes from tlegatbase presented here after. All
accidents were reconstructed with the ULP head m&datistical analyses were then
carried out on the loading conditions for the aenitd in addition to a variety of
predictions parameters from the model defined i6.D1B i.e. first principal strain
within the brain, CSF minimum pressure and skuhaist energy respectively
describing the occurrence of neurological injuri8®H and skull fracture. Finally
two set of injury criteria will be defined, one ftite adults the second for the elderly
(only statistical analysis takes into account tge and not the finite element model
characteristics).

2.2.THE ULP HUMAN HEAD MODEL

ULP human head finite element (FE) model was deegldoy Strasbourg University
(Kang et al, 1997). Figure 4 shows a cross section of the mnade illustrates the
main anatomical features that are representedeimthdel which include the skull,
falx, tentorium, subarachnoid space, scalp, cerepaerebellum, and the brainstem.
The geometries of the inner and outer surfaceshefskull were digitized from a
human adult male skull. Data given in an anatonatials by Ferneet al, (1985) was
used to structure the remaining details of the headel and the whole model was
meshed using the version 5 release of the Hypermmeitivare package. In total the
model is formed from 13208 elements and has a ofas3 Kg.
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Figure 4. Section through the ULP human head model.

The falx and tentorium were simulated with a lapérshell elements, the skull
comprised of a three layered composite shell ared rémaining features were
modelled with brick elements. Of particular impota is the subarachnoid space
between the brain and the skull which was represkeby one layer of brick elements
to simulate a cerebral-spinal fluid (CSF) layereT®SF layer was modelled using an
elastic material model and was validated againstsones from sub-injurious in-vivo
vibration head impact studies carried out by Wgén et al. The scalp was modelled
using a layer of brick elements that surround theél &ind facial bones. It was shown
in task 5.1.1 that this model is one of the statn® art head FE models.
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2.3. THE ACCIDENT RECONSTRUCTIONS

2.3.1 Introduction

Altogether 68 head impact conditions that occunrednotor sport, motorcyclist,
American football and pedestrian accidents werensitucted with the ULP head
model. A summary of the type, the subject's age amonber of accident
reconstruction is given through Table 1. It is nmamed that the Adult population
(under 60 years old does not include any case uhderge of 15 years old.

The ULP FEHM can be both driven by acceleratiotdfepplied to a skull supposed
to be rigid (motorcyclist, motorsport and footbaltases) or through a direct impact
with a deformable skull and using the windscreetdi element model (pedestrian
cases) in order to predict skull fractures. Theiahiconditions of this head impact
simulations were determined in a series of invastigs carried out prior and during
to APROSYS-SP5.1.1, as detailed in Sections 2a323.5.

Overall, the peak linear and rotational acceleratiof the head in the reconstructions
ranged between 32 and 1039g and 0 and 3268%raespectively. HIGs values for
these loading conditions ranged between 26 andf2ZBte head injuries sustained in
the accidents and investigated in this work inctudskull fractures, subdural
haematomas (SDH) and diffuse axonal injuries (DAd)31 of the 68 head impact
cases none of the aforementioned types of headyimjare sustained. Table 1 gives
an overview of the head trauma available at the wfithe present study including the
age range of the victims.

Table 1. Summary of the type and number of accident reconstruction

Accident Type Number of cases Age (yo)
Motorsport accidents 6 <40
Motorcycle accidents 11 20-48

American football accidents 22 <40
Pedestrian accidents 29 15-81
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2.3.2 The motorsport accident data

Six motor sport cases were included in the heatlewsts reconstructed. The head
motion data for the six cases was taken from aetasgt of motor sport accident
reconstructions covering accidents in Formula 1, &drmula 3000 and Formula 3.
Details on ten of these accident reconstructioaganvided in Mellor (2000). In this

work preliminary investigations for determining thead loading conditions for the
motor sport accidents involved examining post aadicevidence for each accident,
which typically included an accident report, infaton from the accident data
recorder, video from the onboard camera, video frievision coverage and

photographic evidence of the car. In addition, dedaanalysis of the helmet worn at
the time of the impact and the structures thathiblenet may have impacted in the
accident, such as the headrest, steering wheelfetysbarrier, were also examined.
All this information was used to provide an initiestimate for the direction and

velocity of the head impact in the accident.

To refine the estimate of the head loading conad#ion the accidents, helmet drop
tests and sled based tests were carried out irhvehigybrid 11 headform, fitted with a

nine accelerometer array, was used to determinknger and rotational accelerations
of the headform in the tests. The head loading itiond estimated from the

preliminary investigations were used as the inlbading conditions for the tests. The
tests were repeated until the damage to the hedmetstructures impacted by the

helmet adequately matched that from the accidents.
2.3.3 The motorcycle accident data

The head motion data for the Motorcyclist accidems determined in the COST327
European Commission project covering MotorcycleeSaHelmets. As part of this
project data was collected on motorcycle accidémas occurred between July 1996
and June 1998 in Finland, Germany and the Unitedj#om. Altogether two hundred
and fifty cases were collected and collated in@CGST 327 accident database.

Cases from the accident database were reconstrutt€®DST327. This involved
obtaining, if available, the helmet from the acatjelocumentation on the damage to
the helmet and the accident report. This infornmati@s then used to make an initial

estimate on the loading conditions of the heachendccident cases. Following this
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repeat drop tests were carried out at differenedpeand drop angles, using new
helmets equivalent or similar to those damagecdhé accidents. The helmets were
dropped onto the same surface that the helmet niéspated to have struck in the

accidents such as for example a car wheel or specohroad surface. The tests were
repeated until the damage to the test helmet atidlguaatched that of the accident
helmet. A Hybrid Il headform was fitted into thelmets for the drop tests and this
was fitted with a nine accelerometer array in ortterdetermine the linear and

rotational motion of the headform in the impacti&evien of the COST327 accident

cases were reconstructed with the ULP FEM.

2.3.4 The American football accident data

The motion data for the American football accidews originally determined in
reconstructions carried out by Newman al (1999, 2000a and 2000b). For their
reconstructions they obtained camera footage aflémces in American football
matches in which clear head-to-head impacts hadiroeat between players that
resulted in either or both of the individuals sustey Mild Traumatic Brain Injury
(MTBI). Analysis of the video footage from a numladércamera angles was then used
to provide an estimate of the impact location agldtive velocity of the heads pre-
impact. The pre-impact conditions were then usedeimp headform drop tests to
estimate the kinematics of the heads in the imgdacthese tests two instrumented
Hybrid Il headforms, attached to Hybrid Il necsd wearing helmets equivalent to
those worn by the players in the incidence, werpaicted according to the impact
directions and relative velocities determined ia tamera footage analysis. Twenty

two of these accidents were reconstructed witiuthie FEM.
2.3.5 Pedestrian accident data

Twenty nine car-to-pedestrian impact cases werenstoucted with the ULP model.
The ULP FEHM can be both driven by acceleratiotdfepplied to a skull supposed
to be rigid (motorcyclist, motorsport and footbalteses) or throw a direct impact
with a deformable skull and using the windscreetdi element model (pedestrian
cases) in order to predict some skull fracturese Téal world pedestrian accident
replications conduced in Hanover led in partictidatwo outputs:
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- The relative velocity between the head of the pe@desand the windscreen of
the car at the time of the impact;

- The relative position between the head of the gedasand the windscreen of
the car at the time of the impact;

These results were expressed in terms of relatbecity in the three axis adopted

skew system (which is linked to the accident scemed in terms of angular position

of the ULP head in the same skew system, at the dinnmpact.

2.3.6 Synthesis of accident cases

For this study 68 accident case results will belysea (6 Motorsport accidents, 22
American football players, 11 motorcyclists and @3estrian cases) with the ULP
head model.

Some informations concerning age, sex , impacttiae and main kinematics results

are given inTable 2Table 3 Table 4andTable 5for all reconstructed cases.

Table 2. Accident cases’ information (Age, Gendeimpact location, HIC, maxima of
linear and angular acceleration and injuries) for Anerican Football players.

. Gender Max. of linear Max. of angular Injuries
Accident Age Impact . .
Male (1) ' HIC acceleration acceleration
case (year) | location
Female (2) [0] [rad/s?] DAI
. SDH#* Fracture

S001 1 20 Lateral 129 60 5205 0 0 0
S002 1 22 Frontal 564 119 9678 1 0 0
S003 1 21 Lateral 43 44 4487 0 0 0
5004 1 21 Frontal 535 129 5921 1 0 0
S005 1 20 Lateral 37 32 2939 0 0 0
S006 1 24 Frontal 155 57 7487 0 0 0
S007 1 22 Lateral 38 32 4151 0 0 0
S008 1 23 Frontal 211 72 6514 1 0 0
S009 1 24 Lateral 26 32 2087 0 0 0
S010 1 24 Frontal 142 83 5387 0 0 0
S011 1 22 Lateral 50 38 2620 0 0 0
S012 1 20 Frontal 156 63 8620 1 0 0
S013 1 20 Lateral 444 102 5541 1 0 0
S014 1 21 Frontal 523 124 5400 0 0 0
S015 1 24 Lateral 54 35 2714 0 0 0
S016 1 23 Frontal 189 80 5160 1 0 0
S017 1 21 Lateral 79 45 3169 0 0 0
S018 1 23 Frontal 226 82 9193 1 0 0
S019 1 21 Lateral 166 60 6070 0 0 0
5020 1 22 Frontal 515 107 6878 1 0 0
S021 1 24 Lateral 192 84 4487 0 0 0
S022 1 20 Frontal 308 91 7548 1 0 0

*0 (no DAI), 1 (moderate DAI), 2 (Severe DAI)
*+0 (No SDH), 1 (SDH)
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Table 3. Accident cases’ information (Age, Gendeimpact location, HIC, maxima of

linear and angular acceleration and injuries) for notocyclists.

e Gender Age Impact Max. of Iingar Max. of angular Injuries
Male (1) : HIC acceleration acceleration
case (year) | location
Female (2) [g] [rad/s?]
DAI* | SDH** | Fracture

MO001 2 38 Frontal 1687 204 11173 1 0 1
MO003 1 21 Lateral 669 134 11447 1 0 0
MO004 1 25 Lateral 752 153 10234 1 0 0
MO005 1 na nc 8925 447 32684 2 0 1
MO006 1 38 Occipital 312 106 4056 0 0 0
M007 1 48 Lateral 711 167 8341 1 0 0
MO008 1 35 Frontal 253 88 7153 0 0 0
MO009 1 34 Lateral 578 118 4035 0 0 0
MO010 1 36 Occipital 249 107 5109 0 0 0
MO011 1 34 Frontal 709 222 24945 1 0 0
MO012 1 23 Lateral 2937 238 14715 2 1 0

*0 (no DAI), 1 (moderate DAI), 2 (Severe DAI)

**0 (No SDH), 1 (SDH)

Table 4. Accident cases’ information (Age, Gendemmpact location, HIC, maxima of
linear and angular acceleration and injuries) for pedestrian.
Accident Clonley Age Impact (4255 GU Tneer Max. of angular Injuries

case Ll () (year) | location IS Sl acceleration [rad/s?

Female (2) [a] DAI* | SDH** | Fracture
P0O01 1 15 Frontal 2352 170 7328 2 0 1
P002 2 76 Lateral 795 133 8185 2 0 1
P003 1 46 Oblique 915 131 7588 0 0 1
P004 2 59 Oblique 2727 174 9030 1 0 1
P005 2 78 Oblique 121 55 2535 0 0 0
P006 1 22 Occipital | 15847 514 15600 2 0 1
P007 2 22 Oblique 102 56 2584 0 0 1
P008 1 81 Frontal 360 91 2743 0 1 1
P009 1 65 Oblique 1116 132 5985 2 0 1
P010 1 23 Oblique 581 230 8242 2 1 1
P0O11 2 17 Lateral 2959 203 10917 1 1 1
P012 1 37 Frontal 293 85 2758 0 0 0
P013 1 40 Oblique 394 95 5728 0 0 1
P014 1 64 Vertex 353 106 5075 0 0 1
P015 1 61 Frontal 560 106 2027 1 0 0
P016 1 15 Oblique 147 60 1386 1 0 0
P017 2 71 Frontal 359 98 1543 1 0 0
P018 1 58 Vertex 1150 144 4943 1 0 1
P019 1 56 Oblique 999 177 6807 1 0 1
P020 1 20 Oblique 4000 209 19242 2 1 1
P021 2 71 Vertex 117 62 2562 0 0 0
P022 1 37 Frontal 1319 137 5812 1 0 1
P023 2 69 Vertex 280 91 2895 0 0 0
P024 2 20 Oblique 282 95 5835 0 0 1
P025 2 13 Frontal 796 117 12540 2 0 0
P026 2 38 Oblique 228 76 2912 1 0 1
P027 1 15 Frontal 2986 192 5692 2 0 1
P028 1 nc Frontal 568 107 3978 0 0 0
P029 1 65 Oblique 1371 152 7129 2 1 1

*0 (no DAI), 1 (moderate DAI), 2 (Severe DAI)
*+0 (No SDH), 1 (SDH)
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Table 5. Accident cases’ information (Age, Gendeimpact location, HIC, maxima of
linear and angular acceleration and injuries) for notorsport accidents.

Accident Gender Impact Max. of Iin_ear Max. of angular Injuries

case Male (1) Age location HIC acceleration acceleration

Female (2) [a] [rad/s?] DAI* | SDH** | Fracture
FIAL1 1 nc Left temporal 22604 1039 0 2 0 0
FIA2 1 nc Oblique 5502 361 11160 2 0 0
FIA3 1 nc Lateral 676 104 2537 0 0 0
FIA4 1 nc Lateral 3346 203 6626 0 0 0
FIAS 1 nc Oblique 454 80 3724 0 0 0
FIA6 1 nc Frontal 2094 244 11570 0 0 0

*0 (no DAI), 1 (moderate DAI), 2 (Severe DAI)
*+0 (No SDH), 1 (SDH)

It is possible to distinguish between two age @ass
Less than 60 years old which represent the “adadijulation class with 58
cases
More than 60 years old which represent the “eldepkople class with 10

accident cases (only pedestrian cases).

Figure 5 represents the maximum linear acceleramording to the time duration

for each accident cases. The adult and elderlygpede cases are clearly distigushed.

Concerning the linear acceleration of the head, mh&imum values ranged
respectively from 90 to 4509 for the motorcyclistidents, from 30 to 130g for the
American football players accidents, from 50 to §X0r the pedestrian cases and
from 80 to 10409 for the FIA cases. Concerningttime duration of each accident
types, we can observe that the longer impact duratorresponds to the FIA cases
with a range of about [1.5-19ms] and the shortasgtatibn corresponds to the

motorcyclist cases with a range about [4-8ms].

The linear accelerations of motorcycle cases aarigl higher than the NFL cases

and shorter in duration.

Concerning the rotational acceleration of the héathn be observed in Figure 6 that

the order of magnitude of most of the cases ardasifior all accident cases even if

Report - - 16 -



APROSYS Project Report AP-
SP53-0017-FINAL

extreme values appear for the most severe pededima to 20000 rad/s?) and
motorcycle (up to 32000 rad/s?) cases.
Unfortunately it was not possible to report theadion of the angular acceleration as

these loading curves are often complex with moea ttne pulse.

As a very first observation it can be stated thdedy seam to be injured for lower
impact severity, both in terms of linear and rataéil acceleration. Finally Table 6
summarizes the number of injuries per injury typel @er age for the whole head
trauma population of the data base. It clearly appige number of elderly sustaining

a SDH is very low and it will therefore probablytra® possible to derive an accurate
injury criteria in this case.
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Figure 5. Representation of the maximum linear acce leration according to time duration

for each accident cases (pedestrians, motorcyclists , American football players and FIA’'s

cases).
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Figure 6. Representation of the maximum rotational acceleration for the three types of

accidents (motorcyclists, American football players , pedestrians and FIA).

Table 6. Summary of the number of injuries perinju  ry type and per age for all accident

reconstruction
Age Age
<68 yo >68 yo el
Number of cases 58 10 68
DAI 31 5 36
SDH 4 2 6
Fracture 17 5 22

2.4. THE STATISTICAL ANALYSIS

The intention of the statistical analysis was tovle a means of assessing the
accuracy of a number of variables to predict heajdries. Binary Logistical
Regression was used for this assessment and wasdcaut using the version 14.0
release of the proprietary statistical softwarekpge SPSS.

The logistical regression method involved fittingedationship or regression model
between a number of possible head injury predidiodependent variables) and the
recorded injuries (dependent variables) from eacbnstructed accident.
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2.4.1 The Injury predictors (independent variables)

The injury predictors investigated in the statstianalyses can be categorised into the
following two groups;
1) Those based on the motion of the head in the atcaeses as the peak linear
and rotational head acceleration and IC
2) Criteria based on the predictions from the ULP headlel which include the
maximum brain first principal strain, CSF minimumegsure and skull strain
energy.
It is important to recall that the strain energy tbe skull was obtained for the

pedestrian accident cases only.

2.4.2 The head injury data (Dependent variable)

For the statistical analysis the injuries for tleeident data were categorised into the
following types and levels based on the detailsth& medical report from each

accident case:

Diffuse axonal injuries (DAI), DAI cases covered all incidences in which
neurological injuries occurred and covered conaussiinconsciousness and
coma.

Subdural Haematomas (SDH), his category of injuries covered all
incidences in which vascular injuries with bleedwere observed between the
brain and the skull of which there were six cases.

Skull fracture. There were 22 reported cases of skull fracture kvimcluded
both linear and depressive types. Among the céisee was not a single case
where the only reported fracture is in the basrkgion of the skulli.e.
indicating that all fractures must have been cailgekdead contact rather than

the head being pulled away from the neck.
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3. Results

3.1. RESULTS FOR THE ADULT AGE CLASS (UNDER 60 YEARS OLD)

A total of 58 accident cases have been reconsttuciethis first age class (adults
under years old).

In a very first step global (input) parameters asllvas HIC value have been
considered in order to evaluate the correlatiothe$e parameters with the occurrence
of head injury. In a second step correlation cogdfits have been calculated with the
ULP criteria. All results are summarized in TablenTerms of Nagelkerke R-squared

values.

When the binary logistical regression method idussing SPSS software package)
for this first age class it appears a poor con@tabetween the input and SDH. For
this injury category R-sq values are below 0.3 #radregression models providing
the highest R-Sq value is based on the ULP heachpastameter which in this case
is the CSF minimum pressure with an R-Sq value .4i.®. Main reason of this

limited quality of the regression is the numbecases involved in this case (n=4)

More accurate regression models were obtained fdrdnhd skull fracture injuries.
For these two injury categories R-Sq values areeigdly higher than 0.3 and the
regression models providing the highest R-Sq vaduedased on the ULP parameters
in comparison with the head loading conditions. ther skull fracture, the skull strain
energy of the ULP model provide the most accuragdiptor of injury risk with R-Sq

value for this regression model equal to 0.416.

The most accurate regression models are obtaineldAb with brain first principal
strain of the ULP head model providing the highes3q value equal to 0.517.

In all cases ULP mechanical parameters gives higha@aes than the head loading
conditions or HIC value
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Finally injury risk curves have been constructedtfe best fit regression models and

reported in Figure 7 for HIC) and in Figure 8 folcRJcriteria.

As a synthesis, Table 8 provides the ULP tolerdinaés for each injury mechanisms
with an injury risk of 50% for the first age growgplled the adults (under 60 years
old).

Table 7. Nagelkerke R-squared values for the logisal regressions between input data, HIC, and
ULP criteria and the injury data for the 58 accidert reconstructions which correspond to the first
age class called the Adults (under 60 years old).

Neurological injuries | SDH/SAH Skull Fracture*
Linear Acceleration 0.371 0.03 0.346
Rotational Acceleration 0.348 0.258 0.114
HIC 36 0.269 0.01 0.315
CSF minimum pressure 0.412
Brain First Principal Strain 0.517
Skull Strain Energy 0.416

Note: Bold values are the highest Nagelkerke R4sgligalue for the specific injury.
*Using only pedestrian cases
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Table 8. ULP head injury criteria (50% risk) for th e first age group called Adults (under 60

years old))

Mechanical parameters

Tolerance limit for a

calculated 50% risk
DAI Brain first principal strain 32%
SDH CSF minimum pressure -142 kPa
Skull fracture Skull strain energy 941mJ
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3.2.RESULTS FOR THE ELDERLY AGE CLASS (OVER 60 YEARS OLD)

A total of 10 accident cases involving this secage class (people aged over m 60
years old) have been reconstructed. As the numbeases is quite low and that in
addition this 10 cases will be spread out into éhmgury mechanisms in can be
expected that this part can only be seen as asfepttowards injury criteria definition
for elderly population.

However Nagelkerke R-Sq values obtained from thassical analysis performed on
all the investigated injury predictors are provided able 9. Shaded cells in this table
highlight the regression models that were signifid@ased on the Chi-squared test of
the overall quality of fit and the bold values reggnt the regression model that

provided the best fit of the injury data.

It appears that for this set of data DAl are wallrelated with the peak linear
acceleration, HIC as well as ULP brain first prpadistrain (R2 equal to 0.743, 0.883
and 0.735 respectively). Maximum rotational acadlen and ULP skull strain

energy present a good correlation with skull freet(R? equal to 0.82 and 0.667
respectively). This result illustrates the limitati of this study as it is unlike tha

rotational acceleration of the head may be a releparameter for skull fracture.

Finally the SDH was best predicted by HIC and CSkimmum pressure (R? equal to
0.22 and 0.195 respectively. Here again it shoutd nbentioned that only two

“elderly” sustained this king of injury in the ekisy head trauma database.

The injury risk curves have been constructed fer liest fit regression models and
reported in Figure 9 for HIC and in Figure 10 fdtRJcriteria.
Finally Table 10 recalls the three ULP criteria fioe elderly population and for each

injury mechanisms with a 50% risk.
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Table 9. Nagelkerke R-squared values for the logistal regressions between input data, HIC,
ULP criteria and the injury data for the 10 accidert reconstructions which correspond to the
second age group called “elderly” (more than 60 yea old).

Neurological injuries SDH/SAH Skull Fracture*
Linear Acceleration 0.743 0.165 0.62
Rotational 0.216 0.057 0.82
Acceleration
HIC 36 0.883 0.22 0.552
CSF minimum >/< 0.195
pressure
Brain First Principal 0.735
Strain ’
Skull Strain Energy 0.667

Note: Bold values are the highest Nagelkerke R4sgligalue for the specific injury.

*Using only pedestrian cases
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Figure 9. Histograms and S-curves which illustratehe correlation between HIC and injuries for
the second age group called elderly (over60 yearkin
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. Histograms and S-curves which illustratéhe correlation between ULP criteria and

injuries for the second age group called elderly fger 60 years old) considering CSF minimum
pressure, maximum brain first principal strain and skull strain energy respectively
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Table 10. ULP head injury criteria (50% risk) for the second age group called Elderly (over 60

years old))
Mechanical parameters Tolerance limit for a
calculated 50% risk
DAI Brain first principal strain 25%
SDH CSF minimum pressure -111 kPa
Skull fracture Skull strain energy 865mJ
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4. Conclusions

In an attempt to develop improved head injury dateseparately for adults and
elderly, 68 head impact conditions that occurredmotor sport, motorcyclist,
American football and pedestrian accidents wereorestructed with a state of the art
head model (ULP model). For the purpose of thieaesh the head trauma cases were
split into two age groups i.e. the adults (undeb@0over 15 years old and the elderly

aged over 60 years old.

Statistical analysis was then carried out on thadhi®ading conditions from the
accidents, such as the peak linear and rotatiataleration of the head and HIC, as
well as the predictions from the ULP head modethsas the brain first principal
strain, the CSF minimum pressure and the skullrseraergy (respectively correlated
with DAI, SDH and skull fractures) in order to eatt the most accurate head injury

predictor.

It should be mentioned that the elderly populatome from the pedestrian accident

group only and that further accident origins shdaddnvestigated (fall cases...)".

For the Adult age group (under 60) it was shown thiaP head injury criteria give
highest values of the correlation factor. It iseneisting to observe that by excluding
the elderly population of the database correlatawmtors were even higher than the

ones reported in D 5.1.1B, where the whole poputatvas considered.

Concerning the Elderly age group only a very limiiteimber of cases were involved
(n=10) leading to only very first estimations. Aig level clearly much more cases
are needed for a more accurate estimation of hgadyicriteria for elderly people.

However results are reported and recalled hereafsentially to show the feasibility

of the proposed approach.

Finally tables 7 to 8 give the tolerance limits DAl and skull fracture obtained with

the ULP model for adults and elderly. Results sglato SDH were judged not
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representative and are not reported in this commiug\s it could be expected, we can

observe that the injury thresholds are higher éuita than for elderly people.

Table 11. Tolerance limits for a 50% risk of DAI inuries

DAl
<60 yo >60 yo All population
Brain First principal strain [%] 32 25 31

Table 12. Tolerance limits for a 50% risk of skullfracture

Skull fracture injury

<60 yo

>60 yo All population

Skull strain energy [mJ]

941

800

865
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