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I - INTRODUCTION

In order to obtain data about human head tolerance, the
Laboratory of Physiology and Biomechanics has developed a specific
methodology for volunteer boxers (9).

Boxers are used because they expose themselves, in their
normal body activities, to direct head impacts similar in nature to
those experienced by vehicle occupants under crash conditions.

By means of appropriate experimental techniques this study
aims to find out : :

- the severity of the blows sustained during a boxing fight,
in terms of physical measurements at head,

- the corresponding physiological effects, in medical terms,
which may appear on the boxers,

- the mathematical functions, defined and computed from the
measurements, which give the best fit with physiological
effects ranked on a convenient injury scale.

This final report describes the specific experimental

techniques, the different steps of analysis and the results obtained
during the five fights.

IT - METHODOLOGICAL ASPECTS

IT.1. GENERAL ASPECTS

In this section, the transducers and the data acquisition
system are described.

THE TRANSDUCERS :

Tridirectional accelerometers (type ENTRAN EGA 3D 500) were
used. Their operating principle is the following :

ENTRAN accelerometers employ either a fully active or half
active Wheatstone Bridge consisting of semiconductor strain gages.
The strain gages are bonded to a simple cantilever beam which is end
loaded with a mass (see figure 1). Under acceleration, a "g" force,
the force on the cantilever is created by the g effect on the mass
(F = mg). The accelerated mass creates a force which in turn
provides a bending moment to the beam. This moment creates a strain
(proportionnal to the acceleration) which results in a bridge
unbalance. With an applied voltage, this unbalance produces a mV
deviation at the bridge output, which is proportional to the
acceleration vector.

The range of the accelerometric measures represents the
recommended maximum peak 'g' level for a linear response.
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DESCRIPTION OF THE DATA ACQUISITION SYSTEM

The data acquisition chain is built around two axes :

- a 14 track magnetic recorder, equipped with wide band heads,

- a PDP 1134 computer, used for preparation, controlling the
recording, the transmission and processing of the data.

Recording

Along with the magnetic recorder, the following equipment makes
up the recording part :

a) Four multiplexers :

- one is designated for the multiplexing of 12 binary functions
giving these functions a high resolution in time (sampling at
64 KHz),

- each of the other multiplexers allows the recording on one track
of 8 standard measurement tracks sampled at 8 KHz. These
multiplexers allow recording of outputs of the
12 accelerometers.



b)

A set of 6 removable multiplexers, carrying 48 channels, remote
controllable conditioning amplifiers designed to feed and amplify
the signals produced by the sensors. These sensors had to be given
a small resistance representing their sensivity in order to
automate the adjustment of the conditioning amplifier.

A coded timing clock which allows us to record, at the same time
as the measurements, a signal allowing the location and re-reading
of the time of each event to within 10 ms.

A commutator, with 128 inputs, which can connect any multiplexer

. input to an oscilloscope or a voltmeter, designed to check the

e)

d)

adjustment of the conditioning amplifiers.

A control logic designed to automatically trigger the recorder at
the moment of testing.

Re-reading
For the re-reading stage, we have :

4 demultiplexers, one of which is specified for the high resolu-
tion in time binary functions. These demultiplexers have analogue
outputs which are connected to matrices, enabling all the opera-
tions desirable on the original signals reformed here (recopying,
re-reading, processing) ; their digital outputs are resynchronised
to re-establish the order in which the data from the various
recorder tracks should be and are then connected to the PDP 1134
inputs for processing.

A clock for decoding the recorded time and a device allowing us to
create a signal marking the onset of the impact (corresponding to
the start of processing).

A track selection device which can connect any demultiplexer to
any recorder track. This allows us, through successive re-
readings, to recognise and transmit all the informations recorded
onto the tape with a reduced number of demultiplexers.

A remote control unit for the recorder which allows the magnetic
tape to be controlled from the computer.

A1l the equipment described is manually and automatically

adjustable independently of the PDP 1134 programs.

a)

Data processing

The data processing equipment is completed by :

Two removable discs, each with a capacity of 5 million eight - bit
bytes. These discs allow the storing of the programs and the data
necessary for the processing of the on-site tests.



b)

A high speed data link (1 megabit per second) linking the on-site
computer to the computer center. This data link allows the data
recorded during the test to be transmitted so that they can be
processed at the computer center.

A terminal allowing dialogue with the computer.

A tektronix display terminal equipped with a reprographic device
directly linked up to the PDP 1134 and via modems, to the computer
center.

A benson plotting table for the graphic representation of the

. results.

Operating the system

Preparation of the test :

- setting up of a data block carrying all the information needed
for the characterization of the test. The management of this
data block is done locally on the Tektronix 4051 {creation,
modification, edition, ...),

- installation of sensors, cabling, adjustment of those condition-
ing amplifiers which are not yet equipped with remote control
devices,

- aid to the adjustment of the system thanks to a program stored
on the PDP 1134 working from the data in the data block,

- checking the working and adjustment of the system before
recording starts.

Recording :

- Recording onto magnetic tape of the zeros and the calibration
marks for the various parameters under the control of the
computer,

- recording of the service signals and the parameters during
impact. The test is then recorded at a tape speed of 60 IPS
which gives each measurement channel a band width of 2 KHz which
is necessary for the parameters measured.

Transfer :

After the test, the more interesting blows are selected with
respect to the acceleration level, the chain is put under the
control of the computer for the re-reading of the interesting
blows and the transfer of the data. The program then controls the
magnetic tape, connects the tracks to the demultiplexers, carries
out the re-reading of the tape at a speed of 3 3/4 IPS and stores
the data necessary for the processing of the data onto a disc. To
each blow corresponds a maximum number of 12 acceleration measure-
ment channels. The blows are selected by reading the channels on
tape using an oscilloscope. Then, the magnitude of each of the 12
channels is noted. In order to obtain interesting blows, in terms
of violence, it was decided to take into account only the blows

where at least one acceleration channel has a magnitude greater or
equal to 70 g.



IT1.2. SPECIFIC ASPECTS

Development and construction of a particular headgear fitted to

each volunter

In order to calculate linear and angular accelerations at the
head center of ‘gravity on the basis of peripheral acceleration
measurements and to do so with the greatest accuracy, it is necessary
that the transducers used should be as solidly fixed to the head as
possible... This problem had always appeared to be one of the major
difficulties 1inherent in this experimental method. In order to
achieve this result, a helmet that covered the occipital part of each
boxer head was built. Figure 2 shows one of these helmets. They are
made of polyester fibres ; their internal shape was obtained by
moulding the occipital part of the head of each of the boxers to whom
the helmet would be fitted.

As figure 2 shows, the supports of each accelerometer are sunk
into the outer part of the helmet and are linked one to another by
light alloy plates which allow a considerable increase in stiffness.
The indispensable orthogonality between the right Tines Tinking the
center of each transducer to the center of that one Tocated at the
top of the trihedral was achieved by means of an appropriate device
as shown in figure 3. The total weight of a helmet with its 4 sup-
ports and 4 transducers 1is about 450 grams. In addition, the
considerable contact surface between the helmets and the boxer's
heads makes possible, in the unlikely event of a direct blow or fall
upon the instrumentation, the transfer of forces to the head over a
surface Targe enough to avoid all risk of injury even minor. This has
been demonstrated by a test.

In order to increase the degree to which the helmet snugly fits
the head and to flatten the boxers hair, a bathing cap stretched
tightly over the head 1is placed under the helmet. To keep these
various items in position, and in addition to the straps, adhesive
textile strips, 2 centimeters wide, were used over the helmet as can
be seen in figure 4.

The head acceleration transducer cables are brought together at
the back of the boxer between his shoulder blades. They are held in
position there with sufficient slack to allow all head movements. A
harness is used for this. From the boxer's back, the cables are
brought together in the form of a strand, risen to about four meters
above the boxing ring where they are gripped by an operator who has
the task of guiding them 1in accordance with the way in which the
fight develops. The operator is positioned in a gantry above the
ring.
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Figure 2. Boxer's headgear
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Development and construction of a hand device

An appropriate device, made of stiff resin shown in figure 5
has been made so as to instrument the hands of boxers and to obtain
an assessment of the violence of the blows administered by them. Its
anterior section rests upon the third finger of the four fingers
administering the blows. The central part of this has been designed
so that a tri-directional accelerometer can be fitted into it. The
fact that this device presses upon all four fingers simultaneously
makes it possible to 1imit the pressures transferred and so to avoid
all risk of injury to this part of the boxer's body also.

Figure 5. Hand device

The device is kept very tightly fitted on the upper part of the
metacarpals using a stiff textile tissue. Tests have been performed
(blows on a load cell) to try to determine the transfer function
between measured acceleration and administrated force. The cables of
transducers to instrument the hand are linked to the recording
channels in the same way as those that are fitted to the head.



Filming procedure

Fach fight is recorded on video at 25 frames/second to have a
report of all the fight in real time.

For the technical approach, we used two kinds of cinematogra-
phical recordings :

- high speea cameras with 120 m magazines,
- high speed video systems.

. We were interested by the video system because this system
allowed a greater filming velocity than the classic cameras. The SPIN
PHYSICS system had the capacity of recording 4 minutes at
500 frames/second, the high speed cameras have only 80 frames/second.
So for the first fight we had a SPIN PHYSICS SYSTEM with a professio-
nal cameraman. In view of the very interesting results and help that
this system brought us, during analysis of the fight, we decided to
keep the same system with two cameras during analysis of the fight.

For the following fights, we could have a second such system
but as it was in period of acceptance test it had some problems,
particularly with the time base. It allowed filming of a large view.
The respective positions of the cameras are described for the first
fight on figure 6 and table 1 and for the four other fights in figu-
re 7 and table 2.

The synchronizing of the cameras was of two kinds :

- by means of a pulse generator, giving impulses every 10
seconds on the synchronizing channel of the measurements tape
in parallel with the base time of 0.100 second for the
framing cameras, on one hand,

- on the other hand by an electronic flash in a corner of the

ring synchronised with the previous pips, this flash was seen
from all the cameras.
As we did our best to get as high filming velocity as possi-
ble, we used cameras with Tlarger magazines (120 meters
instead of 30 meters). They allowed filming at a velocity of
80 frames per second, but it was impossible to make modifica-
tions to the electronics of these cameras and so we were not
able to use IRIG code.
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Table 1. CAMERAS LOCATIONS
FIRST FIGHT
I |
Type | Velocity | Round
I frames/ |
I second |
__________________ .}.--_--------_.F.-.._..___..
Video HSV 2000 | 200 | 1-2-3
Color | |
I |
Video HSV 200 | 200 | 1-2-3
Black/White | I
| I
]
SPIN PHYSICS I 500 | 1-2-3
2000 B/W | I
I I
VIDED SONY I 25 | 1-2-3
I I
CAMERA "ECLAIR"| 40 | 2
I |
! | 40 | 1-3
| |
‘ | 32 | 1-2
| I
CAMERA "LOCAM" | 80 ] 3
I I
! ] 80 | 1
I I
! I 80 | 2
| |
" | 80 | 3
I I

10

Remarks
VHS - NTSC*
VHS - NTSC*

gracious demons-
tration by the
constructor

Close-up view

Report
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Table 2. Cameras locations
FOUR LAST FIGHTS

| f [ |
Camera | Type |  Velocity | Round | Remarks
Number | |  frames/ | |
| | second | [
"""" R O
V1 |  Video Sony | 25 | 1-2-3 | Report
1 l | |
V2 |  Spin Physics | 500 | 1-2-3 | ) 2 views on the
l 2000 | | | ) same system
l l | | )
V3 I ! i 500 | 1-2-3 | ) close-up view
[ ! | l
V4 [ " | 500 | 1-2-3 | ) 2 views on the
| | I | ) same system but
V5 | . | 500 | 1-2-3 | ) no time base
| | l |
L1 |  Camera "Locam" | 80 | 1 | ) equipped with
I | 1 |
L2 | | | 2 | ) 120 m magazines
I I | 1
L3 | i [ 3 |
| | l i

11



IIT - COMPUTATION OF HEAD KINEMATICS

Different methods can be used in order to calculate the
kinematics of the head (assumed to be undeformable solid) from
measurements of accelerations at different points.

We used in particular :

- The 3-3-3 method, as developed by N. Alem (1) which uses 3
tri-axial transducers. The excessive number of measurement
channels (9 instead of the 6 necessary and theoretically
sufficient) allows, by means of a least square method, a
reduction of the influence of wunavoidable measurement
errors,

- The Wayne State University method (2) which uses 9 sensitive
axes of accelerometers, so that the terms which contain
components of the angular velocity can be eliminated form
the system of equations. Angular accelerations are then
directly obtained from the measurements, and angular
velocity becomes the integral of angular acceleration.

We used the two methods for the first blow and then only one,
the second one for all the other as the results obtained for the
first blow with the two methods were quite identical.

ITT.1. PREPARATION OF DATA FOR 9 GAMMA PROCESSING (PREP 9G)

We'll explain the preparation of data which is necessary for
the computation of head kinematics.

It is a conversational programme written in Fortran IV plus,
from Digital. It allows in particular to calculate the orijentation
matrices of triaxial transducers in relation to an anatomical
coordinate system based either on Euler angles or angles which we
call "projected angles".

This programme also requires the order of channels on the tape
of accelerations data ; the sign of each channel (+ or -) by
comparison with the reference direction ; the initial conditions of
position and speed -linear and angular- the coordinates of the point
at which linear acceleration and HIC are calculated, the wanted
outputs....

IIT.2. 9 GAMMA PROCESSING PROGRAM G9 2011

G 9 2011 (9 Gamma Processing Programme, accepting up to
2000 sampTes per channel, 11th version) is written in Fortran IV.

12



This programme reads one by one all the useful acceleration
channels on the tape (6 to 9 channels) and stores them as tables in
the RAM memory.

This programme can :

- draw "raw data" (as a trace per transducer, including from
one to three channels),

- calculate and draw the resultants of raw accelerations
measured by triaxial transducers,

- calculate on the basis of each one of these resultants, the
severity dindex (HIC or SI) "on transducers”" and inscribe
their value on the graphical outputs (these dindex only
provide approximate values).

This programme can also -although this is no Tonger necessary
for the calculation of linear acceleration at the centre of gravi-
ty- calculate and trace the three components of acceleration in
each of the triaxial accelerometers according to the axes of the
anatomical coordinate (by pre-multiplication of the measured
acceleration vector by the inverse matrix of the matrix made up of
the directional cosines of the three transducer axes).

After the foregoing, the central part of the processing -and
the most delicate- is performed : integration of the differential
equations linking :

(1) the components of the linear acceleration of an arbitrarily
selected reference point,

(2) those of the angular acceleration and of the angular speed of
the head, considered to be a solid,

(3) the coordinates of the centres of sensitivity of the transdu-
cers and the directional cosines of these channels,

(4) the accelerometric measurements.

The maximum values, and those exceeded by less than 3 ms, of
the components and of the resultant of the angular speed and of the
angular acceleration are calculated and printed out. The components
of angular speed and acceleration can be drawn.

Then, in order to give the user the possibility of checking
the reliability of the result, the calculation of acceleration at
the centre of gravity is performed successively by adding to linear
acceleration directly measured by the transducers the terms
corresponding to angular acceleration and speed. If the data are
perfect the curves obtained, drawn on the same graph should allow
to be superimposed one into the other perfectly. The data are, of
course, never perfect but the variation should remain small so that
one may consider that the measurements are correct and that the
final result is sufficiently reliable.

13



Then, the components and the resultant of the final effective
Tinear acceleration at the centre of gravity are drawn, calculated
by giving equal weight to all channels. The severity indicators
(Amax, A3 nw? on each one of the components and on the resultant,
SI, HIC and optionally the duration during which a given level of
acceleration is exceeded) that can be calculated on the resultants
on the transducers can of course be calculated at the centre of
gravity.

Processing can then be terminated but one can also obtain,
after this, calculation of the kinematics in relation to the
ground. The stages of this calculation are : calculation of the
Euler angles by integration of differential equations ; calculation
of angular speed and acceleration and of linear acceleration at the
laboratory coordinate system.

- Integration of linear acceleration at the laboratory coordinate
system by a simple trapezoidal method, so as to obtain linear
speed at the ground and integration of the parabolic arcs of the
linear speed at the ground to obtain the trajectory.

A1l these functions can of course be drawn.

Finally a simplified visualisation of head kinematics represented
by a three-dimensional rectangle set, seen from the three ground
coordinate axes, is proposed.

II1.3. OPT 3D (three dimensional calculation of positions)

The position of the helmet and the transducers in relation to
anatomical characteristics (Frankfort plane) are given by photo-
graphs taken before the fight. The programme OPT 3D allows to do
a three-dimensional calculation of positions, in translation and
rotation of transducers and of the anatomical coordinates related
to the head of the subject.

Figure 8 shows a boxer wearing his helmet. The equipment
enabling determination of the position of the Frankfort plane is
visible, as well as the struts and their supports which are
replaced by triaxial accelerometers during the fights.

Table 3 gives the positions of the transducers for each fight

14
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IV - RESULTS

IV.1. DESCRIPTION OF THE FIGHTS AND THE BOXERS

Each fight was organized between one boxer with the head
instrumented and one boxer with the hands instrumented. The arbitra-
tor was chosen by the "Fédération Frangaise de Boxe" to ensure the
good conduct of the fights and to be the "guarantee".

Each fight consisted of three rounds lasting three minutes,
except the first fight for which the last round was stopped after
two minutes and twelve seconds. The arbitrator had to stop the fight
because the instrumented boxer was bleeding at the nose and began to
show signs of wear, due to the difficulty of breathing, because of
the helmet strapping.

The principal characteristics of the boxers, with the dates at
which the fights were performed, are given in table 4.

IV.2. MEASURED RESULTS

After the fights, the selection of the blows is made with
respect to the acceleration levels by reading the channels on tape
using an oscilloscope. In order to retain only interesting blows, in
terms of violence, we decided to take into account the blows where
at least one acceleration channel had a magnitude greater or equal
to 70 g. :

Data files were created, including, for a given blow :

- the 12 accelerometric channels of the head of the first
boxer,

- the 3 accelerometric channels of the hands of the second
boxer.

We selected some a priori interesting blows for the different
fights :

l [ | I
| Fight | Number of | Number of |
| Number | selected blows | validated blows |
______________ Y N
I I I

[ 1 | 10 | N |
I | l l
I 2 I 11 I 7 [
l l | |
{ 3 { 22 I 13 |
|

: 4 | 12 | 6 |
| | I

I 5 | 22 | 9 [
| | | I

17
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A blow is eliminated if we see on the video tape that it is
given on the helmet and (or) if the results of the calculation
present some incoherence.

The measured data, the linear resultant acceleration at the
level of each transducer are presented in tables 5 to 9 for each
fight (see figure 10 for orientation of each acceleration).

V Vvertical

@ > T Transversal

L Longitudinal

Figure 9.

TOP

BACK OF THE HEAD
\
/@

RIGHT

). %8

W
=

FRONT OF THE HEAD

Figure 10. Orientation and localization of the
accelerometers on the headgear
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TABLE 5.

MEASURED RESULTANT ACCELERATIONS (G) PER TRANSDUCER

FOR VALIDATED BLOWS
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Table 6.

SECOND FIGHT - MEASURED RESULTANT ACCELERATIONS PER TRANSDUCER

FOR VALIDATED BLOWS
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TABLE 7.

THIRD FIGHT : MEASURED RESULTANT ACCELERATIONS

PER TRANSDUCER (G) FOR VALIDATED

BLOWS
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TABLE 8.

FOURTH FIGHT - MEASURED RESULTANT ACCELERATIONS
. PER TRANSDUCER FOR VALIDATED BLOWS
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TABLE 9.

FIFTH FIGHT - MEASURED RESULTANT ACCELERATIONS

-PER TRANSDUCER FOR VALIDATED BLOWS
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IV.3. VIDEO ANALYSIS

We then analysed the different views of the films, especially
on the video SPIN PHYSICS system, in relation with the time base, 1in
order to reject blows which could have occured on the helmet on one
hand, and on the other hand to characterize the blows in term of the
direction of the blow (right or left), the movement described by
the head, the localization on the head (temporal...).

Figure 11 shows the the different kinds of head rotations.

Figure 11. Definition of head rotation with corresponding signs

Tables 10 to 14 give a description of each blow for each
fight.

The video analysis autorized us to classify the 47 validated
blows on :

30 blows on the LEFT SIDE
associated with a right flexion and (or) a torsion movement

7 blows on the RIGHT SIDE
associated with a left flexion and (or) a torsion movement

11 other blows associated with Antero-Posterior flexion
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IV.4. RESULTS OF CALCULATION

From the measured data, given 1in the tables 15 to 19, the
resultant linear accelerations, HIC values, angular accelerations
and velocities were determined at the centre of gravity of the head.

The HIC values range from 5 to 348 and the maximum linear
accelerations range from 20 g (B57) to 159 g (705).

The maximum peak values of the angular acceﬂeration as well as
angular velocity are of a high level 16234 rd/s® (722) and 48 rd/s
(702) . respectively. These levels can be explained by the type of
kinematics observed, which consists of larger angular displacements
in comparison with the linear ones. Figure 12 shows maximum angular
acceleration versus maximum angular velocity. Almost all tEe blows
correspond to angular accelerations higher than 4000 rd/s”. Figu-
re 13 gives the 3 ms angular accelerations and velocities. These
tables also display the ratio a 3 ms in percent, which give an

a max
indication on the duration of the blow. For instance ratios of an
order of magnitude of 30 % correspond to very brief duration of
blows when a ratio of 80 % will correspond to blows of higher
duration. This dis illustrated on figure 14. The most brief blows
produce highest peak linear accelerations whereas less brief blow
produce a lesser head acceleration,

Among the 47 blows retained, we have chosen some cases -which
seemed to be the more interesting- and for each the following curves
are given : '

- the raw data per transducer :
(the curve not used by the calculation don't appear)

Left transducer
Right transducer
Top transducer
Frontal transducer

- the components of the linear acceleration at the center of
gravity of the head,

- the resultant acceleration at the center of gravity,

- the angular acceleration and angular velocity of the head in
the laboratory coordinate system,

- the head kinematics which are represented by a set of three-
dimensional rectangles seen from the ground coordinate
system.

The principal characteristics of these cases are given in
table 20 : -
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MAX. ANGULAR ACCELERATION (Rd/s2)
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FIGURE 12.
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(Rd/s?2)

3MS ANGULAR ACC.
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FIGURE 13.

3MS ANGULAR ACCELERATION AND VELOCITY
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(G)

MAX. LINEAR ACC. AT C.G. OF THE HEAD
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Table 20

Main results for 8 blows which seemed to be the

more interesting as regards the violence

B56
B59
611
702
722
807
903
908

192
173
170
348
342

————— e —— e ——

e e e e St e e S S e S S e S s e e’ e e
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From the preceding tables, corresponding to the whole sample
of blows analyzed (47 blows), we extracted some values, as global or
partial average values ; they are given in table 21. The first
column gives the general averages, whatever the direction of the
blow ; the second and third columns give these values respectively
for Teft and right side : the last column corresponds to all the
other blows. '

Table 21.
Average values for the whole sample of blows

I | I | i
|  General | Average | Average | Average I
| Average | Left side | Right side] Others 1
| | | B |
I | I I I
| NB of | 47 | 29 | 7 | 11 |
A | | | |
I 70%39 | 72841 | 72%35 I 67138
I I I |
| | I I I I
| ag .o | 40%17 | 39.8%16.6 | 47.9%18.5 | 40%19 |
| I I | I I
| I I I I |
| max | 7366T2864 | 7015%2333 | 7868%3505 | 82713946 |
I | | | I I
I | I I I |
| g | 481371821 | 480621205 | 5188%2266 | 459621891 |
I I I I I I
I I I I I |
| e | 26.9%7.4 | 26.2%6.2 | 29.4i11 | 26%7 |
I I I I I I
I I I I I I
| 3 | 25.1%7.9 |  28.7%¢ | 28%10 |  25.8%.7 |
| | I I | |
I | | I | |

Taking into account the vrather high values of standard
deviations, it can be said that the average values of the different
parameters are of the same order of magnitude between the three
categories of blows : left side, right side, other.

The main difference concerns the number of blows : the most

part of blows was given on the left side compared to the other,
directions.
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RAW DATA

LEFT TRANSDUCER

I CAPTELR 21
7 CAPTEUR

60
40
20

Oo

-20

-80

+%+ AUANT
+x%+ DROIT
+%+ GAUCHE
+++ SOMMET

e \j

P e TS

1,100 DE S

DATE DE L ESSAT = 11-06-81
PASSAGE NUMERD 2

NUMERO DE L ESSAI= NS B36
1000 HZ

RAW DATA

RIGHT TRANSDUCER

2 CAPTEUR

30
20
10

OE

| CAPTELR f\

-10

-20

-30

=40

+%4+ AUANT
+x+ DROIT
+%+ GAUCHE
++4+ SOMMET

6.0
TEMPS

1,100 DE S

DATE DE L ESSAT = 11-06-81
PASSAGE NUMERD 2

NUMERO DE L ESSAI=  MMS B36
1000 Hz
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RAW DATA

TOP TRANSDUCER

1 CAPTELR f
I CAPTEQ
) CAPTELR
60
40

20

Oo

-20

-80

+x%+ AUANT
+x+ DROIT
+x+ GAUCHE
+++ SOMMET

17100 DE S

DATE DE L ESSAT =
PASSAGE NUMERD 2

NUMERO DE L ESSAI=

11-06-81

MS B36
1000 HZ

RAW DATA

FRONTAL TRANSDUCER

Y CAPTELR Z\
7 CAPTELR

60
40

20

-60

-80

+x+ AUANT
+x+ DROIT
+x+ GAUCHE
+++ SOMMET

DATE DE L ESSAI

PASSAGE NUMERO ;
NUMERO DE L ESSAl=

11-06-81

MS BS6
1000 HZ
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f

LINEAR ACCELERATIONS AT CG

G
LONGITDAL
TRANSUERS
VERTICALE
60
40
20 4
O : . “’{\&_:%@—Z>
102 'n/8 %% 620
-20 i TEMPS
W 1,100 DE S
~40 2 18
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—— EIE L eSS 5 11068
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- _
30
20 n A
10 4
0o — . : —
12 4o8 E-0
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1,100 DE S|
-20
-30
T BEw ’
- TE DE | - 11-06-67 |
s pumr[HIC=63 NSEAE hurgapl 5 1TUEBT
ix+ GAUCHE | T1= 3:04 NUMERO DE L ESSAI= NS BSG
+++ SOMMET T2= 4,19 100C HZ |
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ANGULAR ACCELERATION , LABO

RD/S/S
m!
o/
§000 L
3999 | N\
]
1988 L f _
-0 — l; : '. f :.', ; : ‘f-T‘“*-“"J.-”-"_-_ 5S>
1.2 2.4 ﬁfv.mt@,s“ Wo
-2000 | AT I TEMPS
m 0 1,100 DE S
-4000 | : \j | .
-6000 | \
-8000 L
. L Ly ;e
+%+ GAUCHE NUMERO DE L ESSAI=  MS BS6
++4 SOMMET 1000 HZ
ANGULAR VELOCITY / LABO
| RD/S
CI A
o/
30 |
20 1
10 i
0. , , , ; .
1.2 2.4
10 1 \ .
"/ 1/100 DE S
20 1 \/
30 1
-0 1
DATE DE L ESSAI = 11-06-81
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PQR

ACCELERATION ANGULAIRE

RD/S/S

LONGITDNL
TRANSUERS
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6000

-2000

~4000 L

-8000 L

-8000
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+x+ DROIT
+%+ GAUCHE
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1

(02}

DATE DE L ESSAT =

PASSAGE NUMERD 1
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04-06-81
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1000 HZ

ANGULAR ACCELERATION IN THE ANATOMICAL COORDINATE SYSTEM (BLOW B56)
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HEAD KINEMATICS FOR BLOW B56
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(€ 9]

e

RAW DATA : RIGHT TRANSDUCER

[ CAPTEUR

of CAPTEUR

30
20
10
Oe
-10
-20
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+x+ DROI
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A
n

L L 1 1 1 PN 1 1 1 4 ‘>
i g T 1 . . 7

1.0 2.0 20
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RAW DATA : TOP TRANSDUCER |
[ CAPTEUR |
f c.e;:m::.A
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40 PLE}
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Oe ' ' ' ’ : : : 4 ; e
| Wy e 5 il
P | TENPS
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~40 1 Q
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A
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10
~
Os : —— : : AV A 1 /g\ S>> |
1.0 %9}9 AQ\KWQ !
T TENPS |
1,100 DE S
-20 _I_
~30 T
=40 I
sxs AUANT DATE D L ES3A1 = 10-06-81
+%+ GAUCHE NUMERO DE L ESSAI= MS B3S
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LONGITNL 7
PRELl R
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LINEAR ACCELERATIONS AT CG
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ACCELERATIOR IN THE ANATOMICAL COORDINATE SYSTEM (BLOW B59)
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HEAD KINEMATICS FOR BLOW B59
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RAW DATA : LEFT TRANSDUCER

F %

!

1

|

i 20 4
10 o

1

! o meoAC ot e n ~
| GLTE DE L ESERT = DE-02-86
| =5 [ PLESAGE NUMEEC 7

~x+ D3317 e .
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| RAW DATA : RIGHT TRANSDUCER ;

—~
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I CIPTELR

¢ CAPTEUR

0 !
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|
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)
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RAW DATA : TOP TRANSDUCER
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ANGULAR ACCELERATION
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ANGULAR ACCELERATION IN THE ANATOMICAL COORDINATE SYSTEM (BLOW 611)
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HEAD KINEMATICS FOR BLOW 611
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RAW DATA : LEFT TRANSDUCER

I CAPTEUR A

of. CAPTEUR
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40

20 1

O- 1 : . : . Wf@@

0.8 106 4e0
o A s
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~40
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DATE DE L ESSAT = 24-6-81
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“%+ GAUCHE NUNERO DE L ESSAT=  MS 702
+44 SOMMET 1000 HZ

RAW DATA : RIGHT TRANSDUCER

I CAPTELR /G\

ol CAPTEUR
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0 : ; ; : . : /\: : - S
0.8 1.6 Wi \Qﬁgézéz::/”f}ino
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T - _B-~
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+44 SOMMET 1000 HZ
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O B
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-0 TENMPS

1,100 DE S

-100

-150

-200
-2+ AUANT e R e
T%s GAUCHE NUMERO DE L ESSAT= NS 702
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LINEAR ACCELERATIONS AT CG
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ANGULAR ACCELERATION , LABO
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ANGULAR ACCELERATION IN THE ANATOMICAL COORDINATE SYSTEM (BLOW 702)
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HEAD KINEMATICS FOR BLOW 702
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| LINEAR ACCELERATIONS AT CG
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ANGULAR ACCELERATION IN THE ANATOMICAL COORDINATE SYSTEM (BLOW 722)
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IV.5. SPECTRAL ANALYSIS

A spectral analysis of the linear acceleration at the center
of gravity (x, y, z components) and of the angular acceleration was
performed. The curves were digitized and the analysis processing was
made, using a micro computer Hewlett Packard. Results are given on
figures 15 to 32. Generally speaking the peaks are below 250 Hz ;
there is an exception for blow 714, whose spectrum is different and
extends up to 560 Hz.

In fact, the blow occurred on the helmet ; it is nevertheless
analyzed and given as -an other example, to see the differences.
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V - PSYCHOLOGICAL AND PHYSIOLOGICAL TESTS

V.1. THE ELECTROENCEPHALOGRAM OF THE BOXER

The aim of this recording is to detect possible disturbances
of the electroencephalogram, resulting from the blows received by
the boxer during the fight.

Four silver electrodes are stuck on the frontal and parietal

areas of the boxer's head, the occipital area being covered by the
helmet supporting the accelerometers (see figure 33).

electrodes

Figure 33.

Transfer of the signal is achieved by telemetry with the aim of not
hindering the boxer's movements.

The signal of two derivation (1 - 2 and 3 - 4) is recorded on
a magnetic tape and at the same time plotted on paper during the
fight.

One is mainly interested in the variations in the electro-
encephalogram during the following periods :

- before the match,
- between the rounds,
- after the match.

This recording was performed for the first fight. It was not
possible to record the electroencephalogram for the four other
fights because of technical problems. We analysed the recordings
from the first fight and made some spectral analysis (figures 34 to
36). One can see that the ® waves characteristic of an active
situation, generally, present between 12 to 20 Hz, appear also on
the curves. Those results seem to be logical in the context of this
study.
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INTRODUCTION

The aim of this study was to shed some 1light on brain
injuries following blows to the head by means of the methods
of both cognitive psychology and electrophysiology. More
precisely, boxers' attention mechanisms and their capacity of
orienting towards a significant stimulus were investigated
using event related potentials (ERPs) of the brain in dichotic
listening situations, before and after a fight. These types
of psychological mechanisms are known to be very fundamental
both in animals and in humans for protection against
environmental dangers. Therefore, it is of great interest to
know the level of intensity of a blow to the head that is
capable of reducing such survival capacity, even if it is for
only a short period of time. More practically, just after a
car acccident involving a blow to the head, it may be very
important to be able to react as quickly as possible to
further dangers and this study was thus undertaken in order to
assess some of the 1limits wunder which normal behavior

following head injury remains possible.

As pointed out by Hillyard (1985), following his pioneer
study (Hillyard et al., 1973), the selection of attended from
unattended inputs first makes a significant modification on
sensory processing at 50-80 msec after stimulus onset. This
is disclosed by larger amplitudes of the ERPs to attended
stimuli. Furthermore, Naatanen et al. (1978) and Naatanen
and Gaillard (1983) have described two types of ERPs related
to the phenomenon of orientation: i) the mismatch negativity
{MMN) , which reflects a mismatch in an automatic
pre-perceptual cerebral comparison process occuring (towards
100 msec) after a change in a repetitive, homogeneous stream
of stimuli and ii) a sharp negative wave, N2b, peaking around

200 msec in the central region of the scalp, which forms a
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complex with a subsequent positive wave, the P3a, and which is

related to the orienting reflexe per se.

In ERP experiments involving dichotic listening, a fast

sequence of brief tone pips is usually presented to the

subject in each ear. The subject's attention is directed to
the "relevant" stimuli, those which either have a certain
pitch or which occur in a given ear (location). For example,

subjects are instructed to press a response-key each time an
occasional deviant stimuli (for example, with higher pitch) is
presented among the relevant standard stimuli, that 1is,
stimuli‘occuring in a certain ear. In such experiments, the
ERPs to the relevant stimuli (be they standards or deviants)
are negatively displaced 1in relation to the ERPs to the
irrelevant stimuli. This negative displacement can be
demonstrated by substracting the ERP to the irrelevant stimuli
from those to the relevant stimuli; the resulting waveform is
called Nd (Hansen and Hillyard, 1980) or Processing Negativity
- PN - (Naatanen et al. 1978). Naatanen (1982) has proposed
that the PN reflects a matching or comparison process between
the sensory input and the "attentional trace" which 1is
actively formed and maintained in a selective attention
condition. The maintenance of the attentional trace is only
possible, however, for those physical features which are
frequently present and therefore provide frequent
reinforcement for the trace. When a subject's task 1is to
discriminate, say, occasional deviant tones of higher pitch
delivered to the designated ear among the standard stimuli,
the attentional trace is only maintained for the location

(that is, the ear in which "

relevant"” tones are heard) of the
relevant standard tones and of deviant target tones, the pitch
of the targets being too infrequently presented to be
maintained in the trace. Within the framework of Naatanen's

theory, only the features of the relevant stimuli (location in
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this case) separating them from the irrelevant ones are
maintained in the attentional trace. Furthermore, the
infrequent auditory stimuli, which physically deviate from the
frequent standards, elicit a MMN which is independant of the
direction of attention. This MMN is clearly seen when one
substracts ERP to standard tones from the deviants in a
passive condition. This MMN is followed by the N2b-P3a
complex (Renault and Lesévre, 1979; Renault et al., 1980)
whether subjects actively ignore or attend to the deviants in
one or both ears (Naatanen et al, 1982; Naatanen, 1982). Thus
the MMN is generated by a cerebral process underlying passive
stimulus discrimination; this process also causes conscious
perception of occasional changes in both actively unattended

or attended stimulus sequences. In other words, the MMN
system could send an "interrupt" to the limited-capacity
system whose ongoing activity is then halted briefly,
eliciting an orienting reaction (N2b-P3a) towards the deviant
tone in order to respond appropriately (Ohman, 1979;

Rohrbaugh, 1984).

We used location-selection conditions in this study; the

relevant and irrelevant tones were of same pitch (1000 hz) but

appeared (at random) in opposite ears. Intermixed within
these standard tones, deviant tones (2000 hz) appeared
randomly in 20% of the cases. Four conditions were used: 1)

a passive condition where subjects were told to ignore the
tones in both ears:; 2) a right attention condition where
subjects had to detect the deviants in the right ear; 3) a
left attention condition (detect left deviants) and 4) a
divided attention condition where subjects had to detect both
right and left deviants. This experiment allowed us to study
both attention mechanisms and the orienting reaction by
measuring: 1) the processing negativity; 1ii) the mismatch

negativity and iii) the N2b-P3a complex. The reaction time to
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deviant tones was also measured in order to quantify the

general level of performance.

METHOD

Subjects

Five boxers never having served in similar experiments
participated in the study. Their age ranged from 25 to 28
yvyears old. They were seen twice, in the morning and at the
end of the afternoon, before and after a fight which took
place elsewhere. The time interval between the begining of
each EEG recording was about eight hours. Each recording
lasted two hours and the second recording was done about one

hour and an half after the fight.

Experimental design

Standard or "frequent" (80%), low pitch tones (1000 Hz)
and deviant, or rare (20%), high pitch tones (2000 Hz) were
presented randomly, through earphones, to each ear. The
interstimulus intervals were at random, between 400 and 800
msec. Each tone lasted 10 msec; its intensity was adjusted
for each subject, at the begining of each experiment, in order
to obtain the same subjective intensity for both ears. Two
selective attention situations (attend right and attend left)
were recorded, during which subjects were required to respond
as quickly as possible by a fore-finger displacement of their
preferential hand over a photoelectric cell as soon as they
detected a target (high pitch tone) in the attended ear.
Subjects were told to withhold their response for all other
stimuli: standards (low pitch tones) in both ears and
deviants in the non-attended ear. A divided attention

condition was also recorded where the subjects' task was to
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detect deviants in both ears. These three attention
situations each comprized 500 stimuli which were presented in
blocks of 250 stimuli lasting about 2.5 minutes. The order of
these attention situations was distributed across subjects
according to a latin-square design. These situations were
preceeded by a passive situation (same stimuli, no task) where
the subjects were told to pay no attention at all +to the
sounds. For all situations, subjects were ask to keep their

eyes closed and to avoid blinking and eye movements.

Electrophysioclogical recording and data processing

The EEG was recorded from 9 equally-spaced electrodes,
affixed with collodion along a 1line going from the right
temporal (T4) to the left temporal (T3) region. Electrodes
were referenced to 1linked ears; horizontal and vertical
electro-oculograms were recorded simultaneously in order to
control eye movements. The band pass of the amplifiers was
0.25 to 30 Hz. The EEG was digitized on-line at a sampling
rate of 125 H=z. Average ERPs, time-locked to each type of
stimulus were obtained off-line, for each condition and for
each electrode site. Thus the data base of this study
consisted of 1440 different average ERPs (two types of
stimulus X two ears X four situations X before and after the
fight X five subjects X 9 electrodes). Only trials for which
the EEG data were not contaminated by various artefacts
(particularly eye movements) and for which the behavioral
response were correct, were included in these ERP averages.
The baseline was the average EEG amplitude over the 200 msec
preceding the stimulus, the averaging window going on until

600 msec after the stimulus.
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For the nine average ERPs of the montage, for each
condition and for each subject, a spatio-temporal map
(Rémond, 1961) was calculated. On these maps, amplitude

variations between two successive electrodes are obtained by a
second order interpolation and are represented in the form of
isopotential lines as a function of time on the abscissa and
of electrode 1location on the ordinate. The following
substractions of spatio-temporal maps were computed for both
standard and deviant stimuli, before and after the fight:
attention minus passive; attention minus inattention; divided
attention minus passive. These 12 substractions vyielded
processing negativities. Furthermore, the mismatch negativity
(MMN) and the N2b were evidenced, before and after the fight,
by substracting standards from deviants in the passive
condition (MMN alone) and 1n the inattention, divided

attention and selective attention conditions (MMN plus N2b).

RESULTS

I) THE DATA BASE

Figures 1 to 4 depict spatio-temporal mapping of
event-related-potentials for standards and for deviants,
before and after the fight, in the four experimental
conditions. These figures are grand means, across subjects,
of individual data. The N1 wave, negative, on going from 40
to 150 nmsec, is noticeable on all these maps; the P2 wave,

positive between 150 and 250 msec is only seen in response to

standard tones. In the case of deviants, this wave disappears
(except in the passive condition) and an N2 wave, negative,
arises between 150 and 500 msec post stimulus. Note that P2

tends to be higher in inattentive and passive conditions and

that N2 is higher in selective and divided attention

conditions.
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FIG. 1: Spatio-temporal maps of ERPs obtained in
response to standard tones, before the fight. Thin
isopotential lines represent the negative potential, thick

lines the zero potential and dotted lines the positive

potential. Between two isopotential 1lines the potential
increases by 1uv. Peaks are indicated by the sign 4+ or -.
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Substraction spatio-temporal maps allowed to illustrate
the processing negativity - PN - (fig. 5 and 6) and the
orienting reaction (fig. 7 and 8). These substaction were
used in order to define several time intervals in which
amplitude of resulting waves were measured. Concerning the
PN, a window from 100 msec to 300 msec was chosen for
measuring the average ERP amplitude across the montage (from
T3 to T4). This window includes the small PN observed in
response to standards as well as the major part of the
noticeable PN observed in response to deviants. The average
amplitude of the MMN was measured from 100 to 150 msec and the
average amplitude of N2b from 170 to 500 msec. These
measurements were made by a computer program taking into
account the interpolated values between two successive
electrodes. They were made for each subject and in each
condition and then submitted to successive analyses of
variance in order to test the significance 1level of the
differences between conditions and between the before- and

after-fight situations.

II) THE PROCESSING NEGATIVITY (PN)

Data were evaluated in a five-factor analysis of variance
({ANOVAR) in which the factors were: "fight" (before and
after); "location of the tone" (right or left); "pitch"
(standard or deviant); ‘'"attention conditions" (selective,
divided, inattention, passive); and "subjects" {(1-5). This
analysis showed a significant effect of both attention
conditions (F3,24 = 22.63, p<.001) and pitch (F1,8 = 31.78,
p<.001). The interaction between these two factors was also
significant (F3,24 = 16.11, p<.001). None of the other
factors depicted any significant effect. 1In particular, there
was no effect of the fight on the amplitude of the processing

negativity. As shown in table I and in fig. 5 and 6, and
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confirmed by the ANOVAs, deviant and standard tones did not
vary to the same extent in different attention conditions; the
PN recorded for standards was of lower amplitude than the one
recorded for deviants. In fact, separate ANOVA for standards
and deviants revealed that attention conditions significantly
modified ERPs to deviants (F3,24 = 27.68, p<.001) whereas
modifications for standards tended towards the significance
level (F3,24 = 2.81 compared to 3.01 for p<.05). However, for
each of these separate ANOVAs, no effect of the fight was

evidenced.

: BEFORE FIGHT : AFTER FIGHT :

: STANDARDS H DEVIANTS STANDARDS : DEVIANTS :

¢ LEFT RIGHT : LEFT : RIGHT LEFT RIGHT : LEFT RIGHT :

X -.95 -.73 -3.42 -3.97 1.14 -.78 -3.87 -3.51 :

ATTENTION 5 : : :

sd : .94 .99 : 2.62 2.25 : .94 1.22 : 2.14 2.15 :

X -.51 -.59 -3.02 -2.217 -.170 -.45 : -2.73 -2.17 :

DIVIDED : : :

sd : 1.09 S1 1.85 3.25 .97 82 : 2.09 2.18 :

X -.46 -.48 -2.47 -1.92 -.79 -.16 -2.24 -2.92 :

INATTENTION : : : : 2

sd : 1.23 1.08 : 1.95 2.23 : .94 .96 : 1.93 1.43 :

X -.42 -.72 -.47 -.20 -.44 -.18 : -1.24 06 :

PASSIVE : : :
sd : 1.37 .68 2.06 1.60 82 .98 : 2.11 1.10

T e e e e et e rr e e e e e e e e e e ® - —————— e = 2

TABLE I : Mean amplitudes (x) and standard deviations (sd) during the time
window of the Processing Negativity (100 msec to 300 msec after
stimulus onset). PN amplitude is obtained when one compare
Attention to Passive , Attention to Inattention and Divided to
Passive.
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after the fight.

Same as figure 5,
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FIG. 7: Spatio-temporal maps of MMN and N2b obtained in

substracting standards from deviants. Means of right and left

stimuli before the fight.
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.FIG. 8: Same as figure 7, after the fight.
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III) THE MISMATCH NEGATIVITY (MMN)
The five-factor ANOVA evidenced a significant effect
100 and 150 msec,

than
F1,8

according

the tone pitch between thus confirming

more negative ERP amplitude for deviants for

(respectively -3.44 uv and -2.15 v,

This difference varied significantly to
(F3,24 = 6.27, p<.01)
ANOVAs for each attention conditions were
They all the of

significance level of .01). none of

revealed an significant effect of the fight (see Table II).

conditions and therefore,

confirmed existence a

However, these

H BEFORE FIGHT H AFTER FIGHT
H STANDARDS DEVIANTS H STANDARDS : DEVIANTS
LEFT RIGHT LEFT RIGHT : LEFT RIGHT : LEFT RIGHT
X : =2.29 -2.41 -4.66 -4.08 : -2.60 -2.36 : -4.30 -3.75
ATTENTION : :
sd : 1.28 1.08 2.25 1.42 : 1.24 1.17 : 2.70 1.09
X -1.74 -2.05 -2.95 -3.11 : -2.32 -2.12 : -3.23 -2.96
DIVIDED : H 3 -
sd : 1.07 .95 : 1.29 1.75 : .79 .68 : 1.60 .98
x : =2.19 -2.30 : -4.05 -3.76 : -2.28 -1.89 : -3.74 -4.19
INATTENTION - - :
sd : 1.13 1.43 : 1.28 2.32 : .68 1.08 : 1.8% 1.35
X : -2.02 -2.43 : -2.45 -2.71 : -1.62 -1.7t : -3.13 2.05
PASSIVE - :
sd : 1.17 .53 : 1.51 1.41 : .87 .86 : .92 .89
TABLE II : Mean amplitudes (x) and standard deviations (sd) of ERPs in the

latency window of the MMN (100 msec to 150 msec). MMN amplitude
is obtained when one compare deviants to standards.
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of

a

standards
= 40.35, p<.001).
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IV) THE ORIENTING REACTION (N2b)

The five-factor ANOVA evidenced significant effects of
both tone pitch (F1,8 = 23.10, p¢<.001) ana attention
conditions (F3,24 = 14.84, p<.001). The interaction between
these two factors was also significant (F3,24 = 7.43, p <.01).
Subsequent analyses, for each attention condition confirmed
the existence of an N2b (see also fig. 7 and 8 and table III)
and also revealed an effect of the fight. This effect was a
significant interaction between fight, tone pitch and right or
left ear of delivery in the case of the attention condition

only (F1,8 = 5.64, p<¢.05).

BEFORE FIGHT H AFTER FIGHT
STANDARDS 3 DEVIANTS : STANDARDS : DEVIANTS
LEFT RIGHT LEFT RIGHT LEFT RIGHT LEFT RIGHT
X -.24 ~.23 -2.39 -3.25 -.64 -.25 -3.21 -2.08
ATTENTION B H :
sd : .49 .54 : 2.00 1.86 : .59 .63 : .58 1.06
X -.15 -.04 -2.70 -1.51 ~-.23 16 -1.47 -1.14
DIVIDED
sd 58 26 1.77 2.63 56 34 1.79 1.59
X 36 26 -1.27 -.170 ~-.18 62 -.91 -1.31
INATTENTION : H H H
sd : .69 .76 : 1.63 .98 .71 .52 .38 1.33
X -.01 -.18 10 27 -.18 20 -.64 78
PASSIVE
sd 61 28 1.42 1.05 64 85 1.88 1.64

TABLE III : Mean amplitudes (x) and standard deviations (sd) of ERP amplitudes
within the time window of N2b (170 msec to 500 msec)



rage

In order to better understand this effect, we computed,
for each subject, the mean amplitude of the difference between
deviant and standard ERPs within the 170-500 msec time window.
Mean values across subjects are presented in table IV. It
should be noted that standard deviations (across subjects) are
the lowest in the attention condition after the fight. This
explains the significant effect of fight which was only found
in this condition;. differences are also noticeable for the
divided and inattention conditions but remain below the
significant level. Moreover, it should be pointed out that
the difference between before and after the fight, for the
attention condition, is only due to a lower N2b when stimuli

are delivered in the right ear (see also fig. 9).

BEFORE FIGHT 3 AFTER FIGHT
STANDARDS-DEVIANTS STANDARDS-DEVIANTS
LEFT RIGHT LEFT RIGHT
X -2.14 -3.02 ~2.58 -1.83
ATTENTION : 1 s
sd : 2.25 : 1.98 H .13 : .92
X -2.56 -1.47 -1.24 -1.30
DIVIDED
sd 1.81 2.73 1.73 1.57
X -1.64 -.95 -.73 -1.93
INATTENTION : : : :
sd : 1.45 : 1.35 3 .92 3 1.33

TABLE IV : Mean amplitudes {(x) and standard deviations (sd) of N2b
obtained after substractions of standards from deviants

P
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FIG. 9: Sustractions of standards from deviants, for
right and left stimuli; Cz recordings. Thick lines represent
MMN and N2b before the fight and thin lines refers to the same
waves after the fight. Note the hachured difference for right

stimuli only.
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V) BEHAVIORAL DATA

In order to assess the general educational level of the
subjects, they underwent the Wechsler adult intelligence test
(WAIS). Four subjects were within the low-to-normal limits
(verbal 1IQ and performance IQ between 81 and 90); one subject
was within the average normal limits (verbal 104, performance

115).

The reaction time (RT) data, obtained in response to
deviants in the selective attention and divided attention
conditions, were submitted to an ANOVA with fight (before,
after), attention (selective, divided) and ear of delivery
{right, left) as factors. No effect of the fight was found on
these data. Means and standard deviations across subjects are
given in table V. However, it should be noted that the
percentage of errors only increased for the right attention
condition, when compared before and after the fight, whereas

it remained the same for the three other conditions.

BEFORE FIGHT H AFTER FIGHT
STANDARDS-DEVIANTS STANDARDS-DEVIANTS
LEFT RIGHT LEFT RIGHT
x+sd : 427+455.2 435.4+47.4 453.6+88.58 H 466+51
ATTENTION : H H H H
errors : 6.2% s 3.2% 5 6.6% H 5.8% 3
x+sd : 418.4+67.17 410.0+67.17 415.8+24.52 417.6+41.36
DIVIDED H H H H
errors : 6% B 2.8% : 7% H 2.8%

TABLE V : RT mean amplitudes (x) and standard deviations (sd) for the
five subjects and percentage of errors.
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DISCUSSION AND CONCLUSION

Let us first emphasize that Event-Related-Potential data
obtained in this study are in general agreement with other ERP
studies of attention and of the orienting reaction (for
reviews see Naatanen, 1982; Hillyard and Kutas, 1983). The
fact that the processing negativity fails to reach the
significance level' for standard tones in the attention
condition is probably due to the small number of subjects
since this waveform is 1in general of small amplitude (1 or
2 uv) and thus difficult to demonstrate. However, attention
mechanisms and orienting towards rare stimuli significantly
modified ERPs and we were therefore able to study the effect
of the fight. This revealed only one effect: the N2b
obtained in response to right deviant tones was of lower
amplitude after than before the fight in the right attention
condition. In other words this effect means that the
orienting reaction towards stimuli delivered in the right ear
was reduced by the fight and therefore the ability to detect
and to react towards such stimuli was partially impaired.
Although the reaction time did not significantly increase in
relation to the fight, this impairment is further supported by
behavioral data since false responses, in the right attention
condition, increased from 3.2% (before) to 5.8% (after the
fight). 8Since right ear stimuli are first processed by the
left hemisphere this suggests a relative deficit of this
hemisphere in the processing of deviant (rare) stimuli. Now,
the analysis of blows during fights showed that the number of
blows (across subjects) of considerable intensity was higher
on the left side than on the right side of the head (29 versus
7, see the first part of this report). This therefore further
supports the possibility of an impairment of the left cerebral

hemisphere as revealed by this Event-Related-Potential study.
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Taking into account the methodology we used, these
results means that even after about one hour and a half
following head injury, a deficit in the brain functions of
human being can be evidenced, although his behavior remains in
the normal range. It would therefore be of great interest in
the future to continue along this 1line of research by
recording ERPs of the brain in boxers before and just

after fights.
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VI - DISCUSSION - CONCLUSIONS

In the framework of a research on head tolerance to impact,
the Laboratory of Physiology and Biomechanics of Peugeot S.A./
Renault Association has engaged a programme with volunteer boxers,
in cooperation with I.R.0. (France), under contract with the DOT.

Five fights, consisting of 3 rounds each, were performed
between volunteer boxers equipped with accelerometric measurement
devices. From these fights, 47 blows were selected as "interesting"
(that means with a sufficiency preselected violence level) and
processed as individual impacts with their own violence and
kinematics.,

Independently from the severity of the blows, it was noted
that 62 % were from the left side against 15 % from the right side ;
their intensities were on an average of the same order of magnitude.

As regards angular che1erat10ns, they were 1in all cases
higher  than 3500 rad/s“, exceeding the values considered as
tolerance Timit for volunteers, given in the literature already
available. The maximum value obtained was 16000 rd/s®, in associa-
tion with an angular velocity of 25 rad/s.

The maximum angular velocity was 48 rad/s with a correiponding
angular acceleration of a rather high level : 13600 rad/s. These
values are reported in table 22 together with other data available,
related to animals, cadavers, and volunteers.

These results represent sets of values, never seen on
volunteers, without problems ; they widely exceed those already
given as proposed tolerance limits by other authors.

In complement to physical measurements, tests of Event Related
Potential Assessment of Attention and Orienting Reaction were
performed by the Laboratoire d'Electrophysiologie et de Neuro-
physiologie Appliquée, in Hdpital de la Salpétriére, Paris.

Clinical examinations of the boxers before and after the fight
did not reveal any anomaly at all in their behaviour.

The data recorded were analysed in a statistical way for all
boxers together. This very sophisticated analysis did not indicate
any anomaly in the results, only a small effect in one parameter as
a whole, after the fight : the ability to detect and to react
towards stimuli delivered in the right ear was partially impaired,
although the behaviours of the boxers remain in the normal range.

This particular effect is an illustration of the capability of
the Event Related Potential of Attention and Orienting Reaction to
reveal a possible very limited disturbance in the neurophysiological
state : false responses, in the right attention condition, increased
from 3.2 % (before) to 5,8 % (after the fight).
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This limited effect has to be situated in the whole results,
emphasazing that :

- no effect of the fight on the reaction time data,

- no effect of the fight on 32 pairs of mean amplitudes and
standard deviations during the time window of the Processing
Negativity,

- no effect of the fight on 32 pairs of mean amplitudes and
standard deviations of ERPs in the latency window of the MMM
(mismatch negativity)

The conclusions of this study are necessarily limited, given

the small number of subjects and it would be of great interest in
the future to continue along this line of research.
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Table 22. Summary of proposed tolerance 1imits for different
surrogates in terms of head angular
acceleration and velocity

OMMAYA 1967
(5)

OMMAYA 1971 Primate Tests

(6)

(7) Mathematical Model
1975
EWING Volunteers

(8)
1975
A.P.R. Volunteer Boxers
I988

|
I
|
I
I
I
I
I
I
LOWEHIELM I Cadaver Tests
I
I
|
|
I
I
I
|
|
I

7500 rd/s®
1800 rd/s® and 60-70 rd/s

4500 rd/s® and 50-70 rd/s

* 1700 rd/s® and 32 rd/s

* 16000 rd/s® and 25 rd/s
* 13600 rd/s* and 48 rd/s

* These values represent levels tolerated by volunteers without

injuries.
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VIITI - ANNEX : PRELIMINARY TESTS

To validate the calculation method (acceleration of the Centre
of Gravity of the head with the 9-GAMMA Program) used for the
volunteer boxers, some preliminary tests were performed at first with
a PART 573 Dummy and then with a human subject (M.S. 319).

VIIT.1. TEST WITH PART 572 DUMMY

The dummy head was impacted in an antero-posterior direction
at the level of the forehead. Its occipital area was equipped with a
special rigid skull cap -a headgear- which supported three triaxial
miniature accelerometers. A fourth triaxial accelerometer was screwed
inside the dummy's head (near the center of gravity) in order to
verify the good agreement between the accelerations calculated at the
center of gravity by means of the three peripheral acceleration
transducers and the acceleration directly measured by the 4th trans-
ducer (inside the head).

The method of calculation used was the 3-3-3 method described
in the report (page 16). The results are :

- calculated HIC
- measured HIC

469,
415,

which displays a good similarity of the results and so validates the
method of calculation. The calculation was obtained with only eight
accelerations due to a missing channel.

VIII.2. TEST WITH HUMAN SUBJECT (M.S. 319)

A test similar to the preceeding one was performed with a
human cadaver (Nb 319, male, 69 years, 1.72 meter). The subject was
wearing a headgear identical to that of the volunteer boxers. A Wayne
State University support with four triaxial miniature transducers was
mounted on the headgear. A 5th transducer was screwed on the head, in
the frontal area (picture 1).

This test was performed to demonstrate that the use of the
Wayne State University method allows the calculation of resultant
accelerations and HIC in all points of the head and consequently at
the center of gravity of the head (as a matter of fact, it is
impossible to put a transducer at the center of gravity of the head
of the human subject).
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The appended figure shows on one side the measurement results
of the screwed transducer and on the other side the calculated
results at the same point (1, 2). The calculation method used was the
Burkhard method. These results show a good agreement and validate the
methodology used.
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CYAFRES LE

(B,J)*RLFH(B8,J)+

;L: C.D.G.

{
v

CEC
EG.1)) CGC TC 930

1),RALFF(9,1),9,CE)

»C,LTRAN,LVERT)

lOp]FVB,
ALPH(S,

(I,J) + TRE(I=¢€)
LLCNG,IT10

Q.0).CR,(IMF(1Z)

e o

IMP(12),EG.C) GO TC

ALPH
ALPH(7,1),
(IPV3,22,3

LE.Q) GO TC 910
(176,

8
: CALL TICOUS

¢
C

DICES ET TPACACGE ACCELEFRATIC!

PCINT DE REFERENCE

1
3

1,J)
C-----------------‘--—------..------..-------.---------------.---------.

) C'AFRES LE POINT CE REFERENCE

—
I
[a %)
-l
2,

TRECAGE CES ACCELERATICNS X,Y,Z PL CC
IF(INME(10Q)

*CALL TRCSG

CALCUL I\

S0t
c---.--.-u--------—-----------------.------------.--n-——------—w--------

¢
C

DQIAI’

ICES AU C.G.

.ImTp

<l =~

e

X ] -
— I

CCURPE NMOYENNE

TERCAGE CE LA RESULTANTE AU
TF (

Coevommens
S€0

C
C

R
)

N
et
N\~

b e E

*

4,b,0,1,1.)

C-------—-----------------.------------------.-------------—.-----------

C

CALCUL DES ANGLES T'EULER

IF (IME(13)+IMP(C14)4TMF(15)+TIMECIE)+IMF(17)+IMP(18B)4+IMP(19).EC.C)

¥ CC TC 1110

C----------------------------------------------..--------------------.--
SeeC

CALL INTEG?7 (1 ,FULER,ELLER,PCSIN)

C---------------a---.-----------------

S T'EULEFR

[~

TRACAGE CES ANGLE

C

c----------..---------—----t-------CIIC--.---ﬂ---—-—---ﬁ------—-----‘.-I



IF (IMP(13),EQ.0) GO TC 1000
GALL»TRCQGB (IT19,LRCTZ,IT16,

,IPV§,ANGLE(1 1),PNCGLE(2,1),ANGLE(3,1),9,DEGRAL)
G]LL *TICOUE (IPV3,0,0,1,LR TY,LRCTIX)

C REMPLISSAGE DE LA MATRICE D'EULER
1000 CC 1010 J=1,NPTM
1010 CAEL ‘MEULER (ANGL%§11J353TANCLE(2 +J)s2,ANGLE(3,J),1,
-CALCUE BAEE-EE §E;E;E LABORATCIKE
CE LA VITESSE ANCULAIRE
CE L'ACCELERATICN ANGULAIFE
CC 1020 J= l.NPTM
CC 1020 I=1
1020 CALL PRGDMT (ﬁEUL(l 1,J),ALPH(I,J),ANGLE(TI+3,J),3,3,1,3,9,9)

¢ TRACAGE DE LA VITESSE ANGULAIRE / LAEO

c-----------------—---——--—-——--t-------------------0-—-----------5-----

IF (IMF(14).EQ. 0) CC Tg 1030

CPLL TRC9GS8 IT X,1
,ANCLE(4 1) ANGLE(S,1),ANGLE(6,1),9,1.)
CALL TICOUB: (IPV3,0,0,1 LY,LZ)

(alslalnls)

¢ TRACAGE DE L'ACCELERATION ANGCULAIRE / LAEC

1030 IF(IMP(15),FG,0) GC TC 1040
CALL TRCSGS (IT?léLX,ITl2

0,IFEV3,ANGLE(7,1),2NGLEC(8,1),ANGLE(9,1),9,1.)
- CALL TICcOoU8 (IPV3,0,0,1,LY,LZ)
¢ CALCUL DANS LE REFEFE LABRORATCIRE
¢ CE L'ACCELERATICN LINEAIFE
¢ CE LA VITESSE LINEAIRE
g CE LA PCSITICN LU CLG
1040 IF (IME(16)+IMP(17)+INMF(18)+I¥F(19),EQ.C) GC 10 1110
CC 1050 J=1,NPTM
10506 CALL EFRCDMT (PEUL(I,I.d).ALPH(7'd).FCSTT(7 d) 3,3,1,3,5,9)
IF (IME(17)+IMP(I8)+IFME(I9).EC.C) CC TC 1080
TC 1060 I=1,3
ECSIT(I,1) = POSIN(I,?)
106C FCSIT(I+3,1) = POSIN(I,4)
[T = CELTAT/2.
[C 107C I=1,3
K = I+3
L = K+3
EC 137? J=2,NPTHM
FCSIT(K,J) = POSIT(K,¥) + DT * (ECSIT(L,M)+FCSIT(L,J))
1070 FCSIT(I,J) = FOSIT(I,¥) + DELIAT * (ECSIT(K,M)+
c * DELTAT*(2¥ECSTIT(L,V¥)+ECSIT(L,J))76.)
E TRACAGE DFE L'ACCELERATICN LINEAIRE / LAEOQ

1080 IF(IME(16),EQC.0) GC TC 1090
CALL TRC9G8 (IT22§LX.1710

0,IPV ,PCSIT(%.l),FESIT(8;1),POSIT(9,1),9,GE)
CALL Ticous (IPV3,0,0,1,LY,L2Z)
C TRACAGE DE LA VITESSE LINEAIFRE /s LAPC

108C IF(IMP(17).,EQ,0) GC TC 11C0
CALL TRC9GE (iT23,1x,1717,
0,IPV3,PCSIT(4,1),FCEIT(S,1),PCSIT(6,1),9,.001)
CALL TIcous (1ev3,o0,0,1,LY,L2Z)

C-.---------------.----------.--------.-----.-—-------. ----- L R R R
g TRACARGE DE LA POSITICN CU CDC / LREC

1160 IF (IME(18).EG.0) GC T€ 1110
,CALL TRC9GE (IT24.LX IT18,
0,7PV3,PCS17¢1,1),ECSIT¢2,1),PCSIT(3,1),9,.001)
CALL TiCOU8 (iPVv3,17,3,C,LY,02)

c---.-----------_-----_--_--.-_-_------------- e e L . L L

C___VISUALISATION DE LA TEIE
1116 IF (NBL.LT.0) GO TC $§6¢ ) )
CALL TRAR (15.,-85,
CALL TRAA (0..5.6,5}
IF (IMF(19).G150) CALL “IRATET



NBL.GT.0) CALL TRAOOI® (JBANC,1,LBUF,IBUF,NBL)
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DES VOTES SCNT CALCULEES

ER CES CAPIEURS

AIRES
'EUL

L
- ON CCNNE CES ANGLES PROJETES

G(1,K),3,ANG(2,K),2,ANG(2,K),1,R0O0(1,3%K=2),TRE)

COMPCSANTES SCAL
PRES LES ANGLES

1,3
CN DONNE LES PCSITICANS LCES CAPPTFURS QUI NE SERONT

LES POSITICNE DES CPETEURS NE SCNT PAS MCDIFIEES,

PAS MODIFIEES

LES
c'a

.
.

y,

CAS NEUPCASI
CC 690 K
CALL MEULER (AN
GC TC 720

CAS NESUPCRA

€50

690
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SUBROUTINE CAPISO (NSUPCAS ANG:fRC)

c CIMENSICN ANG(3), RO(3 TRE(80)
C CAPISO REMPLIT LA MATRICE DES CCSINUS 'CIRECTEURS_PCOUR UN
C CAPTEUR ISOLE = APFELE PAR PREFSC = GIRCN = 24-12-1981

TR L R R R P R P e e e s s v e e E B R Rl R Rl R R R R Rl Bl el B

IF (NSUFCA,EQG.1) GC TC 10
C CAS NSUPCA=2 : LES POSITICNS DES CAETEURS NE SONT PAS MCDIFIEES,
C LES COMPCSANTES SCALAIRES DES VOIES SONT CALCULEES
E D'APRES LES ANGLES CY“EULER TCES CAPTEURS

CALL MELLER (ANG(1),3,2NG(2),2,ANCG(3),8,R0O0(1,1),TRE)
ANG(1) ATAN2 (= RO(l.?),RC(?;?))
ANG(2) = ATAN2( RO(1,2),R0(3,3))
AhG(B) = ATAN?(-RG(2'3)'RO(3’3))
c GC TC ¢€95¢
C CAS NSUPCA=1 : CN DONNE LES POSITICANS CES CAPTEURS QUI NE SERONT
E FAS MODIFIEES - ON CCNNE CES ANGLES FROJETES @
C p1 = (CY, J CU CAPTEUR) VU DE CESEUS (FECT CZ)
C A2 = (CZ, K CU CAPTEUERF) VU DE GELCRE (ROT CY)
g A3 = (CZ, K CU CAPTEUF) VU DE FACE (FGT CX)
E RECEERCKHE DU VECTEUR X MIS LANS EC( ,3)
10 FC(1,3) = TANCANG(2))
RC(2,3) = =TAN(CANG(3))
RC(3,3) = 1,
CALL KRMVEC (RO(1,3))
C RECFERCHE CU VECTEUR CRTECGONAL AL FLAN (J,0Z), MIS DANSE ROC ,1)
FEC(1,1) = CCS(ANG(1))
RC(2,1) = SINCANG(1))
. FEC(3,1) = 0.
E FECKERCHF DU VECTEUR J ¥IS& DANS FCC(C ,2)
CALL PRLCVEC (RG(1,3),RC(1,1),RC(1,2))
c CALL NEMVEC (RO(1,2))
E FECFERCHE DU VECTEUR I MIS LANS FCC ,1)
c CALL FFCVEC (PC(1,2),RC(1,3),RC(1,1))
GecC RETURN
END
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NN
(@]
=

om
(@}

ﬁ=COMPIL +NOM=FCTRKS8

UTINE FCTRKB (Y,CERY,II,KF)
E

E

'

om

----------.--.-'—---—-----I-------------—wﬂwnu---.--.------

DERY' (ACCEL ANGUL) A GPAGUE INSTANT
N PAR RUNGE KUTTA

CMT!
A

O=>an i
cicn

OZTVOD> 1
Z=gcr 1
22110 4 Ne
meor=
MO E=C 1 o<
nprm=
a3 AP
el

a<o
3xm
033
cmn

17=-12-81

CCMMCN /TAB/ RAM(2005 ), GAM(ZC01,9), CGAMA(9,2001), ALPH(9,2001),
LTAT, NETP

DE ,
ccvvcw /ANAT XPC(3.7), XPV(3 $) XC(B), DX(3,9), XGQ(3), C(9,3)
RO1(3,3), RC2(3 RC J, ANG(3,3), R69(6,3), TRE(86)
EIMENSICN Y(3).DERY(6), v(95 ALF

---ﬁ---------------&---‘---..-------.--.----.------------------—---.--.

C CALCLL DE .L'ACCELERATICN LUE, PAR INTERPCLATICON ENTRE LES DCNNEES

IF (KR, CE 1) GO TO 20

OO ONINOD N\

LC 10 J=1

10  ALP(J) = 6 g 4 (GAMA(J,II=1) + 'CANA(J,II))
GC TO 40

20 [C 30 J=1,NV

30 ALP(J) = GAMA(J,II)

c------- -------- e eSS EM RSO PEe R PT TR eSO PR TN PO DS EGw S D oo ew

C EVMPLISSAGE CE LA MATRICE CE FRODUIT VECTCRIEL VITESSE ANGULAIRE CMFGA
E LE CAFRE TCE LA MATRICE CMEGP (RO1) EST VIS CANS RC2
40 CALL MATPRV (RO1,3,Y(1),Y(2),Y(3))
CALL PRCDMT (ROI,RDI RCz,B 3;«:-:«")

C CALCUL CU VECTEUR V = CNECGRA % QONECR ¥ FC“ITIONS CAPTEURS = ACCEL I'UES

C------ ------- coeevsersaeeTeoanew e evTeoYsew S e tTor N YR GaD S e TmeTeTsspser s ae - - e

CC 8C I = 1,NV

CALL PRCDMT (RO2,DX(1,I1),R01,3,3,1,3,3,3)

CALL PRCDMT (C(I1,1),RC1,V(I),1,3.,1, 16,3,8)
g0 V(I) = V(I) ~ ALP(I)

C CALCUL CE CERY

Cn-a-n.---.--‘- ---------- - W s EEw w w D WD T W T e T O o e RS I B W A e W @S W

CALL PFRCDMT (R69,V,CERY,6,NV,1,€,9,€)
g0
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// EXEC PROC=COMPIL,NOM=INTEG7
//CCME,SYSIN CD # _
c SUBROUTINE INTEG7 (KI,SFCT1,SFCT2,FCSIN)
C SCUS=-PRCGRAMME D'INTEGRATION PCUEF 9 GAMMA VOIE PAR_VOIE
C KI = 1 => PAR PRECICTOR=CCFRRECTOF, EN UTILISANT SFCTI1
C KI = 2 => PAR RUNCGE=KUTITA, EN UTILISANT SFCT2
E 27-11-1981
CCMMON /TABR/ géﬁéggo hg)' GA¥(Z2CC1,9), CAMA(9,2001), ALPH(9,20C1),
EINENSICN Y(3), DEFY(G). P(3), C(3), FR¥T(5), AUX(16,3), PCSIN(3)
. EXTERNAL SFCT1, SFCT
¢C TO (10,30), KI
10 ERMT (1) = 0.
ERMTI (2) = DELTAT * (NFTM=1)
ERMT (3) = DELTAT :
ERMT (4) = 0,1
LC 201 =1,3
Y(I) = FOSINC(I)
20 CERY(I) = 1,/3,
CALL HPCG2  (PRMT,Y,CERY,3,IHLF,SFCTI1,AUX)
¢ CC TC 9999
C-ooo.-.--.-.o.c.-. INITIAI—ISATION FU“GE-KLTTA LR L B B B B I B B B BN DN BN B
L€ 40°1°=2"1,3
1 (I) = POSIN(I)
40 G (I) = ¢,
CALL SFCT2 (Y, DERY, 1, 1)
CC 45 1 = 1,3
45 FALPH (1 ,1) = Y (1)
CC 48 1 ='1,6
48 ALPH (I+3,1) = DERY (1)
Con--ooco'tt.-o-ooo--oooooo- INTEGRP'IICI\ ® 9% 000008 e RO Ee TSP
CC 10C 0 = 2,NPTM
CC 5¢ I = 1,3
F (I) = DERPY (T) #* TCFLTAT
Y (I) = Y (1) + .5C0 % F (I)
5¢C ¢ (I) =P (1)
g CALL SFCT2 (Y,DERY,J,0)
LC 60 1 = 1,3
F (I) = CERY (I) ¥ DELTAT
Y (I) =Y (I) « ,SCC ¥ F (I) = ,SCC * G (1)
E0 G (I) = Q (I) 7 6,.CC
c CALL SFCT2 (Y,DERY,J,0)
£c 70 1 = 1,3
F (I) = DERY (1) * CELTAT =~ ,SCC * F (1)
Y (I) = Y. (I) + P (I
7¢ G (1) =0 (I) = P (1)
c CALL SFCT2 (Y,DERY,J,1)
CLC 8071 = 1,3
F (I) = DERY (I) * DELTAT + 2,[C * F (1)
8o Y (I) = ¥ (I) + Q@ (I) 4+ P (1) v/ €,CC
CALL SFCT2 (Y,DERY,J,1)
LC %01 = 1,3
S0 ALPH (1 ,J) =Y (1)
[C 95 I = 1,6
S5 ALPH (143,J) = DERY (I)
160  CCNTINUE
9665 RETURN
END



(R

NN
NN
=5
om

(@]

=40t § =TI
e 8 2=t C0n

L,NOM=INVNA3
?VN A3 (A,B,C)
I

(@}
om

RC3,3)
15,13,°02,93, ¥(4)/2,3,1,2/

t =W~
ee s § [MI(T] BN D
I OZO-HO
1Mmhc=z0

{ ]
thm i
o221
x1-q 8
=70 1

'

’
LA MAT E A (3%*3
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LE DETERMINANT T CE A = S1 O EST NUL, B N'EST PAS CALCULEE

WSS W s D E e E S S S E s D E SN T Teare TS T e TR oD T eSS EE eSS S DS e

TRANSFOSEE CES COFACTEURS
10 3

(alalelalelnlnial

(@]

O

+ w4+
—a

>

~ lhi=uu
o

1,

)

1,3

)
10 (
CARLCL

[

12,J2) % A(J3,03) = A(13,J2) * A(12,03)
DU CETERMINANT

lolelp]
™ AWNIMNIWN

alals]
M3 = =IO ) MLt -
"
~ N

—
i
in o]

o
[ R VYIVY)
T Loo M DOOoo
b
4

PoAra B e ¥ on RN o0 SRS 2 BN oo |

mx
I3



aNONN

/ EXEC PRCC=COMPIL,NOM=MATEFRV
/CCMP,SYSIN CD *
'SUBROUTINE MATPRV (A,LA,X,Y,2)
'DIMENSICN A(LA,1)
INTEGER*2 1
REMPLIT UNF MATRICE DE PRCCUIT VECICRIEL g -% %
=Y X 0

CC 1 I=1,3

1 A (I,I) =0,
A (3,2) = X
A (2,3) ==X
A (1,3) =¥
2 (3,1) ==Y
A (2,1) = 2
A (1,2) ==2
RETURN
END



C// EXEC PROC=COMPIL,NOM=MEULER
C//COMF,SYSIN DD *
SUBROUTINE MEULER (EULi.N1.EUL2.N2,EUL3,N3,P,T)
c CIMENSICN P(3,3),T(3,6) . oL
C CE S=P REMPLIT LA MATRICE L[E EFASSAGE P DU REPERE
E DE BASE (LABO) AU REPERE FINML
E X LABC = (P) ¥ 'X FINAL
C P EST LF PRODUIT CE TRCIS MCUVENEMTS DE RCTATION
¢ SUCCESSIFS
C - D'ANGLE RESPECTIF EUL1,EUL2, EULB
E - AUTOUR C'AXES CCANES EAR N1,N2,N
C AXE X SI N = 1
C AXE Y SI N = 2
E AXE Z°SI N = 3
E T ZCNE DE TRAVAIL
C---.-.----------.--—------.-.----------‘-ﬂ-.------.-------------ﬂ------
CALL MATRO3(P,EUL1,N1)
CALL MATRO3(T,EUL2,N2)
CALL PRCDMT(P,T,T(1,4),3,3,3,3,3,3)
CALL MATRO3(T,EUL3,N2)
CALL FRCDMT(T(1,4),T,F,2,3,3,3,3,3)
g;gupm



C// EXEC PROC=COMFIL,NOM=NRMVEC
C//COME,SYSIN DD *
SUBROQUTINE NRMVEC (V)
REAL*4 ve3l), D
INTEGER*2 1

C-ﬁ-----.--------------.--------------------.ﬁn---‘---——--c---—---------

C CE S~P NORME LE VECTEUR V (LE REMELACE PAR UN VECTEUR UNITAIRE
C DE MEMES CIRECTICN ET SENS)

C----------------n----------------------------u-----—n-----ﬂ----------n-

L = S?RT (V(l)*V(1)+V(2)*V(2)+V(3)*V(3))

CC
= V(I) / D
RN

M X<
b= ta PN
s =

I
T
\D



.

C// EXEC PROC=COMEIL,NOM=PRLCVEC
¢//COMB.SYSIN DD #

SUBROUTINE PRDVEC (A,B,C)
. REAL*4 AC3), B(3), €(3)

C CE S=P EFFECTUE LE PRODUIT VECTCRIEL DE A FAR B
C LE RESULTAT EST MIS DANS C

C-----..----------------------------..--..---.---------------.----------

C(1) = 2(2)*B(3) = A(3)*B(2)
C(2) = A(3)*B(1) = 1)*B(3)
C(3) = A(1)*B(2) =~ 2)*B(1)
RETURN

EMD



C// EXEC PROC=COMPIL,NOM=ERCLCNT
C//CCME.SYSIN DD * o
SUBROUTINE PRODMT (A,B,C,L,M,N,LA,LE,LC)
CIMENSICN A(LA,1), BclE,1), CCLC,1)
; INTEGER*2 I, J, K, M2
C EFFECTUE LE PRODUIT MATRICIEL DE » (L LIGNES, M COLONNES)
¢ PAR E (N LICNES, N COLONNES)
¢ LE RESULTAT EST MIS DANS . (L LIGNES, N COLONNES)
IE (¥=3)_10,70,30
10 LC 20 T = 1.n
EC 50 J = L ;
¢ ¢(J,I) = 0.
EC 20 K = 1M
200 € (J,I) = C'(J,I) 4+ A (J,K) * E (K,I)
¢éc T6 1600
30 ¥2 = M .= |
CC 60 1 = 1,N
£C 50 J = 1.L
L = ACJ,1)%B(1,T)
LC 40 K = 2,M2
46 T = D 4+ ACJ,K)*E(K,I)
50 C(J,I) = D + ACJ MI$B(V.T)
€0 CCNTINUE
GC IC 1600
70 EC 90 T = 1,N
CC 80 J = 1.1
80 C(J,I) = ACJ,1)%R(1,1) + ACJ,2)4E(2,1I) + A(J,3)*B(3,I)
S0  CCNTINUE
1600 FETURN
END
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E PAR 'SCALB‘ VIA .'HECC2!
ROBLEME 'S GAMMA", EN UTILISANT CES VOIES SEPAREES

' (ACCEL ANGUL) A .CHAGUE INSTANT
! 'PRCCNMT!
TES SONT MISES CANE GANA
17-12=-81

CCMMON /TAB/ RAM(2005,8), GAM(Z2CC1,9), CAMA(S9,2001), ALPH(9,2001),

(3,5), X 3), €(9,3)
, RC3(3, .98, TrRE(ES)
(6,€),ER '6)

PO -
mo»oni
™MD i e
MmO 1 Cn
gccy 1 oo
1
-3

bOU
X
0
.~ - W

Ub\

(3,9), XGO¢(
3,3 R69(6
X(16,3),R(9

)
N

uld

4]
[ R 2N
~ W

’
(
4

<
22 >

CATA I4/0/

c-------—-------------------q------—-------‘-------—-----—-----t-----.--

C

¢
¢

C
C

CALCUL DE L'ACCELERATICN LUE, PAR INTERPCLATICN ENTRE LES DONNEES

LR E R R R R R S T T P L R R R R RN R R R R R N R R

CALL TERPOL (L,IT,II1,KI,KM,CELTAT,CAMA,S,ALP,NV)
EMPLISSAGE LE LA MATRICE CE PRODUIT VECIORIEL VITESSE ANGULAIRE CMECA
LE CAFRE CE LA MATRICE CMEGP (RO1) 'EST MIS CANS RC2

CALL MATPRV (RO1,3,Y(1), Y(2) Y(03))

CALL PRCDMT (RO}, RGl PC? 3,3,3,3,3,3)

CALCUL DU VECTEUR V = CMECA * COMECP * FCSITICKS CAPTEURS - ACCEL LLUES

C-----..--. ------- TS oD YYOENG DS e RS SO PEROETETO TSNP EwDw wm W Toeeos e

= 1,NV

CDMT (R0O2,DX¢1,I),R01,2,2,1,3,3,3)
L CDMT (C(¢I,1),RC1,Vv(1),1,2,1,6,3,9)
g0 V(I) = V(I) = ALP(1)

S TR W W R OTE G W D S W SR M S S R RS O W N A W BN R R W W W W T W MR TR e e T R S W e

g CALCUL CE CERY
CALL PFCCMT (R69,V,CERY, 6,NV 1,6,9,€)
C FLISSAGE EVENTUEL DE ALFE

(KI,CT.C) GO TGO 10CC

—
-

KI:Z**K

14=T4+1

LC 90 J1=1,3

BLPH(I,T4) = Y(I)

ALPH(I+3,14) = DERY(I)
SC ALPH(I+€,14) = DERY(I+2)
1¢0¢C EEEURN



// EXEC PROC= COMPIL NOM=SCALSB
//CCMP,SYSIN LD
i SUBRDUIINE SCALS (IMP4, IMP16, 'FCSIN, IREF)
C SCALB = RESCLUTION 9 GAMMA VOIE EAF VCIE
¢ CALCUL DES ACCFLERATICNS ANGULAIRES ET DES VITESSES ANGULAIRES
C PERMET LE CHOIX DU POINT DE REFERENCE, PAR IREF
g LES CONNEES BRUTES SONT FLACEES CANS GAMA

EXTERNAL SFCT8, FCTRKS

CCMMCN /TAB/ RAM(2005,9), GAM(2C01,9), GAMA(9,2001), ALPH(9,2001),

¥ DELTAT, NETM

CCMMCN /ANAT/ XPC(3,7), XPV(3,S), XC(3), DX(3,9), XGQ(3), €(9,3)

* NV, RO1(3,3), RC2(3,3), RC3(3,3), ANG(3,3), R69(6,9), TRE(EH)

CIMENSICN Y(3),DERY(6),RTRI(E,€6),ERNT(S),AUX(16,3),R(9,6)

* RT(6,9), PCSINC(1)
g CCORCONNEES DU POINT DE-REFERENCE

K = IREF + 3
c GC TO (10 15,20), K
E IREF > 0 ==> REF : CAPTEUR IREF

CC571=1,3
g XC(I) = XPC(I,IREF)
¢C TO 25

C----'------------------.-‘-.-------.------------------------'---------.

C IREF = =2 ==> REF ¢ BARYCENTRE LCES MASSES SISMIGUES LCES NV VCIES

C----—---------------------n------n-I------‘-.---------.-----—----------

10 CC 13 71T=1,3
XC(I) = 0,
LC 12 K = 1,NV
12 XC(I) = XO(I) + XPV(I,K)
13 XC(I) = X0(I) / NV
. ¢CC TC 25
g IREF = =1 => REF : CENTFE DE GRAVITE
15 CC 17 1 =1,3
17 XC(I) = xGAtn
. GC TC 2%
E IREF = 0 ==> REF ¢ CRICINE DU REFEFE ANAICMIGUE

20 [C 22T =1,3
22 xC(I) = o,

C-.---.------ -------- mEsekwm e PG W EEES 90 E TS TENe YYD TaYvoe DSOS E o -GS Ee S
E EMFLISSAGCE DE DX = CCCRC LCES CAF'IEL'Fc / FCINT DE PLFEPENCE

25 CC 3¢ 1 = 1,NV

LC 30 J =1,
30 CX(J,1) = XPV(J,I) = XC(J)
IF(IVMF1€.,EQ,1) PRINT 11CO, (XC(J),(XFV(2,1),I=1,9),J=1,3),
* ((Cx¢J,1),3=1,93,J=1,3)

11¢C0 FCRNAT('OXD',SOX, XEV'/3(1X,F12,5,1CX,S5F12,5/),15%,

¢ ' CX'/3(23X,8F12,5/))

C CCNETRUCTICN DE R

CC 40 T = 1,NV
CALL MATPRV'(RO1,3,CX(1,1),DX(Z,1),LX(3,1))
CALL PRCDMT (C(T.1),RC1.,R(1,1),1,3.3,9,%,3)
EC 40 J = 1,3

40 F (I'd+3) = = C (I' )
JF (IMF16.EG.1) PRINT 1111, ((F(J,1),1=1,6),d=1,9)

1111 FCRMAT ('OMATRICE R'/S(1X,6F12.5/5
¢ CALCUL DE RT

CALL TRANSP (R,RT,NV,&,Q:D)

IF (IMF16.EG.1) PRINT 1122, ((FT(J.I)‘1=1.9),J=1 €)
1122 FCRMAT ('OMATRICE RT, TRKRANSPCSEE LCE K'/€E(1X,S9F12.57))
C CALCUL CE RIR

C------------------ﬁ-----------------.----‘-'-------ﬂ-------------------.

CALL PRCDMT (RT,R,RTKI,€,NV,€,€,5,€)
CLC 50 I=1,6

LC 50 uJ=1,6
IF (ABS(RTRI(T,J)).,LE.1.E~6) RTIFI(I,Jd)=C.0
§C CCNTINUE
IF (IMF16.EG.1) PRINT 1133, ((FIFI(Q,1),I=1,6),J=1,6)



1133 FCRMAT ('OMATRICE RTR, -FRODUIT CE RT ET R'/6(1X,6F12,5/))

CE T T DR R R Ry repepeaeepepespeegepep e R R R R R R e

C INVERSION CE RTIR
ILL'INVMAT} (RTR1,6,6,TRE,IR)
F (I MP16,EQ.1) PRINT 1144' (CFTRI(J,1), 06), 1 6)
1144 FCRMAT ('OMATRICE RTRI, INVERSE DE RTR'/6(1X 6F14 3/))

----n-------.-------_---“----n---.---q------------h----------w--------

c
¢ IMFRESSICN SUPPLEMENTAIRE PROVISCIRE

IF (IME16.LE.0) GO TC 60

CALL PRODMT (RT 6,NV,6, 6,9.6)

CALL PRODMT (R ﬁ,s 6,6 £,6,9)

R
TR
FRINT 1150, ((R(J yJ=
1150 FCRMAT ('OMATRICE E 5 RTRI*(RT*R))'/6(1X 6F11.6/))

C CALCUL DE R69

|-
(T\
s O

60 ZCALL PRODMT (RTRI,RT,KED,6,6,NV,6,6,6)
IF (IMF16,E0,.1) PRINT 1155, (CFES(I, 1) 1=1,9),0=1,6)
1155 FCRMAT ('OMATRICE R69, NATRICE EINALE,!
*' PRCCUIT DE RTRI ET RT'/6(1X,SF14.3/%)'
IN)

CALL INTEG7 (IMP4,SFCT8,FCTRKB,FCS
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// EXEC PROC=COMPIL,NOM=TRANSF
//7COME.SYSIN LD
SUBROUTINE TRANSP (A,B,LI,LC,NL,NC)
REAL*4 A(NL,1), BCRC,1)

INTEGER*2 1I,J

C.-a----h---------------------u-—---w-------------u—-------u--—---—-----

C TRANSPOSITION DE LA MATRICE 'A‘o-CCMPCRTANT LI LIGNES ET LC CCLCNNES
C LE RESULTAT EST MIS DANS

c-------——-*—--------------------.-----—-------------—0--------—--—------

CC 1 1I-=1,LC
cCc 1 J = 1,L1I

1 E(I,J) = A(J,I)
RETURN
END



NOM=TERFCL

// EXEC PROC=COMPIL,
J/7COMB.SYSIN ED % |
SUBROUTINE TERPOL (L,I11,I11,KI,KM,DELTAT,TAB,NDIMT,VECT,NDIMV)
c CIMENSICN L€11), TAB(NCIMT,1), VECT(NCIMV)
C CESTINE A SFCT6 OU SFCT7, EULER, FECC2
C INTERPOLATION DES DONNEES CONTENUES LCANS T2B
¢ LE RESULTAT EST MIS CANS VECT
¢ 27-11-81
X1=0,0
CC 10 1=1,11
10 X1=X1+1 (I} ¥(DELTAT/(2.%3(1-1)))
IF(IT1-1) 40, 20, 36
20 X12X140. 4% (DELTA®/ (2,42 (11-1)))
30  XI1=X1+.45573725421878943*(DELTAT/ (2. *¥%(1I=1)))
20  F=X1/DELTAT .
NEBS = INT(F)
E1=F=NAES
IF (H1.LT. .999) &C TC S0
NARS=NAES+1
H1=0.0
50 IXI=NABS+1
IXT1=IXT+1
CC 60 I=1,NDIMYV
60  VECT(I)=TAR(I,IXI)+H1#(TAR(I,IXI1)=TAE(I,IXI))
FETURN



