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I N TRODU C TION 

At violen t  impact to the head variou s  mechanical events are produ ced re su lting 
in brain damage . Such events are : acce lerations and de formations of the s ku l l  
or movements a t  the cranio-s pinal junction w ith pre s s ure change s and dis place ­
ment of  the intracranial contents . For e laboration of  proper protective device s 
the pathoge ne s i s  of  brain le s ions must  be clari fied . 
Pre s s ure chang e s  e li cited within the contents of  an impacted " fluid fi l le d "  con­
tainer such as the human skull have often been a s sumed a s  a cau se of  brain 
injury (Gurdj ian e t  al . 1 9 5 5 . Hod gson l 9 6 8) � deviations from the ordinary acce le ­
ration pre s s ure pattern have been s hown most intere s t  ( Lindgren 1 9 6 6) . In 
particu lar the subatmospheric pre s sure change s due to local skul l  deformation 
or part of the a cce leration pre s sure pattern opposite the s i te of impact (con tre ­
coup) �aye _been con s idered a s  a major cause of  in tracranial injury (U nter­
harn s cheidt  & Se llie r  1 9 66) . The " contre -cou p "  inj urie s have been as sumed to 
occur at low subatmos pheric pre s s ure , cau s ing ti s sue disruptions ·:due to " cavi­
tation " or some of  its concomitant phenome na . (Unte rharns cheidt & Sellier 
1 9 6 6 , Hodg son 1 9 7 0 , Unterharns cheidt 1 9 7 2) . Other inve s tigators have not 
be lieved in the occurrence of  " cavitation"  in ti s s ues  (Gold smith 1 9 6 6 , 1 9 7 2) 
but have advocated " the head rotation and s k u l l  di storsion h ypothe s i s " 
s tre s se d  b y  Ho.lbourn ( 1943)  and Pudenz & Sheldon ( 1 94 6) (cf . Omma ya e t  al . 
1 9 7 1 ) . 
With experime nts in living animals simplified mechani cal loading of the brain 
will  be of value to e lucidate the e ffec ts of acce leration " contre -coup" 
pre s s ure s particu larly  in relation to morphological change s ( StCrlhammar 
and O l s son 1 9 7 5  a) . 
In animal experiments acce leration pre s sure change s are diffi cult both to e licit 
and to record partly because of  the small size of  the s ku l l  in most laboratory anima l s . 
A new experimental mode l has been de s igned to avoid s u ch difficu lti e s  ( S täl-
hammar 1 9 7 5  a) . When u sing such a mod e l  compli cating mechanical factors 
must  be avoided or analyzed� in the later case experiments have to be per-
forme d  ( S tCrlhammar and O l s s on 19 7 5  b) to s tu d y  their s igni ficance . The aim 
of the pre sent study was to: 
1 .  de sign a mode l for production of intracranial impact acce leration fluid 
pre s sure s  w i th the " contre -coup"  type pre s s ure s change s e licited in tracrani ­
a l l y  in laboratory animal s , 
2 .  control and record extracranial me chanics in re lation to intracranial 
mechanic s  in the deve loped mode l , 
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3 .  evaluate some ph ysiological and morphological re s ponse s in re lation 
to various extracranial and intracranial mechanical parameters produced in 
the mode l .  

Basic idea of  the mode 1 
A rigid fluid fi lle d cylinder was connected with the s kull  cavity of a laboratory 
animal :  the cylinder w a s  impacte d  and the intracranial contents acted a s  a 
contre -coup e nd . Production of  a pre s s ure pattern similar to that encountered in 
human head at blunt impact would be pos s ib le . 
The technique should be pos sib le to apply to the rabbit because considerable 
information has previo u s l y  been obtained in mechanical , pathoph ys iological 
and pathomorphological studie s of experimental head injury on that animal 
in our laboratory ( lindgren & Rinder 1 9 6 6 ,  1 9 6 9 , Rinder 1 9 6 € , a , b .  Rinder & 
O l s s on 1 9  68 a ,  b ,  O l s s on e t  al . 1 9  7 1) . 
MATERIAL AND METHODS 
5.6 rabbi ts were u sed in the experiments .  The animals were lightly anae s the ­
sized when te s te d :  three animals u se d  for various intracranial pre s sure 
measurements were kille-d be fore the experiments . 
Preparation for mechanical loading 
Two modifications were used:  
Type 1 .  Impact acce leration of  the reinforced tre phined skull  for direct brain 
loading by fluid pre s sure s  ( Fig . 1  ) . To a parietal hole a plexig lass tube 
( 11 T-tube 11 inner diameter 16 mm) w a s  att<!lched . The dura over the brain surface 
w a s  remove d . 
Type 2 .  Impact acce leration of  the rein forced intact s kull . B a s ic preparation 
w a s  similar in the two type s with connection of the c ylinder to the skull  vault 
( Fig . 2 ) . 
Reinforcement of the s kull  - the entire skull  vau lt w a s  covered b y  an acrylate 
plate ( excluding the parietal hole including 4 - 6  s crew s fixed to the bone . The 
intact skull  was attached w ith a plexiglass  plug ( 11 s kull  adaptor" equipped 
w ith a light acce lerome ter ) of the very same outer shape and s ize as the T-tube . 
The T-tube and the skull  adaptor connected the s ku l l  vault w i th a plexiglas s  
cylinder fi lled with ph ysiological s a line . The c ylinder w a s  3 0  cm lbng and had 
an inner and outer diameter of 2 0  mm and 4 0  mm re spe ctiv l y .  The tube and skull  
adaptor re s pe ctive l y  were directed from above in the sagittal plane , compare 
fig . 1  ' 2 .  
An impact to the free end of  the plexiglass  c ylinder w a s  thus transmitted through 
the w a l l s  of  the c ylinder to the rabbit skull . The position of  the animal at impact 
was s imilar in all experiments . lt  w a s  l ying on the table on the left s ide fixed 
only to the plexiglass  c ylinder b y  the T-tube or skull  adaptor . The c ylinder w a s  
he l d  i n  a heav y vice fixed to a n  iron plate . The jaw s of  the vice were covered 
with plasticine . 
Mechanical re cordings 
Acce leration (and ve locity) was routine l y  recorded b y  a small  acce lerome ter 
attached to the cylinder wall . In experiments for te st  of  the uniformity of  the 
me chanical re s ponse of  the se parate units of  the s ys te m  light acce lerometers 
were fixed at the acrylate plate of  the skull  vaul t  and at the s kull  base . Acce ­
leration direction was kept unchanged ( " traslation a l " )  b y  guiding the c ylinder 
attached to the " T-tube " or " s kull adaptor11 fixed to the reinforced skull  vault . 
Are a of  the trcmsmitted impact and direction re lative to the rabbit s kull  were 
uni ·form in a l l  experiments . The total dis location of the s ys te m  was measured 
after each impact . 
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Pre s s ure recordings in the contents were always perforrned in the T-tube and 
in irnpact e nd at dire ct loading of the brain w ith fluid pre s sure s .  In se parate 
te sts the intracranial pre s su re changes were recorded .  In sorne experirnents 
the pre s su re transducer was attached to the skull  base itse l f  pos itioned 
perpe ndicular to irnpact direction . 
Physiological recording s .  
Three ph ysiological pararne te rs , re s piration , arteral b lood pre s sure and pulse 
rate , cornrnon ly recorded for evaluation of  functional disturbance s in head 
inj ury experirne nts on anCE sthe sized anirnals were used (cf . Rinder 1 9 69) . 
Other signs were observed too :  corneal and blink reflexe s and the reaction 
to pain stimuli ( tail . ear and paw pinch) . 
Morphological record.i:ng s . 
Oeder:na , hCErnorrhage s and lacerations are commonly reported re s u lts of  
human and experimental head traurna ( U n terharn scheidt 1 9 72 ) : the rnethods 
for s tudying the se e ffects were directed to revea l  vascular lesion s . The sarne 
technique was used throughout the serie s .  To s tudy the pre sence of increased 
vascu lar perrneability in the brain and in the s pinal cord all animals were 
given a solution of  Evan � blue a lburnin (EBA) be fore the impact . The rabbits 
were allowed to survive for up to one hour after the irnpact . The anirnal s  were 
then perfused w i  th forrnalin and a tharough rnorphologic'al examination s tarted . 
S k u l l  bone fracture s ,  bleedings in the cranial and spinal  rneninge s were lo'oked 
for . No fracture s ,  however . vvere observed in the e n tire serie s .  The surface 
and the coronary se ctions of the brain and spinal cord were also care fu l l  y 
che cked for the occurrence of hCErnorrhage s ,  lacerations and areas of  EBA-
exs udation . 
To reveal EBA-exsudation fluore s cence -microscopical s tudies  were done on 
frozen sectio n s (  Hornberger & Hornberger 1 9 6 6 , Steinwall  & KJ.atzo. 1 9 67) . I n  
addi tion b locks were also ernbedded in paraffin and s tained wi th hematoxy­
line -eosin and luxol fas t  b lue -cre s yl viole t .  
OBSERVATIONS AND COMMENTS 
Me chan i c s  
The acce leration " rise time " 0 . 1 -0 . 4 m s  in type I and 0 . 1 - 1 . 0 m s  in type II , 
the peak and the durntion of  i ts positive phase could be varied on purpose b y  
varying: 
contact material - cork or paper 1 -4 mm 
irnpact ve locity- dire ctly depending on fal l  height (0 . 2 -1 . t S  m) of  pendulum 
mass of  impacting object - pe ndulum mass 2 -7 kg 
Typical recordings are reproduced in Fig . 3 -t ype I and in Fig . 4 -type II . A 
short and pronounced positive acce leration phase was obtained . The duration 
was 1 . 0 - 1 . 4  m s  in type I and 0 . 4 -1 . 2  in type II . The peak of the cylinder 
acce leration was l 6 0 -5 2 0 g in type I and 4 0 0  - 2 2 5 0 g in type II . B y  mount­
ing the c ylinder in plasticiRe no vio lent rebound e ffe ct �as encountered . Thus 
a flat retardation phase was obtained . Ve locity recordings were obtained from 
acce leration course . Maximum ve locity change was 1 .  3 -2 . 8 m s  in type I and 
2 .  2 - 4 .  8 m s  in type II . The re lfobility of u s ing c ylinder acce leration as a 
refere nce when comparing signs of brain damage was supported b y  the fol low ­
ing te s t: The s ku l l  vaultq_acce leromer and the s kull  base acce lerome ter did 
show a similar ( within - 0 .  2 m s) change of velocity irre s pe ctiv of  using a 
solid s k u l l  adaptor or the weaker T-tube for connection be tween the s ku l l  
and the cylinder , at impact leve ls u p  t o  about 500  g ( duration 1 ms) . 
The re liability of  mechanical recording i s  discussedne l sewtiere . The total dis-
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location of the cylinder was varied be tween 4 -14 mm in type I and 1 1 - 7 5 mm 
in type II . 
Fluid pre s s ure s 
Pre s s ure change s are generated in human skulls  at impact acce leration and 
is one intracranial parame te r  pos sible to record in a controlled moving s ystern 
c f .  Lindgren 19 6 6 . 
Intracranial pre s s ure s are produced even in small  animal s kul ls  at irnpact 
acce leration .  However ,  the magni tude of  acce leration provided (about 2 .  0 0 0  
g duration 0 .  7rns) to e licit biological e ffe cts o f  the type 11 concussi  ve re s ponse 1 1 
mttxke s valid pre s s ure meas ure me nts very diffi c u l t .  B y including the srnall 
skull  cavity in a large fluid filled container at irnpact pole or counte rpole a 
1 1 concus sive re s pon s e "  is e licited at lower leve l s  o f  acce lemtion and re liable 
pre s s ure mearure rne n ts may be perforrned (cf . Lindgre n  & Rinder 1 9 6 6) . In this 
mode l the rabbit brain was Lqcated at the counterpole - " contre -coup e nd " . 
The ge neral pre s sure pattern in a sti ff fluid fi lled container i s  characterized 
by positive pre s s ure at the irnpact s ite and s ubatrnospheri c pre s s ure s opposite : 
the latter is  followed b y  a pre s s ure ri se at the end of the impact ( "  late positive 
pre s s u re " ) . The pattern i s  rnodified by de formation acce lerations probably 
involving local and re mote flow of the contents ( Lindgren 1 9 66) . 
I n  this mode l possibi lity to u ncontrolled de formation was reduced b y  reinforce­
ment of the skull  and choo sing a sti ff and short cylinder . .  However , partly 
q uantified displacement  of the ve s se l  contens �a s  obtained b y  introducing 
an air bubble of known volume ( 5 0 , 100 1 5 0  mm ) at the impact e nd .  The pre s s ure 
recorded ad jace n t  to this indicate s the course of  volurne change of this bubble . 
At an acceleration leve l of  about 2 0 0  g the air bubble w i l l  be compre s se d  to 1/6-
1/7 of i ts initial volu�e .  This corre sp6hds to a dis placernent o f  the c ylinder 
contents of 4 0 - 1 3 0mm . The intracranial initial negative pre s s ure peak b y  
means o f  the air bub.ole could b e  varied on purpose . I ncrease<l initial negative 
pre s s ure peak was obtained at increased volume of the air introduced ( Fig . 5) 
Relation between pre s s ure in the T-tube and intracranial is showed in Fig . 6 .  
Ge neral pre s s ure pattern i s  locally modified when a c losed container i s  opened 
(cf . Lindgren 1 9 6 6  , Hayashi 1 9 6 9  a . b) . Foramen magn um is the natural main 
ope ning in thi s mode l .  In  Fig . 7 is  i l l u s trated the pronounced .initial negative 
pe ak obtained when foramen magnum is closed . 
The studies showed 
acce leration - ve locity - dis location of the rabbit  head could be varied and 
predi cted 
s ku l l  de formation was rninimized 
reliable intracranial pre s s ure rneasurerne nts cou ld be performed 
varied i n tracranial pre s s ure changes of " con tre -coup type " including sub­
atmospheric pre s sure tran sie nts near - 1 atm could be obtained 
to some exte n t  in tracranial ti s sue d.isplacement could be e stimated . 
Ph ysiology 
Impact acce leration of  the reinforced rabbit skul l  did not e lici t  any " con­
cus sive re s ponse 1 1  (re s piratory arr.e.-st 1011ger than 3 sec . or  b lood pre s s ure 
ri se) with cylinder peak acce leration be low about 1 0 0 0  g ( duration 1 m s) , 
pe ak ve loci t y  below 3 rn/s or total c ylinder dis location bi low 3 0  mm ( St& l -
hammar • 1 1 9 7 5  b) . In  te sts with dire ct brain loadi ng , with cylinder 
acce leration pre s s ure s lower leve ls of cylinder acce leration were used:  
pe ak abou t 2 0 0  g ( duration about 1 .  2 ms) maximurn ve locity change about 
1 .  5 m/s and totaP dislocation of 6 mm . ;I'hus the pathophysiological e ffe cts 
produced might mainly be related to direct  fluid pre s s ure loading of  the brain . 
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Whe n cylinder acce le ration was kept simi lar ( 1 8 0  - 2 2 0  g ) the degree of 
con c u s s ive re sponse was related to the peak of the initialnsubatmospheric 
pre s s ure in the T-tube and the 1 1  late pos itive 1 1  pre s s ure impul se Fig . 8 
(St&lhammar 1 9 7 5  b) 
Comments 
B y  the re s u lts obtained the frequently debated que s tion on relations betwee n 
intracranial acce leration pre s s ure change s of  different character and flow in 
foramen magnum have bee n  e lu cidated . The magnitude s of the contre -coup 
pre s sure s , part of  the acce le ration pre ss ure pattern , were increased by a 
graded inje ction of  air vol ume s at impact end . The e ffect from the i m pact end 
pos itive pre ssure caused dis placement of  cylinder contents . The probable 
e ffect of displacement of brain in the parietal opening w i l l  be tran smi tted 
to the area of foramen magn um : it wil l  be re sponsible for the physiological 
re sponse re corded .  S uch relation between the 1 1  concus sive re sponse 1 1  and 
the flow in forame n  magnum has previo u s l y  been shown by Rinder ( 1 9  69) for 
positive fluid volume pre s sure pulse s . He found a corre lation between the 
peak of the positive pre s sure pu l s e s  and the grade of " concus sive re s ponse 11 • 
There was also a corre lation to the pre s s ure impu l se ( Rinder personal com­
munication) . 
M orphology 
There is no unanimity concerning the important q ue s tion o!  pathoge nesis of 
the contre -coup le sion s . Ommaya ( 1 9 7 1) advocate s " s kull  distorsion/rotation 
h ypothe sis 1 1 s umming up re s ults from experiments w i th tran s lational and 
rotational traumata . Goldsmith ( 1 9 6 6 , 1 9 7 2 )  and Ommaya ( 1 9 7 0) repeatedly have 
pointed out the non-exi s te n ce of evidence for cavitation occurring in living 
animal brain . 
U n terharn s che idt ( 1 9 63) i n  impact acce leration te sts on rabbits and cats found 
11 primary cortical cavitation traumata at the site of impact and ÖnÜpole i n  
al l  animals subje cted to impact re sulting i n  acce leration corre sponding to 
4 0 0  g II , 

Hashi� ume ( 1 9 7 2) in a monke y  produced a contu sion in the parieto-occipital 
region which he considered contre -coup to a frontal impact . at head acce leration of 
of  2 84 g (duration 10 ms) . He related this lesion to the occipital pre s s ure 
change s nshowing a peak near - l atm . 
Ommaya e t  al . ( 1 9 7 1) could produce neither coup nor contre-coup lesions in 
frontal impact when the skull  bone did not fracture . B u t  in 32 monke ys re ceiv­
ing concus sive occipital impacts 2 2  showed micros copi c le sions at coup and 
con tre -coup site even when no fracture was produced . 
U n terharn s che idt & Higgin s ( 1 9  69)  e m phasized that the cortical contusions 
produ ced b y  non -de forming rotational acce leration show a pattern and q uality 
of histopathological le s ions q uite diffe re nt from those seen in pure trans lational 
traumata where the 1 1 cavitation mechanism 1 1were the most important . The y 
found that lesions produ ce d  b y  rotation were venorhectic in character and 
did not show the typical pin -point hcemorrhage s seen in 1 1 cortical cavitation 
in j urie s "  produced b y  trans lational acce leration . 
Obviou s l y  the se problem s  should be attacked in stri ctly s tandardized experi­
ments on living animals if  it should be pos sible to link any single mechanical 
eve nt to the occurre n ce of ti s sue damage . The pre sent  mode l was designed 
to give s uch w e l l -controlled experime nts wi th recording of  some extracranial 
and intracranial parame ters . The occurrence of morphological lesions were 
studied on animals livin g  about 60 min . after the impact . 
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The studies  showed: Impact acce leration o f  the reinforced intact rabbit s k u l l  
did not re sult i n  an y signifi cant morphological alterations intracranially  irre s ­
pe ctive o f  magnitude of acce leration and dislocation used . Thu s , morphological 
change s recorded at lower ( cf . above) acce leration magnitude s as in type I 
might be as cribed mainly to the e ffects of  direct brain loading b y  fluid pre s sure s . 
Morphological alterations were found in the lower brain stem and u pper cer-
vical cord (CI - CIII) , but not in other parts of the brain excluding e ffects 
at the parietal hole (cf . Fig . 9 ,  1 0 , 1 1), 
Comme nts 
A statement that tissue dis placeme nt may cause ti s sue damage , in thi s  case 
i n  the brain stem region , may seem j u s ti fied . However ,  as seen above the 
ge ne s i s  of contre - coup le sions seems le s s  clear and we could not produ ce 
s u ch alteration s . The type of mechanis m s  and pre s sure change s discussed 
as their cause must therefore be brie fly commented . 
The contre -coup pre s s ure phe nome na studied b y  Gro s s  ( 1 9 5 8a , b) i n cluded 
high frequency acce leration disturbance s in the shell explained by collapse 
of cavi tation " bubbl e s  1 1  • Lindgre n  (19 6 6) found s u ch high frequency disturbance s 
of  the pre s sure transducers near the lowe st re sonance frequency:  however , he 
put more significance to the i nitial subatmospheric pre s sure plateau -leve l 
obtained at -0 . 8 - -0 . 9 atm a s  a pos sible indication of cavitation in the fluid . 
Hodgson (19 6 8) also discu s sed simi lar phenome na . However , he did not report. 
any pathologic findings in re lation to this ( c f .  Hashizume 1 9 7 2 ) . 
The me chanics (cf . Persson 1974 )  and material propertie s - gas conte nts , 
viscosity etc . influencing the appe arance of cavitation w i l l  not be discu s sed 
here . Howeve r ,  in our animal experiments emphasi s has been made on produc­
in-g the 11 contre -coup pre s sure " complex , including i nitial subatmospheric 
and late ·positive pre s sure . lt must  also be s tre ssed that in b!ological ti s sue s 
volume change s and ti s sue displacements only can be minimize d :  this was 
evident from the experiments w ith the plexiglass s ku l l , and with closed and 
ope n forame n  magnum in the ·animal skull . 
lt see m s  clear that the routine experime nts w ith the w hole skul l  cavity i ncluded 
i n  the contre -coup e nd of the s ystem should produce some morphological altera­
tions if the pre s s u re change complex per se had some injurious e ffe c t .  The 
conclu s ion i s  that some other factors must  be added to produce ti s s ue damage : 
one factor i s  the de formation probabl y  occurring and trans mitted from the 
impact site in the human s ku l l . 
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Fig 9 .  Ventral view of a rabbit brain exposed to a sudden negative pressure of about 
- 1  atm. ( 101}. EBA given before the impact to visualize changes in vascular permea­
bility. Note absence of EBA-exsudation in the temporal lobes. 

Fi g 1 O • Spinal cord from a rabbit ( 1 00) subjected to a negative pressure of - 1  atm. 
Note exsudation of EBA in the upper part of the cervical cord (to the right). 

Fig 1 1  .Corona/ section from a rabbit ( 102) exposed to a negative pressure of - 1  atm. 
There are no signs of hcemorrhages or of EBA-exsudation. 
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