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ABSTRACT 

The complex problem of dcveloping a pred.ictive transfcr function bctween the 
forccs and/or motions cxpcricnccd by vchiclc occupants in thc hostile mcchanical 
environment of a collision and indicics rclating to extent and severity of the various fonns 
of central ncrvous system trauma can bc madc more tractable by undcrsta.nding neural 
injury as a function of mcchanical deformation at the ccllular lcvel. 

A comparison of rcsults obtaincd from animal, physical, and isolated tissue modcls 
indicates that an injury threshold for neural tissue can bc exprcssed in tcrms of a maximum 
strain undcr conditions of dynamic loading. 

Nonhuman primates werc subjccted to conttolled incrtial loading of the hcad which 
produccd a spcctrum of pathophysiological conscquenccs, ranging from mild ccrcbral 
concussion to scverc diffuse axonal injury with prolongcd coma. Physical modcls of the 
skull/brain structural complex werc loaded under identical kinematical conditions ovcr the 
samc range of accclerations and with prccisely thc samc acccleration wave shapcs. Nodal 
displacemcnts of a printed grid contained within the surrogate brain material werc mcasured 
from high spccd film framcs and thc associated strains werc computcd. In parallel srudics 
isolated single axons werc subjccted to high strain rate uniaxial clongation with extcnsion 
ratios comparable to the lcvels suggcsted by thc physical modcl cxpcrimcnts. The 
physiological response of thc axon was cxamincd by mcasuring membrane potential, 
voltage-clamp current and cytosolic frce calcium conccntrations prc and post loading. 

Correlations are made bctwccn the maximum cxtension ratio and the physiologic 
variables which suggest an cxponcntial dcpendcnce of injury scverity upon the levcl of 
mcchanical insult At the isolated axon level thc injury spcctrum varies from mild and 
spontaneously reversible dcpolarization, to irreversible changes in membrane potential and 
accumulation of inttaccllular frce calcium. The magnirudc of thc cxtcnsion ratios which 
describes this spcctrum of pathophysiological rcsponse is then correlated with thc 
computed strain ficld in thc physical modcl studics. A transfcr function is dcvclopcd which 
pcrmits one tQ rclate the incrtial loading conditions under which thc dcformation rcsponsc 
of the tissuc will yield a spccific lcvcl of neural tissuc injury severity. 
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INI'RODUcnON 

Approximatcly 60,000 fatalitics per year in thc Unitcd Statcs can be 
dircctly linkcd to traumatic brain injury, and 40,000 additional pcople are left 
scverely disablcd from such injurics. An estimated 400,000 citizens suffer mild 
head injurics wbich can produce somc degree of functional disability for a 
pcriod of montbs aftcr thc injury occurrcd, with no apparent physiological 
explanation. In all, nearly two million Amcricans each year suffer some type 
of bcad injury ( 1 )  

Tbc rclationships bctween the encrgies associated with the vehicle 
crash environment and thc forccs applied to the occupants which result in 
various levels of injury severity are difficult to determine. With respcct to the 
central nervous systcm (CNS), impact to the head and the associated inenial 
loads produce deformation of the neural and ncurovascular components which 
constitute thc morc macroscopic structurcs of thc brain. The complcx 
pathophysiological proccss which accompanies the mechanical distortion to 
thc CNS can bc studicd by investigating the response of isolatcd tissue elements 
and single cells to mcchanical stimuli that arc dcsigned to simulate thc in-situ 
conditions asociatcd with trauma. By devcloping"failurc" criteria for the 
components which constitutc the brain we can begin to simplify this 
otherwise arduous task, and in the process provide a scientific basis for the 
developmcnt of improved head injury tolcrance criteria. 

In the past we have used a primate modcl to replicatc spccific forms of 
brain injury which are commonly scen in man. We werc succcssful in being 
able to rcproducc ccrcbral concussion and diffuse axonal injury to varying 
dcgrecs of severity(2-4). Physical modcls, or surrogatcs of thc skull-brain 
structurc. wcrc thcn employcd to estimate the magnitude and temporal nature 
of the deformations which werc experienced by the tissue under loading 
conditions which werc identical to those used in the primate experiments(S ,6). 
Thc data obtaincd f rom thc physical modcl studics allowed us to prcscribe the 
conditions under which we would test isolated tissuc in ordcr to examinc 
injury at the cellular lcvel. 

This repon will focus upon thc effects of mcchanical deformation on 
the axons of the ccntral ncrvous system. Specifically, the effccts of high 
strain rate uniaxial extension (to various lcvels of strctch ratio) is studicd in 
conccn with thc changcs in neurophysiology of the single axon. Dysfunction 
and/or structural failurc at the cell level is then related to the spcctrum of 
clinically relevant forms of central nervous system trauma. These 
rclationships are based upon the clectrophysiological and biochemical cvents 
which occur in response to controlled lcvels of cell mcmbrane deformation. In 
order to apply these data to the problem of dcvcloping prcdictivc indicics for 
CNS trauma , in its many forms. it remains to rclatc the macroscopic loading 
conditions to the field variables. In panicular, wc have found that thc local 
stretch ratio for the isolatcd axon correlates with the pathophysiological 
changes observcd over a broad range of cellular responsc. Physical and 
analytical models have bcen used to investigate the levels of rotational 
acceleration and changcs in angular velocity which can produce deformations 
in excess of the threshold valucs which arc estimated from the islated tissue 
data. 

Thc devclopment of a cellular basis for central ncrvous system 
tolerance criteria is dcsigned to provide a rational and comprehensive 
approach which utilizes patient data, animal studies. physical models. 
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analytical models. and single cell experiments. Tbc patient studies provide the 
direction of tbe research program and define the clinical buia for the specific 
forms of injury to be investigated. Tbc animal model expcriments are used to 
determine tbe loading conditions wbich are related to the equivalent clinical 
patbophysiology. Tbc analytical and physical model simulations enable one to 
estimate tbe deformations within tbe brain as a result of tbese specific foading 
conditions. Lastly. the isolated tissue studies enable one to investigate the 
direct physiological and biochemical effects of controlled mechanical 
Stimulation at the level of tbe single cell. At the present time there does not 
appear to be a cellular basis for mecbanical trauma. Presented in this repon is 
a relationship between the stretch ratio. or the elongating strain, and tbe 
continuum of thc cellular responses which are elicited under the conditions of 
high strain rate uniaxial extension. When comparing this functional 
relationship with the magnitude of tbe estimated strains whicb are obtained 
from tbe physical and analytical model simulations it becomes possible to 
establisb tbresbolds for neural injury witb varying degrees of severity. With 
tbe advent of improved finite elemcnt codes it is hoped that tbe topograpbic 
distribution of tbe tissue defonnation can be related to tbe patbology 
in the clinical setting. 

RESEAROI METHODS 

Tbc data bank of the Head lnjury Center of the University of 
Pcnnsylvania was used to detennine the nature of tbe brain injuries sustained 
by the patients. lt has been sbown tbat cerebral concussion. was tbe most 
frequent fonn of head injury .and that diffuse axonal injury (DAI), was one of 
the most common typcs of scvcre bcad injury .(7). Tberefore,a study was 
undenaken to reproduce the clinical entities of cerebral concussion and 
diffuse axonal injury witb graded levels of sevcrity in the nonhuman primate 
and to determine the macroscopic loading conditions whicb relate to tbese 
pbenomena. Earlier work in this area demonstrated tbat angular acceleration 
of tbe head was an imponant consideration witb regard to the kinematics of 
the loading conditions (8- 14). A system was tberefore developed in 
collaboration witb tbe National Highway Traffic Safety Administration which 
was capable of providing controlled accelerations to tbe bcad with the 
capability of independantly varying tbe kinematical constraints of the head 
motion. Tbc details of the system design are described clsewhere ( 1 5 , 1 6). As a 
result of this effon we were able to reproducibly generate animal models of 
acute subdural hematoma. cerebral concussion, and diffuse axonal injury 
(DAI) witb graded scvcrity. This repon, howcver, will focus upon the injuries 
associated with axonal damage only. Figure ( 1 )  depicts the cffects of an 
impulsive rotation of the head on the pathopbysiological outcome. The animals 
received cerebral concussion or DAI depending upon the loading conditions. 

Tbc data prcsented here are scaled to a 1200 gram brain based upon the 
scaling relationship proposed by Holboum ( 1 6).0ne unique observation witb 
rcgard to tbis study was that a substantial lateral (coronal plane) component of 
the rotation was rcquired in order to produce DAI (17). Tbc data sugested that 
cercbral concussion and DAI may represent a continuum of injury severity to 
the axons of the brain and tbat the anisotropic nature of the brain (axonal 
orientation) dictates to some degree the clinical ponrait whicb results from 
mechanical trauma. 
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In order to assess the magnitude of the field variables associated with 
these loading conditions and to cmpirically cvaluate the scaling function a 
scrics of pbysical model cxpcrimcnts werc conductcd. Skulls fillcd with an 
optically transparent surrogate brain material were subjectcd to identical 
loading conditions as the animals. Tbc deformations of onbogonal grids 
paintcd on a plane within the gcl were recorded wit.h high speed photography 
and subsequently digitized for analysis. Details of this met.hodology havc bccn 
prescotcd clsewbcre ( 1 8) .  
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Figurc 2. shows cxamples of computer-reconstructcd digitizcd imagcs of 
both thc Baboon Model and thc Human Adult Model. Thc undcformcd images 
are on thc left aod thc figurcs to the right reprcscnt the peak deformat ion 
which correlatcs closcly in time with thc pcak dcceleration. 
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From tbese experiments tbe strains asaociated witb tbe loads were estimated 
and rclated to those used to produce specific fonns of injury. These data can 
also be used to v alidate various analytical or numerical simulations of tbe 
e v e n t .  

In order t o  perfonn a simplified parametric analysis o f  tbis problem we 
constructed an analytical model of a rigbt circular cylinder of tbe surrogate 
material undergoing centroidal rotation ( 19). The model was exercised for 
variations in the constitutive propcnics of the surrogate material, tbc mass of 
tbe model. and a varicty of loading conditions wbicb span tbose valucs whicb 
werc measured in tbe animal model cxperiments. 

Figure 3. presents somc rcsults of tbc model for illustrative purposcs. In 
tbc top figure tbe modcl approximates a 145 gram brain wbich is cquivalent to 
tbc mass of thc baboon brain. Tbc lowcr figure rcpresents a mass of 1067 
grams and is dcsigned to modcl tbc surrogatc of thc adult human. Tbc strains 
arc calculatcd at a nondimcnsional radius of 0.3 in each case. This equivalent 
anatomic location was selected to represcnt thc dccp white matter of thc brain 
whcre si gnificant morphologic damagc is obscrvcd in association with DAI in 
botb the nonhuman primatc and in man. Thc dashed lincs arc drawn at the 
values of 5 ,  10. 15,  and 20% strain for reasons which will be discussed in the 
results scction. 
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Having produccd thc clinically rclavcnt injurics of ccrcbral concussion 
and DAI in the animal model, and having cstimated thc strains associated with 
thc concommitant loading parametcrs, wc conductcd a serics of cxpcrimcnts to 
detcnnine the cellular rcsponse to dynamic dcformation of comparablc 
m a g n itudc.  

Tbc giant axon of thc squid, Loligo Pcalei, wu selected as l.hc isolatcd 
tissuc modcl and a systcm was dcsigned to apply uniaxial cxtcnsion at high 
strain ratcs to thc prcparation. Tbc system consists of an clcctromagnctic 
actuator, displacemcnt transduccr, isometric forcc transducer, mcmbranc 
potential clcctrodes, and custom dcsigncd calcium ion sclcctivc clcctrodcs; all 
of which arc mountcd on thc stagc of a microscope. Tbc dctails of l.hc design of 
this systcm arc presentcd clscwhcrc (20). A simplificd scbcmatic 
rcprcscntation of thc systcm is shown in figurc 4. 
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FlGURE 4 
Tbc actuator was programcd to dcform the axons to various strctch 

ratios at spccific strain rates. Rccordings of the mcmbranc potential and thc 
cytosolic frcc calcium ion concentrations as a function of thc strain and thc 
tcnsilc forccs dcvclopcd within thc axon cnablc onc to study thc response of 
the isolated tissuc to mccbanical Stimulation. Tbc intcntion of thcsc 
cxpcrimcnts was to attcmpt to clucidatc thc thrcsbolds for thc tissuc responsc 
to a weil controllcd mcchanical insult. Our ultimatc aim was to bc ablc to relate 
thc ficld variables from thc physical and analytical model studics to this 
i solatcd tissuc rcsponsc. Figurc 5. dcmonstratcs thc typical expcrimcnt which 
displays, in ordcr, thc mcmbranc potential. axon dcformation. dcvcloped 
tcnsion, and cytosoiic frcc calcium ion conccntration as a function of time. As 
can be secn thc data for the dynamic strctch arc rccordcd ovcr thc intcrval of 
1 00 ms whilc thc calcium rcsponsc is prcscntcd ovcr a time coursc of 30 sec. 

Tbc rcsting mcmbranc potential for this cxpcrimcnt is modificd by thc 
rapid strctch in such a way that it is first hypcrpolarizcd and subscqucntly 
dcpolarizcd to an cxtcnt that it is no longcr cxcitable. Tbc strctch of thc axon is 
approximatcly .32 mm and the rcsulting Stretch ratio is 1 .2. Tbc dcvelopcd 
tcnsion undcr thcsc conditions is in cxccss of 2 grams and the rcsult of this 
insult is a dramatic risc in thc intraccllular calcium conccntration. Note that 
this risc in calciu.m is followcd by an cvcn grcatcr risc whicb is indicativc of a 
complctc failure of thc cell to rcstorc ion bomcostasis. This panicular 
experiment was sclectcd to demonstratc thc scvcrc end of thc 
pathophysiological spcctrum. lt has becn shown prcviously that thc cffccts of 
elcvatcd cytocolic frcc calcium abovc 50 micro molar will rcsult in calcium 
activatcd neutral protcasc wbich can damagc thc protcin structurcs of thc ccll. 
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RESULTS 
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The isolated tissue studies afford the opponunity to investigate the issue 
of wbetber tbere is a direct correlation betwccn thc mccbanical stimulation 
and thc resulting pathophysiological manifcstations at the level of the axon. lf 
such a correlation exists tben an injury tolcrancc criterion may bc assigncd 
on tbc basis of this correlation provided we have the ability to rclate the ficld 
variables within the brain to the loads which are applicd to thc hcad. 

Tbc first measure of the results of this rcpon is presentcd in Figure 6. 
Alterations in tbe membrane potential of thc axon is a sensitive mcasurc of the 
injury to this living structurc. Depicted in this figure is tbe change in 
mcmbrane potential ( exprcssed as a percent change from thc resting state in 
order to normalize thc data) as a function of thc mecbanical stimulus ( which 
is exprcssed as the stretch ratio ). As can be sccn there is an cxponcntial 
depcndance of the depolarization upon the magnitudc of the mechanical 
stimulus. lt sbould be noted that the membrane fails in a structural sense 
when the stretch ratio exceeds 1 .25 at these lcvcls of strain rate. These 
experiments wcre conducted under a varicty of chemical conditions which 
present the mcmbrane as normal or modified with sodium and potassium 
channel blockers present. There is no difference in the outcomc with rcspcct 
to the depolarization. thc interpretation of which will be discussed lauer. 
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The degrce to which the membrane depolarizes is a reasonable measure 
of the severity of the injury, however, the recovery of the resting mcmbrane 
potential to a point where it is once again excitable is a imponant 
consideration from a purely functional point of view. Figure 7. shows three 
different experiments where the level of the insult spans the range of stretch 
ratios from 1 . 1 2  to 1 .20. In these studies the membrane potential is rccorded 
over a period of ten minutes and the recovery of the membrane is cxamined 
during this interval. Shown on the ordinate is the membrane potential 
immediately post injury. As can be seen the three levels of mechanical 
stimulation which were selected demonstrate the following; spontaneous 
recovery at a Stretch ratio of 1 . 12, a residual deficite at a Stretch ratio of 1 . 1 5.  
and an irreversible injury at a stretch ratio of 1 .20. 

-10 

� ·-c:: -20 
Q) -0 .30 a. 
Q) c:: ro ...0 .... ..c 
E Q) -50 
::E 

..$) 
0 2 4 8 

Time (min) 

FlGURE 7 

8 

• A.=l . 1 2  

0 A.=l . 1 5  

a A.=l .20 

Recovery -

Residual Deficit 

Irreversible lnjury 

lt must be emphasised that these studies are conducted in-vitro and 
thcrcfore the interpretation of the data should reflect the relative aspects of 
tbe results. as opposed to the absolute values of tbe numerical values. However. 
this study demonstrates that the degrce of mechanical injury to the axon 
influences both the magnitude of tbe depolarization as well as the time course 
of the recovery phase. 
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Tbis observation is not unlike the clinical aspects of brain injury with rcgard 
to thc duration of the ncurological changcs which accompany a head injury. 
In order to investigate the mecbanisms of injury to tbe isolated axon and to 
funber explore tbe functional rclationsbips betwecn mccbanical dcfonnation 
and ncuropatbopbysiology we meuured the changes in intraccllular calcium 
following injury. Figure 8. dcmonstratcs the temporal rcsponse of thc cytosolic 
calcium ion conccntration following threc lcvcls of mcchanical stimulation. 
Within a period of 30 scconds thc calcium conccntrations of thosc axons which 
wcre subjcctcd to stretcbcs of 7 and 12% rcspectivcly wcre cxhibiting 
rccovcry toward thc control lcvcls of intraccllular calcium. In thc case of thc 
expcrimcnt wbicb produced a Stretch of 20% thc frcc calcium ion 
conccntration continucd to rise to cquilibrium witb tbe cxtcmal medium 
whicb was sca watcr witb a calcium conccntration of onc milli molar. Undcr 
this circumstancc tbc mcmbranc would bc considered incompctcnt. 

We bclicvc that thc effccts of mcchanical dcformation of thc axon 
mcmbranc lead to an altcration in mcmbranc permeability as a rcsult of thc 
developmcnt of non-specific dcfects in the mcmbranc. This phcnomena which 
we will rcfcr to as mccbano-poration is dcpendent upon the strain in thc 
membrane and the strain rate with which thc loads are applicd. This 
mechanism of injury can produce a broad spectrum of ccllular rcsponscs and 
will bc discusscd lattcr. 
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Figure 9. dcmonstrates thc functional rclationship bctwccn thc 
magnitudc of thc mcchanical strain, expresscd as thc stretch ratio, and the 
pcak valucs of thc intraccllular calcium changes following the injury. This 
curvc is dcvided into five regions wbich we belicvc rcprcscnt thc approximate 
ranges of stretcb ratio tbat dclincatc thc pbysiological cbanges associatcd 
with thc ultimatc outcome of the cxpcrimcnt. These ranges arc labled A-E and 
arc dcfincd as follows: 

A- Tbc axon will spontancously rccover quickly with no residual 
dcficitc; 

B- Tbc axon will rccover, but the time coursc of rccovery is prolonged, 
and thcrc will bc no residual dcficitc; 

C- Tbc axon will attcmpt to rccover but thcre will bc a residual dcficitc, 
and thc ultimatc outcome of thc rccovery will dcpcnd strongly upon the ability 
of thc cell to pump calcium (i.e., mctabolic factcrs will strongly influcncc this 
outcome ) ;  
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0- Tbc axon is irrcvcrsibly injurcd by thc initial calcium insult. and 
will evcntually die: 

E- The axon will fail structurally as a rcsult of thc mcchanical 
dcfo r m ation.  

Tbc rcsponse of tbc isolated axon to mccbanical stimulation appcars to 
exhibit an injury pattcm wbich is continuous in tbc sense that thc sevcrity 
lcvcl is gradcd and dcpcndcnt upon tbc lcvcl of insult in an cxponcntial 
manncr. Tbc tbresbolds for spccific fonns of injury arc rcasonably weil 
dcfincd at tbc singlc cell lcvcl whcn onc mcasures thc mcmbranc potential 
and tbc intraccllular frcc calcium ion conccntration. A platcau rcgion of the 
prcvious curvc indicatcs that tbc calcium ion conccntration will risc to 
extcmal lcvcls oncc onc rcacbes rcgion D. This rcgion must thcrcforc bc 
considcrcd as fatal for tbc singlc ccll. 
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Based upon thc experimental and analytical studics prcscntcd in this 
rcpon wc submit that neural tissuc injury can be directly relatcd to the 
magnitude of tbc imposcd mcchanical strain under conditions of dynamic 
loading. lt may thercforc be possiblc to gcncratc INJURY-SPECIFIC TOLERANCE 
CRITERIA in thc ncar futurc. 

Figurc 10. prcscnts thc valucs of strctcb ratio which arc predictcd to 
occur as a function of a rotational accelcration of thc head. Thc stretch ratio 
was calculated using thc analytical modcl of a right circular cylindcr 
undcrgoing ccntroidal rotation (as dcscribcd in 19)  . .  
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The regions of this curve are drawn for strains of 5, 1 0, 15,  and 20%. 
At this time therc is no dircct way to relate the magnitude o f  the strain at the 
level of the single cell to the complex ponrait of brain injury and the various 
clinical manifestations: wc must also know the anatomic distribution of the 
strain pattern in ordcr to asscss the global effects of injury to the whole brain. 
For examplc thc injuries which arc describcd as cercbral concussion, mild DAI. 
moderate DAI. and scvcrc DAI with prolongcd coma may rcprcscnt thc 
continuous spcctrum of injury to thc axons of thc brain. To relatc thc data in 
this study to thosc phcnomcna requircs additional invcstigation. Howcvcr. the 
data prescntcd in this rcport strongly suggcst that the injury tolerancc 
threshold for thc individual componcnts of thc central ncrvous systcm are 
reflected in this continuum rcsponsc . .  With thc improvcd finite elcmcnt 
codcs.which are bccoming increasingly availablc. it is hopcd that correlations 
will be made betwccn thc macroscopic loading conditions and the topographic 
distribution of thc strains expcrienced by the neural elemcnts. Issues such as 
brain anisotrophy and detailed anatomic distributions of thc axonal elements 
may be simulatcd in futurc numerical model simulations. 

The isolatcd tissue model has provided the opponunity to study the 
detailed mechanisms of injury to the axon under thesc loading conditions and 
wc hope that this model will enable us to funhcr investigatc improvcd 
methods of injury prevention and to develop strategies for theraputic 
i n t e rv e n t i o n .  
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