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Acute subdural hematoma (ASDH) is a common form of severe head injury and is 
characterized by a high mortality rate. S tud.ies in our laboratory have shown that ASDH can be 
prcx:iuced in the primate by subjecting the head to short duration, sagittal plane load.ing. While these 
animal experiments provide an absolute confirmation of injury, they yield no information regard.ing 
rhe changes in mechanical field parameters that occur during the dynamic loading period. 
Developing tolerance levels for ASDH in man requires integrating the results from these primate 
studies with information from two parallel studies - measurement of the superior margin 
deformation that occurs in response to a range of inertial loads, and the development of a f ailure 
criterion for the cortical vasculature. 

The objective of this study was to measure the response of an inanimate model of the head 
subjected to a range of shon duration, sagittal plane loading conditions. Human or primate skulls 
were cut parasagittally and filled with an optically transparent gel exhibiting static mechanical 
properties in the range of values reported for primate brain tissue. The model was subjected to a 
range of dynamic load.ing cond.itions both within and outside the region of scaled load.ing levels 
associated with ASDH in the primate studies. The motion of an orthogonal grid located 
p arasagittally within the surrogate brain tissue was used to measure the conical deformation 
occurring in response to an inertial load.ing level. 

Peak superior margin strain (€) was found to increase as the peak angular deceleration 
increased, and was maximum in the frontal region. This regional variation of cortical strain 
indicates the d.isruption of parasagittal bridging veins is most likely to occur in the frontal region. 
an hypothesis supponed by pathological information from the primate stud.ies which showed that 
subdural hematomas were frontally predominant. Funher, the results from this physical model 
study was compared to tissue failure relationships available for parasagittal bridging veins. The 
inconsistency found between the predicted injury outcome using two different failure criteria and 
the scaled primate data emphasize the need for a more comprehensive study regarding the 
biomechanics of ASDH. focusing on extending the physical modeling work presented in this 
report and developing tissue failure criteria for perfused parasagittal bridging veins across a range 
of age groups. 
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l�ODUCTION 

Observations from primate studies performed in our laboratory have indicated 
that a series of injuries ( acute subdural hematoma. mild to severe concussion. and 
prolonged coma) can be produced by subjecting the primate head to non-contact. 
i n e rt ia l  loading ( 1 ,  4 ]. Moreover, these studies indicate that the typ� of injury 
produced depends strongly on the temporal and directional characteri stics of the 
:.ipp l ied load ( 5 ] .  Short duration inertial movement of the head in the sagittal plane 
produced rupture of the parasagittal bridging veins. whereas di ffuse axonal mJuries 
located in the deep white matter were produced by using langer duration. coronal 
plane loading. 

These animal experiments serve as an absolute confirmation of the injury 
type. but do not afford the opponunity to measure the mechanical field parameters. A 
kev in  understanding the mechanical conditions needed to initiate these injuries l ies 
in

· 
the ability to measure the mechanical deformation at the site o f  injury during the 

dynamic loading period.  In this regard. i nanimate physical  models o ffer the 
opportunity to measure the responsc of surrogate brain t issuc to appl ied loading. 
Previous modeling investigations have focused on using physical models of the head 
to measure the spatial and temporal distribution of coronal plane deformation in 
response to inertial loading [ 10. 1 3 ,  14 ] .  The information derived from this study and 
the University of Pennsylvania animal studies was integrated to suggest a tolerance 
level for gradations i11 diffuse axonal injury in the primate and man (9 ] . 

The purpose of this repon is to study the mechanical response of an inanimate 
model of the head that was subjected to a range of short duration. sagittal plane 
inertial  l o ads .  The results from th is  investigation w i l l  be used to study the 
rel at ionship between cortical  brain deformation and inenial loading level and wi l l  
:.ilso y ield empirical evidence on the variance of  cortical brain deformation as  a 
function o f  anatomic location.  The latter issue addresses a hypothesis which has been 
offered recently ( 6 ]  regarding the attachment angle o f  the bridging veins to the 
sagittal sinus and the critical role of this angle in the biomechanics of acute subdural 
hematoma. A recent study [ 2 1  indicates that the attachment angle over much of the 

superior margin is closer to 90° than previously thought. indicating this angle may 
not be the most important parameter to consider when formulat ing an injury 
specific tolerance level  for subdural hematoma. Rather. the preferential failure of 
the parasagittal bridging veins is most probably related to the geometry of the brain. 
the temporal nature o f  the applied load. and the constitutive properties of the 
v a s c u l at u re . 

�1ATERIALS AND METHODS 

C onstruction of physicai modei 

The physical model used in this study (Figure 1 )  followed the same general 
procedures used in previous investigations by Thibault et  al. and Margulies ( 1 0. 141  
An adult human skull (Carolina Biological Supply. Raleigh. NC USA) was prepared by 
cutting the skull 1 .5 cm lateral to the sagittal midline and machining the foramen 
magnum to facilitate the insertion of a surrogate spinal column. The interior of the 
sku l l  and spinal column were coated with flat white enamel to enhance photographic 
resolut ion during high speed filming.  A cylindrical aluminum can was fabricated in 
such a manner to encase the skull/spinal column assembly,  and a polymcr/resin mix 
was used to fix the skull  in position inside the aluminum can. 

The i nterior of the skull/ spinal column was cleaned in preparation for the 
in i t ia l  l ayer of surrogate brain t issue. A polymer gel (Sylgard Medical Gel .  Dow 
Corning, Midland MI. USA) with mechanical propenies similar to brain tissue ( 8 ]  was 
poured into the model to a level 1 .0 cm from the sagittal midline. After the gel had 
cured. an orthogonal black enamel grid ( 7  mm spacing) was painted on the gel 
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surfacc and allowed to dry thorou ghly to permit  any paint sol vents to evaporate. 
After drying. a second layer of gel was poured to the level of  the sagittal midline and 
a second grid was painted in the spinal co lumn region.  After full drying of the 
cnamel .  the final laycr of gel was poured and allowed to eure .  This process does not 
c reate mechanical discontinuities within the surrogatc. i .e .  adjacent interfaces are 
self-adherent and do not separate during testing. After curing of the final gel layer. 
the completed model was stored in a cool .  dry environment to mrn1m1ze entrapment 
of water vapor which results in an altcration of thc refractive index of the gel. 

cover plate 

surrogatc spinal column 

To HYGE 

FIGURE 1 
.V!echanical cesring of surrogare brain rissue 

o-nng 

parasagitu.I grid 

a!WTUnum can 

Due to both changes in the environmental variables that occur during the gel 
curing process and the physical characteristics of the gel. the mechanical propenies 
of the gel wi l l  di ffer sl ightly from the constitutive propenies of primate brain tissue 
it is  designed to s imulate. A nonnalization technique was used to nonnalize the field 
v ariable computations to a s ing le  v alue of the constitutive propenies based on 
primate brain t issue.  

The technique used to determine the mechanical properties of the gel  was 
based on the rigid indentor technique used in previous studies ( 3 .  8 1 .  The measured 
forcc ( f) caused by advancing a rigid tcflon indentor (diameter d 0 )  a distance h into 

the face of a gel sample (elastic modulus Ea e l . Poisson's ratio U = . 5 )  can be used to 0 
calculate the elastic modulus o f  the gel (Egel)  [ 1 5 ] :  

E 
- ( 1 - v2) F 

gel - d h 0 

The elastic modulus of the gel (Eg e i =.4 1 7  psi)  was compared with the elastic 
modulus of primate brain tissue (Eb ra i n=.437 psi) [ 3 ]  to yield a scaling factor that was 
used to nonnalize the measurcd strains in thc physical model with respcct to primatc 
bra in  t issue :  
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A cce ieration A pparatus 

Egel Enonn = � egel 
bram 

The device used to accelerate the physical models has been used successfully in 
previous animal and physical model experiments (4, 10 .  1 3 ] .  The device consists o f  a 
s i x -inch d iameter Bendix HYGE actuator and a l inkage assembly which del ivers a 
distributed inenial load to the primate head or  physical model (Figure 2) .  The peak 
accc lerat ion/dece lerat ion.  pulse wave shape.  and degree o f  e x cursfon can be 
modi fied as des ired. A more detailed description of this  system c an be found 
elscwhere [ 4. 1 0 ] .  

PHYSICAL MODEL 

LINKAGE 

ACCELERATION 
METERlNG PIN 

FIGURE 2 

65 DEGREES 

SET PRESS URE 

DECELERA TION 
METERING PIN 

LOAD PRESSURE 

...\ uniaxial  accelerometer (Endevco Instruments, San Juan Capistrano CA. USA) 
mounted on the l i nkage arm was used to record the magnitude o f  the acceleration 
pulse in the direction tangent to the angular motion of the model. The acceleration 
data was amplified. stored on a recorder ( Endevco Instruments) and plotted. Later. the 
acceleration trace was digitized and stored on computer disk. 

Data A nalysis 

The motion of the physical  model was fi lmed using a HYCAM high speed 
c amera (Redlake lndustries Inc.)  operating at a rate of 6600 frames/sec. Photographs 
were developed from the h i gh speed fil m  frames.  and the posit ion of the grid 
intersec tions in � ach photograph were recorded and stored on c om puter disk.  
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Positions of specific grid intersections were used to determine strain and strain rates 
in th•: desired region of interest for the duration of the experiment. 

RESULTS 

The physical model in this study was subjected to distributed inertial loading 
that was intended to simulate the high strain rate loading conditions that were used 
in previous primate studies [ 1 .  4 ] .  An example of the recorded tangential acceleration 
is  shown in Figure 3 .  As can be seen from this figure. the acceleration wave shape 
c ::m  be described as a biphasic. with a predominant deceleration occurring over a 
relatively shon pulse duration (approx. 6 ms). 
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Three variables will  be used in this report to characterize a given loading 
level: the peak angular deceleration ( 0  p , rad/s2 )  measured at the model c.g„ the time 
period over which the deceleration occurs ( t d. ms), and the elapsed time from the 
beginning of the deceleration pulse to the maximum deceleration (t r. ms).  The values 
for 0 p . td . and t r for the three loading levels used in this study are shown in Table 1 .  

TABLE 1 

C y l i n d e r  0p t r td 
set pressure (psi) (rad/s2 ) ( m s )  ( m s )  

1 5  1 3900 3 .2 6 .2  
2 5  1 6200 2 . 8  6 . 2  
3 5  3 2 1 00 2 .0  5 . 8  

The cortical deformation measured i n  this study was described i n  terms of 
strain (e).  which was defined as: 

(l(t) - 10) 
EÜ) = l 0 

where l(t) was the length of a grid segment at time t, and 10 was the original 
length of the line segment at time t=O. The original length of the line segment was 
defined as the distance of a line extending perpendicular from the inner surface of 
the skull to a specified grid intersection. This measurement method was intended to 
reflect the approximate the attachment angle of the bridging veins to the sagittal 
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sinus ovcr much o f  thc cortcx (90° . ( 2 ) ) ,  thcrcby providing a reasonably accuratc 
represcntation o f  thc elongation witnesscd by the parasagittal bridgi n g  veins. The 
strain for thrce superior margin locations ( frontal. parietal.  and occipital re gions ) 
were me asured at each loading levcl .  Results from these measurements wil l  bc 
discussed in the ncxt section. 

DISCUSSION 

I n  i ts  present form. the head injury criterion ( H I C )  i n dex does not  
di fferentiate betwecn the most  common forms o f  head i nj u ries ( c oncussion.  
prolonged coma. acute subdural hematoma). A serics o f  primate studies performed in 
our l aboratory have shown that temporal and directional c h aracteri st ics  of the 
i nertial loading applied to the primate head synergistically contribute to the type 
and severity of injury produced. Short duration, sagittal direction loading produced 
concussion and acute subdural hematoma (due to rupture of p arasagittal bridging 
v e i n s ) .  while \enger duration.  l ateral direction loading produced concussion and 
prolonged coma. We believe a key in understanding the d i fferences exhibited in 
these prim ate studies is to acquire a more complete understanding of the brain 
deform ation that occ urs duri n g  dynamic loading. This study will focus on the 
changes in cortical brain deformation that w i l l  occur i n  response to a range of 
inertial loads. The results from this study. when coupled with a failure c riteria for 
parasagittal bridging veins. can be used to gain insight into the onset of S D H  in the 
h u m a n .  

The loading conditions needed to p roduce S D H  in the primate (Figure 4) can be 
described in terms o f  the peak angular acceleration (0  p ) and peak change in angular 
v e l o c i t y  ( 11 0 ) . The values for the peak angular acceleration and peak change in 
angular velocity shown in in this figure have been scaled to a brain mass o f  1 200 
grams using Holboum's scaling relationship [ 1 1 ] .  Also shown in this figure are the 
loading levels used in the present 
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modeling study (scaled to 1200 gram brain mass), which are found both outside 
( 1 5  psi set pressure, 25 psi set pressure) and within (35  psi set pressure) the region 
associated with acute subdural hematoma in the scaled primate data set. 

The measured conical deformation at these three loading levels using the 
sagittal section skull model are shown in Figures S and 6. Figure 5 ponrays the 
temporal variation of cortical deformation at three di fferent anatomic locations. lt  
can be seen that the site of maximum strain is  located in the frontal region 
( E p e a k = . 9 8 ) .  suggesting that the rupture of parasagittal bridging veins is most likely 
to occur in this region. Such a hypothesis is supported from the University of 
Pennsylvania primate studies cited earlier [ 1 ] .  where the location of hematomas were 
fronta l l y  predominant.  
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Figure 6A-C disp l ays the stretch ratio of elements located in the occipital ,  
parietal, and frontal regions for the thrcc loading levcls uscd in this study. Strain 
was maximum in the frontal region for all  three loading levels.  ranging from 
E p eak=.33 to E peak=.98,  and increased as the peak angular acceleration increased. 
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l t  i s  i n fo rm ative to integrate the results  from this modeling study with 
a v a i l a b le i n formation concern i n g  the s t ructu ral fai l u re l i m i t  o f  parasagittal  
bridging veins.  The response o f  human parasagittal bridging veins  subjected to 
dynamic e l on g ation similar to conditions depicted in figures 5 and 6 has been 
i nvestigated by two groups which have formulated two distinct failure criteria. 
Lowenhielm measured the ultimate failure limit of isolated bridging veins over a 
range o f  strair:i rates ( 1 - 1 000 s· l )  and found the failure limit to be dependent upon 
the strain rate [7 ]  Low strain rate ( 1 s· l )  elongation produced a much !arger failure 
l imit  ( e: u 1 t = . 7 - . 9 )  when compared to high strain rate testing (e: = l OOO s · 1 • e: u t t = . 2 ) .  
Conversely. Haut and Lee measured the failure limit o f  human parasagittal bridging 
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veins and found the failure l imit (Eut t= .5 1 - .55) to be relatively insensitive to the 

elongation rates used (. 1 · 250 s· l ) [6] .  

The approximate strain rates and peak strains for the line elements located in 
thc frontal region are shown in Table 2. Applying thc Lowenhielm failure criteria 
using these values suggest that bridging vein disruption will occur at all loading 
levels. an outcome not predicted by scaling the results of the primate ·experiments. 
When the Haut and Lee failurc criteria is used. it predicts that a hematoma will not 
occur for the lowest loading level, but will occur for the highest loading level. The 
intermediate loading level. however, appears to be capable of producing injury, an 
outcome which is not predicted by the scaled primate data. 

TABLE 2 

Set Pressure (psi) Peak Strain Strain Rate (s· l) 
1 5  . 3 3  1 7 6  
2 5  . 5 6  8 4  
3 5  . 9 8  1 5 5  

These discrepancies between physical modeling results, scaled primate data. 
and bridging vein failure relationships emphasize the need for a comprehensive 
study encompassing physical modeling, analytical simulations, and isolated tissue 
testing to devclop a morc consistcnt undcrstanding of the tolerance levels for A S D H  
in thc human. Physical models currently being developed in our l aboratory w i l l  be 
used to study thc function of the tentorium cerebri, which may affect deformation in 
the occipital region, and to quantitativcly study the rclationship bctwcen simulated 
flow of surrogate brain tissue from the cranial cavity and conical deformation. 

Possibly the most critical issue, though. is to clarify the failure relationship 
for parasagittal bridging veins over a range of strain rates. In addition, more 
v a riables should be considered when testing vein specimens. Currently,  no 
information is known regarding the failure criteria of bridging vcins over a range 
of age groups. It has bcen shown that the incidence of subdural hematoma is much 
!arger in older population groups. a statistic that could be due in pan to a change in 
the mechanical properties of the bridging vcins [ 1 2 ) .  Furthermore. future 
mechanical testing of isolated bridging veins should include perfusion of the vein 
during testing. Tbc inertial and viscous effects from the perfusate, combined with a 
peripheral resistancc representing the cerebrovasculature. may affect the measured 
failure l i m it. Studies are currently in progress in our l aboratory which wil l  test 
perfused and non-perfused bridging veins from a number of age groups (neonate, 
pediatric, young adult, maturc adult) in an attempt to determinc the strain rate 
dependence of bridging vein failure across the population. 

- 223 -



REFERENCES 

1 .  Abel,  J . ,  T. Gennarelli and H .  Segawa. "Incidence and Severity o f  Cerebral 
Concussion in the Rhesus Monkey Following Sagittal Plane Acceleration." Proc. of the 
22nd Stapp Car Crash Conf. S A E :  3 3 -53, 1978. 

2. Andrews, B „  M. Dujovny, H .  Mirchandani and J.  Ausman. " Mi c rosurgical 
Anatomy of the Venous Drainage into the Superior Sagittal Sinus." Neurosurg. 2 4 (  4 ) :  
5 14-520, 1 989. 

3 .  Blum, R . ,  L. Thibault and T.  Gennarelli .  "In- Vivo Indentation of the Cerebra! 
Conex." Proc. of 35th ACEMB. : 86, 1985. 

4. Gennarelli ,  T„ L. Thibault, J .  Adams, D. Graham. C. Thompson and R. Marcinin. 
" D i ffuse Axonal Injury and Prolonged Coma in the Primate . "  Ann. Neurol. 1 2 :  564-
574, 1982. 

5.  Gennare l l i .  T. ,  L. Thibault, G.  Tomei, R.  Wiser, D .  Graham and J. Adams. 
" D i rectional Dependence of Axonal Brain Injury Duc to Centroidal and Non-Centroidal 
Acceleration. "  Proc. of 3 lst Stapp Car Crash Conf. S A E :  49-53, 1987. 

6. Lee, M. and R.  Haut. "Insensitivity o f  Tensile Failure Properties o f  Human 
B ridging Veins to S train Rate: Implications in B iomechanics of Acute Subdural 
Hematoma." J. Biomechanics. 2 2 (6/7): 537-542, 1989. 

7. Lowenhielm. P.  " Dynamic Propenies of the Parasagittal Bridging V eins." Z .  
Rechtsmedizin. 7 4 :  55-62, 1 974. 

8 .  Margulies,  S. " B iomechanics of Traumatic Coma in the Primate . "  P h . D .  
dissenation, Univ. o f  Pa. : 1 987. 

9. Margul i es. S. and L. Thibault. " Human Tolerance Criteria for Diffuse Axonal 
Injury . "  J. B iomechanics. : (in review). 

1 0 . Margulies, S . .  L.  Thibault and T. Gennarell i .  " Physical Model S imulations of 
Brain Injury in the Primate." J Biomechanics. : (in press). 

1 1 . Ommaya, A .• P. Yamel l.  A. Hirsch and E. Harris. "Scaling of Experimental Data 
on Cerebra! Concussion in Sub-human Primates to Concussive Thresholds for Man . "  
Proc. of 1 lth Stapp Car Crash Conf. S A E :  73-80, 1967. 

-

1 2 . Seelig, J . •  D. Becker, J .  Miller, R. Greenberg, J. Ward and S. Choi. "Traumatic 
Acute Subdural Hematoma." New Engl. J. Med. 304:  1 5 1 1 - 1 5 1 8, 198 1 .  

1 3 .  Thibault. L. ,  A .  B i anchi, J .  Galbraith and T .  Gennarelli .  "Analysis o f  the Strains 
Induced in Physical Models of the Baboon B rain Undergoing Inenial Loading." Proc. 
of 35th ACEMB. : 8. 1982. 

1 4. Thibault. L„ S. Margulies and T. Gennare l l i .  "The Temporal and Spatial  
Deformation Response of a B rain Model in Inertial Loading." Proc. of 3 l st Stapp Car 
Crash Conf. S A E :  267-272. 1 987. 

1 5 . Timoshenko. S. and J .  Goodier. "Theory of Elasticity . "  1 9 5 1  McGraw-Hill .  New 
Y o r k .  

- 224 -


