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the linear relationship was confirmed with additional (n = 13) 
animal experiments. We conclude that the suprathreshold 
injured volume can provide a satisfactory prediction of in-
jury severity in the immature brain. 

 Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 Traumatic brain injury is one of the leading causes of 
death and disability in the pediatric population  [1] . Brain 
injuries result in the hospitalization or death of over 
39,000 children per year, with higher morbidity and mor-
tality rates in infants than in older children  [2] . Serious 
head injuries commonly include subdural hematoma and 
traumatic axonal injury (TAI)  [3–6] . TAI refers to wide-
spread traumatic axonal damage within the deep white 
matter and brainstem and is often accompanied by a pro-
longed period of unconsciousness  [7] . TAI is associated 
with a large fraction of those patients with poor neuro-
logical outcome in adult and pediatric survivors of brain 
injury, ranging from subtle behavioral changes to signif-
icant neurological deficits. TAI can be produced experi-
mentally by applying rotational accelerations to the head 
without impact [for a detailed review, see ref.  8 ].

  Various studies have attempted to establish head in-
jury criteria capable of predicting serious brain injuries, 
such as TAI and unconsciousness. Hitherto, the most 
widely adopted head injury tolerance is the Head Injury 
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 Abstract 
 The objective of this study was to utilize tissue deformation 
thresholds associated with acute axonal injury in the imma-
ture brain to predict the duration of unconsciousness. Ten 
anesthetized 3- to 5-day-old piglets were subjected to non-
impact axial rotations (110–260 rad/s) producing graded 
 injury, with periods of unconsciousness from 0 to 80 min. 
Coronal sections of the perfusion-fixed brain were immu-
nostained with neurofilament antibody (NF-68) and exam-
ined microscopically to identify regions of swollen axons 
and terminal retraction balls. Each experiment was simulat-
ed with a finite element computational model of the piglet 
brain and the recorded head velocity traces to estimate the 
local tissue deformation (strain), the strain rate and their 
product. Using thresholds associated with 50, 80 and 90% 
probability of axonal injury, white matter regions experienc-
ing suprathreshold responses were determined and ex-
pressed as a fraction of the total white matter volume. These 
volume fractions were then correlated with the duration of 
unconsciousness, assuming a linear relationship. The thresh-
olds for 80 and 90% probability of predicting injury were 
found to correlate better with injury severity than those for 
50%, and the product of strain and strain rate was the best 
predictor of injury severity (p = 0.02). Predictive capacity of 
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Criterion (HIC). HIC is an empirical criterion derived 
from translational cadaver impact experiments and based 
on the magnitude and rate of linear acceleration. HIC has 
been especially popular in the auto safety industry al-
though it has also been widely criticized since it was first 
introduced  [9, 10] , because it lacks obvious physical in-
terpretation and does not account for angular accelera-
tion, which likely contributes to injury etiology. For an-
gular loads, researchers have proposed tolerances that 
include both angular velocity and angular acceleration 
 [11, 12] . As injury criteria, both the HIC and rotational 
tolerances are easy to apply, but they are based on exter-
nal mechanical loading parameters (e.g., head velocity 
and acceleration), rather than on the intracranial tissue 
response.

  Brain tissue can be injured when mechanical respons-
es (stress, strain, pressure) to loads experienced by the 
tissue exceed tolerable limits  [13–15] . To investigate tis-
sue response, a sophisticated finite element model, which 
includes detailed geometry and material properties, is 
necessary to relate head motion to local mechanical re-
sponse. With the advance of brain tissue testing tech-
niques, computer hardware and finite element tools, pre-
dictions of detailed brain tissue stress/strain responses 
can be compared with experimental, neurological and 
histological data to establish tissue level injury tolerances. 
Among various finite element response parameters, the 
strain rate and the product of strain and strain rate have 
been superior as predictors of injury compared with stress 
or strain  [16] . The product of strain and strain rate as an 
injury criterion conceptually originated with the viscous 
criterion for blunt thoracic impact injuries. The viscous 
criterion was obtained from statistical analysis of a large 
series of thoracic impact experiments. It was found that 
the viscous criterion, which is defined as the instanta-
neous product of velocity of deformation and the amount 
of compression, is a good predictor of thoracic soft tissue 
injury risk  [17] .

  Most of the previous studies developing tissue level 
injury tolerances were focused on adults, whereas pediat-
ric head injury tolerances were derived by scaling exter-
nal loading parameters like linear and angular accelera-
tion  [11, 18] . However, it has been shown that the pediat-
ric brain has a different structural composition and 
material properties than the adult brain  [19, 20] , and it is 
uncertain if the tissue injury tolerance would be altered 
with development. Therefore, it is important to develop 
pediatric brain injury tolerances based on pediatric his-
tological experimental data from carefully controlled 
loads.

  In the present study, we present a computational mod-
el developed specifically for the immature porcine head 
undergoing controlled, nonimpact, axial acceleration/
deceleration loads. To focus on TAI, we considered only 
the primary axonal damage occurring within hours after 
a rapid mechanical load. Tissue injury thresholds for 
acute axonal injury were determined by correlating mod-
el predictions of mechanical responses (pressures, strains, 
strain rates) with injury-specific histological findings 
(neurofilament protein immunolocalization) using 10 
animals with mild to severe axonal injury  [21] . In this 
study, these derived thresholds were used to test the hy-
pothesis that an increasing volume of the cerebral white 
matter with suprathreshold response will be related to the 
increasing duration of unconsciousness. The validity of 
this relationship was evaluated with an additional 13 
mildly injured animals.

  Methods 

 Animal Experiments 
 Twenty-three piglets (3–5 days old) were anesthetized (in-

haled isofluorane, 1–3%) and subjected to single nonimpact, 
purely impulsive axial plane rotations using the HYGE pneumat-
ic actuator as previously described  [22] . Immediately following 
the rotational load, the snout of the animal was removed from the 
bite plate, and the animal was placed on heating blankets to main-
tain core body temperatures between 36 and 38   °   C. The duration 
of unconsciousness was determined as the interval from the time 
of impulse loading to the time of a return of the pinch reflex. The 
protocol was approved by the Institutional Animal Care and Use 
Committee of the University of Pennsylvania. Angular velocity 
was measured during each experiment using an angular rate sen-
sor (Model ARS-01, ATA Sensors, Albuquerque, N. Mex., USA) 
and recorded on computer. The maximum angular velocity 
ranged from 110 to 260 rad/s. Piglets experienced periods of un-
consciousness from 0 to 80 min, defined as an absence of with-
drawal to a limb pinch. The animals were euthanized by anesthe-
sia overdose 6–8 h after injury in order to evaluate the regional 
patterns of acute TAI. After perfusion fixation and paraffin em-
bedding, coronal sections of 10 brains (pigs No. 1–10) were stained 
with neurofilament antibody (NF-68) to selectively identify axo-
nal swellings and bulbs microscopically (20 !  objective), and the 
results were expressed relative to 3 uninjured control animals. 
Previous studies  [23–25]  have demonstrated that primary axonal 
injury occurs rapidly ( ! 6 h) and correlates with regions of large 
deformation  [26] . Later axonal injury secondary to regional isch-
emia and proinflammatory cascades may occur  [27, 28] , but our 
focus in the present study is limited to the acute axonal injury and 
neurological dysfunction period.

  Axonal injury was identified in the white matter by the pres-
ence of swollen axons and terminal ‘retraction balls’ in a rostral 
and a middle coronal section of the brain [see planes P3 and P12 
in ref.  29 ] using a 20 !  microscope objective and confirmed at 
40 !  objective. Because our focus was on defining thresholds as-
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sociated with moderate to severe axonal injury, a region was con-
sidered ‘injured’ if 3 or more axonal swellings or retraction balls 
were observed in a field. In addition, our dataset included histo-
pathology available from previously published studies that were 
limited to two coronal planes ( table 1 ), and consequently, our 
threshold analysis was similarly restricted. Injured locations of 
regions were mapped onto anatomic diagrams of the two coronal 
sections shown in  figure 1  ( 8 5 mm) and coordinates noted. 
  Table 1  summarizes the animal experiments, in which histology 
from the first 10 piglets (pigs No. 1–10) ( fig. 2 ) was analyzed for 
TAI and used in the tissue injury threshold determination and 
development of the linear relationship between injured white 
matter volume and duration of unconsciousness, while the rest 
(pigs No. 11–23) were used for validation of the linear relation-
ship.

  Computational Model 
 It is important to note that there are no data available for the 

in vivo strains and strain rates that the brain actually undergoes 
in the animal experiments. To estimate the mechanical response 
of the tissue for each animal experiment, we created a finite ele-
ment computational model to represent a 3- to 5-day-old pig brain 

and skull undergoing a purely impulsive rotational load. Details 
of the model are presented elsewhere  [21] . Briefly, the cortical 
surface was obtained from coronal magnetic resonance images of 
a 5-day-old piglet, and a 3-dimensional solid mesh (66,445 
C3D10M regions or elements for the brain) was constructed (MSC 
Patran 2000r2, MSC Software Corporation, Santa Ana, Calif., 
USA). The finite element models approximated the geometry of a 
5-day-old piglet, but did not include deep sulci, dura or internal 
structures such as ventricles or vasculature. The solid mesh for 
brain consisted of 66,445 second-order tetrahedral elements (ele-
ment type C3D10M) ( fig. 3 ). We represented the interfacial 
boundary condition between the brain and the skull as friction-
less sliding to accommodate observations of movement of the 
brain relative to the skull  [31–35] , and the brainstem was allowed 
to move freely in and out of the foramen magnum. It is a difficult 
task to conduct an accurate convergence study using an explicit 
time integration scheme for a complex dynamic simulation in-
volving contact. However, a simple calculation reveals that the 
current mesh is able to capture stress waves over approximately
3 kHz. The material property for brain tissue was represented by 
an Ogden hyperelastic viscoelastic material model, and the mate-
rial stiffness and time-dependant parameters were determined 
from previous piglet material testing data  [9, 19] . Previously pub-
lished simple shear experiments determined the Ogden model pa-
rameter values for 3- to 5-day-old piglet brain tissue consisting of 
a mixture of both white and gray matter to have a shear modulus 
of 527 Pa, a nonlinear coefficient  �  of 0.01 and second-order Pro-
ny series values of C 1  = 0.33,  �  1  = 3.0 s, C 2  = 0.39,  �  2  = 0.18 s. Be-
cause the gray matter was found to be 20% stiffer than the white 
matter in the adult  [19] , we assigned a –10% of the average shear 
modulus to the white matter homogeneously and assigned a +10% 
to elements on the cortical region to a depth approximately 2 mm 
from the surface.

  Using the measured angular velocity for each experiment (pigs 
No. 1–10) in finite element model simulations (Abaqus/Explicit, 
Abaqus, Inc., Pawtucket, R.I., USA), thresholds for axonal injury 
were determined [for details, see ref.  21 ]. Briefly, we compared 
histology with the mechanical response, focusing on the maxi-
mum tensile strain, which has been shown by others to correlate 
with tissue injury  [16, 36] . The location of each region of white 

Table 1. Summary of animal experiments

Pig
No.

Peak angular
velocity, rad/s

Load dura-
tion, ms

Duration of uncon-
sciousness, min

1a 237 11.6 0
2a 257 12.6 30
3a 264 12.4 80
4a 244 10.8 15
5a 246 10.8 25
6a 244 12.6 3
7a 259 10.4 5
8 140 8.7 5
9 134 20.0 3

10 114 24.6 4
11 205 13.2 12
12 240 11.8 13
13 246 10.6 12
14b 188 16.8 15
15b 160 19.2 20
16b 161 19.6 10
17b 193 20.4 1
18b 159 19.6 12
19 140 19.2 0
20 136 20.9 0
21 206 11.4 5
22 204 11.4 12
23 222 10.3 20

a Data obtained from animals previously described in Raghu-
pathi and Margulies [24]. 

b Data obtained from animals previously described in Ra-
ghupathi et al. [30].

P3 P12

  Fig. 1.  Locations of two injury planes ana-
lyzed to develop the mechanical thresh-
olds for tissue injury. 
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matter injury from the histological analysis was mapped onto the 
finite element brain mesh. Each of these injured regions corre-
sponded to approximately 6 elements on average. We examined 
the maximum principal nominal tensile strain (NEP), the maxi-
mum rate of change of NEP (SRATE) and NEP    �    SRATE. The peak 
output values for each parameter at each element were identified 
across time. Two methods were used to compare the animal’s his-
tological findings with the finite element responses using the lo-
gistic regression (LR) method. An LR model and statistical soft-
ware (JMP, SAS Institute) were used to fit the binary data (injured 
or uninjured) to the output parameter values determined by the 
finite element analysis. Injured elements were taken from each of 
the 7 piglets exhibiting axonal injury as a result of the applied 
head rotation (piglets No. 2–8). These same regions were exam-
ined in the 3 animals without evidence of axonal injury on histo-
logical evaluation (piglets 1, 9 and 10), and these elements were 
assigned as uninjured. In order to give equal weight to the injured 
and uninjured data, elements used in this analysis included all the 
injured elements and a randomly selected equal number of unin-
jured elements. The subset of uninjured elements had a mean and 
variance within 5% of the whole uninjured set. From the LR rela-
tionship, we determined parameter values corresponding to 50, 
80 and 90% probability of being injured. The maximum tensile 
strain-related injury thresholds obtained from the receiver oper-
ating characteristic (ROC) and LR are summarized in  table 2 , 

1

2

3

4

5

6

7

8

9

10 

Pig Rostral (P3) Midcoronal
(P12) 

  Fig. 3.  Solid finite element mesh of the 
brain of a 5-day-old piglet. 

  Fig. 2.  Injury locations in rostral coronal (P3) 
and midcoronal (P12) planes. Solid dots repre-
sent observed regions with  6 3 axonal swell-
ings. 

Table 2. Threshold values for volume ratio prediction

NEP SRATE, s–1 NEP � SRATE, s–1

ROC 1.36!10–1 3.26!102 3.43!101

LR50 2.60!10–1 6.46!102 1.54!101

LR80 4.77!10–1 1.01!103 3.92!101

LR90 6.04!10–1 1.23!103 5.31!101

Values are taken from unpublished data.
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where LR50, LR80 and LR90 represent thresholds obtained from 
LR with 50, 80 and 90% probability of predicting injury, respec-
tively.

  To further correlate predictions of the axonal injury with the 
duration of unconsciousness, we evaluated the response of all 
white matter elements in the model for pigs No. 1–10. For each of 
the 12 mechanical thresholds considered (ROC, LR50, LR80 and 
LR90 thresholds for NEP, SRATE and NEP    �    SRATE;  table 2 ), the 
corresponding response parameters from each white matter ele-
ment were examined for each pig (No. 1–10). The total injured 
volume was defined as the sum of all elements with a mechanical 
response that is above the response threshold (suprathreshold). 
Importantly, the volume above the NEP LR50 threshold may dif-
fer from that for NEP    �    SRATE LR50. The injury volume ratio was 
defined by normalizing the injured volume to the entire white 
matter volume. This process was repeated for each pig (No. 1–10) 
and for each of the 12 thresholds.

  Linear regression (JMP) was used to fit the duration of uncon-
sciousness to the injury volume ratio determined using each of the 
12 thresholds. The validity of the linear relationship with the du-
ration of unconsciousness for each of the best NEP, SRATE and 
NEP    �    SRATE thresholds was evaluated using an additional 13 
piglets (No. 11–23) ( table 1 ) with a similar range of neurological 
dysfunction. Specifically, each of the 13 additional piglets was 
simulated to obtain NEP, SRATE and NEP    �    SRATE distributions 
for the entire white matter elements. The injured volume ratios 
were then calculated from the total element volumes that exceed 
the corresponding thresholds. The durations of unconsciousness 
were predicted using the obtained linear regression equations. 
The actual versus predicted durations of unconsciousness were 
plotted along with the 95% confidence interval (CI) of the linear 
regression to examine the statistical relevance. For all tests, sig-
nificance was defined as p  ̂   0.05.

  Results 

 The predicted injured element volume ratios were 
found to have relatively good correlation with the dura-
tion of unconsciousness ( table 3 ). Specifically, the ROC 
and LR50 thresholds for all three response parameters 
(NEP, SRATE and NEP    �    SRATE) predicted only a narrow 
range of volume ratios (all volume ratios  6 75%), and 

thus, were unable to provide a robust correlation with the 
duration of unconsciousness. However, the LR80 and 
LR90 thresholds have a higher probability of correctly 
predicting injury (true positive) and predict a wider range 
of injured volume ratios. Therefore, LR80 and LR90 ap-
pear to be better thresholds for the entire volume of white 
matter for all three response parameters, but only those 
for NEP    �    SRATE reached significance (p = 0.026 and p = 
0.024, respectively) ( fig. 4 ). The linear relationships are as 
follows: 

1 77 250 2 by 80
2 55 468 5 by 90

t . . v LR
t . . v LR
� � � ����� � � ���

 where  t  is the duration of unconsciousness in minutes 
and  v  is the predicted injured volume ratio. The coeffi-

Table 3. Summary (p value) of linear fits of predicted injured 
 volume ratios to duration of unconsciousness based on piglets 
No. 1–10

NEP SRATE NEP � SRATE

ROC 0.275 0.345 0.268
LR50 0.187 0.118 0.121
LR80 0.118 0.062 0.026
LR90 0.055 0.064 0.024
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  Fig. 4.  Linear fits of the duration of unconsciousness to the in-
jured element volume ratios predicted by LR80 (p = 0.026) ( a ) and 
LR90 (p = 0.024) ( b ) of NEP    �    SRATE. 
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cients of determination (r 2 ) for the linear fits are 0.48 and 
0.49, respectively. Therefore, only about 48 and 49% of 
the variation seen in the duration of unconsciousness was 
accounted for by the linear regression, revealing that the 
duration of unconsciousness is likely also influenced by 
other parameters, such as injury location or severity of 
injury in the region. 

   To evaluate the predictive capacity of these linear re-
lationships between the duration of unconsciousness and 

the suprathreshold brain volume ratio, we used these re-
lationships to predict the duration of unconsciousness of 
13 additional experiments. The injured volume ratios of 
the additional 13 piglets (No. 11–23) ( table 1 ) were pre-
dicted using LR80 and LR90 threshold values for 
NEP    �    SRATE (shown as crosses in  fig. 5 ). The correla-
tions with their observed duration of unconsciousness 
are shown with linear regression relationships derived 
from the data from pigs No. 1–10 (circles in  fig. 5 ). The 
dashed curves denote the 95% CI of the linear relation-
ship to the duration of unconsciousness. The average ve-
locity, load duration and duration of unconsciousness for 
pigs No. 11–23 are not significantly different from those 
for pigs No. 1–10 (unpaired Student’s t test).  Figure 5  
clearly shows that 12 of the 13 additional experiments are 
within the 95% CI of linear fits for both LR80 and LR90 
of NEP    �    SRATE, indicating a satisfactory validation of 
the injured volume relationships.

  Discussion 

 Some important limitations of the present study de-
serve mention. First, the acute axonal injury for all piglets 
was induced from similarly applied loads – all were non-
impact impulsive rotations in the axial plane with the 
same angular excursion (approximately 90–100°). There-
fore, the severity of the injury was modulated by the an-
gular velocity. We are now conducting experiments in the 
sagittal plane and, when available, these data will diver-
sify our experimental space to broaden the corridor of 
conditions. Therefore, one should be cautious about ex-
tending these findings to other planes of motion and oth-
er species. Second, the histological findings were extract-
ed from only two anatomical planes ( fig. 1 ,  2 ) to develop 
mechanical response thresholds, and its accuracy would 
be improved with more histological data.

  Although the linear regression of NEP    �    SRATE pro-
vided satisfactory predictions for the additional 13 ani-
mals, it is noted that the linear regression only accounted 
for about half of the variation seen in the duration of un-
consciousness. This can also be seen in  figure 5  from the 
observation that predicted durations of unconsciousness 
have a narrower range than the actual durations. In oth-
er words, there are other factors that need to be taken into 
finite element simulations to get a more accurate predic-
tion of the suprathreshold volume fraction of white mat-
ter. Besides biovariability, other parameters (axonal in-
jury location and density) should be considered in the 
model in order to improve predictions of the duration of 
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  Fig. 5.  Prediction of unconsciousness duration using LR80 ( a ) and 
LR90 ( b ), where circles (piglets No. 1–10; table 1) are experiments 
used in threshold development, and crosses (piglets No. 11–23; 
table 1) are the additional experiments used for validation. 
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unconsciousness. More experimental data and a wider 
range of duration of unconsciousness are needed to es-
tablish a more accurate relationship between affected 
white matter volume and injury severity.

  The finite element model in the present study is still 
very limited in both anatomic details and material prop-
erty sophistication. The strain evaluations were limited 
to elements corresponding to the white matter, which is 
appropriate for evaluating axonal injury, but one should 
be cautious about using these tissue injury thresholds for 
other injuries (e.g., tissue tears, hemorrhages) and ages.

  The NEP threshold in the present study is equivalent 
to the cumulative strain damage measure which was first 
introduced by Bandak and Eppinger  [37]  and was recent-
ly adopted by Takhounts et al.  [38]  to assess diffuse axo-
nal injuries. In the present study, the white matter volume 
fraction above the NEP    �    SRATE threshold was shown to 
be a valid predictor of the duration of unconsciousness 
due to primary axonal injury. It was also observed that 
the NEP or SRATE threshold alone seemed less effective 
as injury predictor, presumably because they only capture 
one isolated state variable of a complex dynamic process. 
Like the viscous criterion, NEP    �    SRATE can be interpret-
ed as corresponding to the peak rate of change in NEP 
energy storage  [39] . Because NEP    �    SRATE is most closely 
correlated with unconsciousness, we recommend future 
studies to investigate the brain tissue axonal injury 
threshold from an energy rate perspective.

  The relationship identified between the duration of 
unconsciousness and the volume of tissue above the axo-
nal injury threshold supports a centripetal theory of pro-
gressive brain injury, first proposed in 1974 by Ommaya 

and Gennarelli  [40] , and supported more recently by por-
cine  [25]  and patient data  [41] . This theory proposes that 
the depth of brain lesions is positively related to the de-
gree and duration of impaired consciousness. The pres-
ent findings add a corollary: larger lesion volume is posi-
tively related to the duration of consciousness.

  Summary and Conclusion 

 A 3-dimensional finite element model was employed 
to simulate the tissue response due to nonimpact rota-
tional inertial loading. Using mechanical responses and 
histological findings, axonal injury thresholds were de-
veloped for NEP, SRATE and their product  [21] . The pre-
dictive power of these threshold values was examined. 
We found that only the volume of white matter injury 
defined using the 80th and 90th percentile LR thresholds 
of NEP    �    SRATE correlated well with the duration of un-
consciousness. After validation with more animals, we 
conclude that estimation of the suprathreshold white 
matter volume is a good predictor of the duration of un-
consciousness.
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