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ABSTRACT 

 

The purpose of this study was to evaluate the relationship between HIC and BrIC and injury 

metrics for real world intraparenchymal head injury in motor vehicle crashes (MVCs). 

Geometric and anatomically defined injury metrics were developed to study contusion, 

intraparenchymal hemorrhage, intraventricular hemorrhage, and DAI. The anatomically defined 

regions of interest included the fronto-temporal region, thalamus, corpus callosum, brain 

elements surrounding the ventricles, and a sphere of deep brain tissue. Geometrically defined 

regions of interest were developed based on impact location and were used to evaluate coup and 

contre-coup regions. 1,080 head impact simulations were conducted using the GHBMC 50
th

 

percentile finite element head and neck by varying impact direction, speed, location, and contact 

stiffness. Maximum principal strain, maximum shear strain, maximum pressure, and minimum 

pressure in each element was calculated for each simulation and correlations to HIC and BrIC 

were assessed. Positive pressures in the coup region were better correlated with HIC than BrIC 

(R
2
 = 0.56 and R

2
 = 0.35, respectively). Shear strain in the elements surrounding the ventricles 

was higher for off-axis loading compared to linear impacts (p<0.001). The average 50
th

 

percentile maximum shear strain in the corpus callosum (DAI) was better correlated with BrIC 

than HIC (R
2
 = 0.82 and R

2
 = 0.46, respectively) in soft and compliant impacts. Many of the 

strain measurements in the deep brain (Intraparenchymal hemorrhage, DAI) were unaffected by 

a change of impactor stiffness between compliant and hard. These data lend support to the 

continued discussion of efficacy of HIC and BrIC for the use of predicting head injury in MVCs. 

 

INTRODUCTION  

 

Over 1.7 million people sustain a Traumatic Brian Injury (TBI) annually in the United 

States, 52,000 of whom die. Nearly one third of TBIs resulting in death are the result of motor 

vehicle crashes (MVCs) or pedestrian impacts (Coronado, et al., 2011). To mitigate occupant 

injury in MVCs, vehicles are subject to government safety standards and are also given star 

ratings through the New Car Assessment Program (NCAP). These crash tests use 

anthropomorphic test devices (ATDs) to measure head linear acceleration and have the ability to 

measure rotational velocity. The resultant head linear acceleration is then used to compute the 

Head Injury Criterion (HIC). Supplementing the resultant linear acceleration of the head with 

measures of rotational velocity such as the Brain Injury Criterion (BrIC) has been proposed in 
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both Europe and the USA (Eppinger, et al., 1999; Takhounts, et al., 2003). A link between these 

two measures and real world injury has been minimal historically. 

Brain injuries can be divided into multiple categories. Focal injuries consisting of 

hemorrhages and contusions are the source for the majority of intracranial legions. Example 

focal injuries include subdural hematoma, subarachnoid hemorrhage, contusion, 

intraparenchymal hemorrhage, and intraventricular hemorrhage. Converse to focal injuries are 

diffuse injuries, which form a spectrum ranging from concussion to the very severe diffuse 

axonal injury. The three most common injuries are intraventricular hemorrhage, subarachnoid 

hemorrhage, and subdural hematoma (Urban, et al., 2012; Urban, et al., 2015). These injuries can 

also be grouped based on their location within the head: intraparenchymal or extra-axial. Each of 

these injuries has an associated mortality and morbidity rate and can occur independently, or in 

combination. For this reason, it is important to study them on an individual basis. 

Currently, the extent of measuring head injury risk in MVC safety testing is limited to 

linear acceleration measures such as HIC and peak acceleration (Hershman, 2001; IIHS, 2012; 

NHTSA, 1997). However, a long-standing hypothesis regarding head injury mechanisms 

requires the input of rotational kinematics to produce injury (Holbourn, 1943). Many research 

studies have demonstrated that the inclusion of rotational kinematics increases the incidence of 

certain head injuries compared to pure translation (Ommaya, et al., 1971). For this reason, 

Takhounts et al. developed a new head injury metric that captures peak head rotational velocities 

(BrIC) (Takhounts, et al., 2013).  
The purpose of this study was to assess the correlation between ATD measurable values 

(HIC/BrIC) and intraparenchymal injury specific brain tissue injury metrics. These correlations 

were obtained through simulation and analysis of 1,080 head impacts with the Global Human 

Body Models Consortium (GHBMC) 50
th

 percentile head and neck model (Gayzik, et al., 2011; 

Mao, et al., 2013). Head impact variables included speed, contact stiffness, direction, and 

location of impact. Geometric and anatomical regions of interest (ROIs) were developed for the 

analyses.  

METHODS 

Model Development 

The head and neck were isolated from the GHBMC 50
th

 percentile male finite element 

model (Gayzik, et al., 2011). The isolation was conducted at the T1 level, and all muscles that 

transcended the neck-thorax boundary were kept in the isolated model. Distal ends of the 

musculature were constrained to remain in place relative to T1 using 

*CONSTRAINED_EXTRA_NODES_SET. A 23 kg mass node was placed in the position of the 

thorax accelerometer in the full body model and constrained to T1 as demonstrated by the star 

and dashed line in Figure 1 (Pellman, et al., 2003). This mass was allowed to move in the 

horizontal plane, but was disallowed vertical (z-direction) movement (Comm, 2003).   
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Impact parameters 

 Location and direction. Videos and reports of crash 

test data from NHTSA as well as clinical head CT data 

from the CIREN database documenting soft tissue 

contusions/head contact were analyzed to determine 

possible locations of contact of the head during MVCs. 

Almost all locations on the head were potential impact 

locations so a set of 24 locations around one side of the 

GHBMC head were selected as “target locations”. These 

target locations were selected by identifying nodes on the 

skin of the GHBMC M50 model at locations corresponding 

to Table 1 and shown in Figure 2.  

 
Table 1: Number of impact locations at each elevation measuring 

from the head CG. 

Elevation 

(degrees) 
90 60 30 0 -30 -60 

No. 

Locations 
1 3 5 7 5 3 

 

 

 

Local coordinate systems were created at each impact location to facilitate controlled 

impact vectors. The origin of each local coordinate system was the node defined as a “target 

location” with the x-axis point directly at the head CG. The z-axis and y-axis are roughly 

tangential to the surface of the head (Figure 3). At each impact location, the directionality of 

impact velocity was varied. One impact was directed in the direction of the CG of the head 

through the origin of the local coordinate system. Four other impacts were directed at the origin 

of the local coordinate system, but offset from the local x-axis by 45 degrees to include oblique 

impact scenarios (Figure 3). The off-axis loading is hereafter referred to as eccentric loading. 

  
Figure 2: Local coordinate 

systems for impact 

simulations. Each local 

coordinate system is the target 

location for 5 impacts. 

Figure 3: Directions of impact 

at each previously described 

local coordinate system. Five 

impact directions are 

prescribed per location. 

90Á(N=1)

60Á(N=3)

30Á(N=5)

0Á(N=7)

-30Á(N=5)

-60Á(N=3)

 

Figure 1: Isolated head and neck 

model from GHBMC 50
th

 

percentile male model. The star 

represents placement of the 

effective torso mass. 
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Speed, stiffness, and geometry. Three impactor speeds were chosen after examining 

relative head velocity in 50 NHTSA crash tests with head impacts: 3, 5, and 10 m/s. In order to 

account for the various contact surfaces within a vehicle, the modulus of elasticity of the 

impactor was varied using three levels of stiffness while maintaining a mass of 12 kg and a 

diameter of 66 mm. The soft impactor, which was chosen to represent an airbag, was given a 

modulus of 165 kPa. The compliant material, which was supposed to approximate interior 

contacts such as an A-pillar, B-pillar, steering wheel, or dash, was assigned a modulus of 10 

MPa. The hard material, chosen to resemble the steel of a pole or vehicle grills, was given an 

elastic modulus of 210 GPa.  

 

Final test matrix. The final test matrix consisted of 24 different target impact locations 

with 5 impact vectors associated with each target. This yielded 120 impactor starting locations 

and vectors, 24 of which were classified as linear and 96 as eccentric. For each of these impact 

locations and vectors, both the stiffness and initial velocity of the impactor were varied. The 

resultant test matrix consisted of 1,080 simulations, targeting 24 different impact locations with 5 

impact vectors with 3 impactor stiffnesses and 3 velocities (24x4x3x3=1080). 99.6% if the 

simulations terminated normally and were subsequently used for analysis. 

Geometric and Anatomically Defined Regions of Interest 

Geometric Cones. Twelve geometric ROIs were defined to quantitatively define coup and 

contre-coup regions. First, a vector was computed between the brain CG and the impact location. 

This is represented by the bold dashed line in Figure 4a. After this vector was established, a 

vector was calculated between each brain element and the head CG as well. Taking advantage of 

the mathematical cross-product, the angle between the element vector and the impact location 

vector was computed. Four specific ROIs were developed based on the following spatial 

distribution: <30°, <60°, >90°, and >120° from impact (Figure 4a). Following this step, the cones 

were divided into three equally spaced sections (Figure 4b). The outermost region (red) was 

referred to as “outer”. The “intermediate” and “deep” sub-regions are shown in blue and green 

respectively. Combing angle and depth, specific ROIs could be narrowed down, (e.g., <30° 
outer, >120° intermediate, etc.). 

  
(a) (b) 

Figure 4: Geometric region of interest diagram. Conical ROI angle measurements (a). 

Layered sub-regions: outer (red), intermediate (blue), deep (green) (b). 

 

Anatomically defined ROIs. The frontal and temporal lobes are a common location of 

contusion (Ommaya, et al., 1971). Since the GHBMC does not natively define lobes, but instead 

has gray and white matter cerebrum parts, selecting a subset of these was important to capture 

30Á60Á

90Á

120Á

0Á
30Á
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the frontal and temporal lobes. Each element of the Atlas-based Brain Model (ABM), developed 

by Miller et al., has a corresponding voxel in a label map of the brain (Miller, et al., 2016). Using 

these data, the ABM was scaled to the size of the GHBMC brain and aligned with the CG. 

Symmetric GHBMC elements touching either the frontal or temporal lobes of the ABM were 

selected to define the fronto-temporal ROI (Figure 5a). 

 Secondly, to assess intraventricular hemorrhage, which is caused by disruption of the 

ventricle walls, each element surrounding the ventricles was identified (Lindenberg, 1977). The 

ventricular wall ROI was developed by identifying any element sharing a node with the CSF 

elements that natively make up either the third or lateral ventricles in the GHBMC brain. This 

anatomical ROI is comprised of both white and gray matter (Figure 5b).  

 Finally, a sphere of deep brain tissue was defined to encapsulate the corpus callosum and 

neighboring structures in the deep brain of GHBMC. The center of the sphere is the brain CG 

and the volume extends radially to the anterior tip of the corpus callosum (Figure 5c). This ROI 

included the full corpus callosum, thalamus, midbrain, and basal ganglia as well as portions of 

the brainstem, cerebellum, and gray and white matter of the cerebrum.  

 

   
(a) (b) (c) 

Figure 5: Anatomic regions of interest. Fronto-temporal ROI highlighted in red (a). Elements 

surrounding the ventricles in pink, with CSF in black (b). Deep brain sphere ROI (c). Corpus 

Callosum (yellow), basal ganglia (brown), cerebellum (red), brainstem (green), cerebrum (clear).  

Injury Metrics  

 For all simulations, stress and strain data was recorded at 0.5 msec intervals for each 

element of the GHBMC brain matter. Peak values for maximum principal strain, maximum 

pressure, minimum pressure, and maximum shear strain were saved on an element by element 

basis for later use. Percentiles of the peak values in the ROIs were used for analysis. Statistical 

analyses were performed using two sample t-tests with significance levels of 0.05. 

  

Contusion. Early research of contusion reported that the physical evidence of injury 

presented in both coup and contre-coup regions (Ommaya, et al., 1971). Some associate these 

finding with pressure gradients stemming from skull deformation, while others associate them 

with strain (Gurdjian, et al., 1944; Nusholtz, et al., 1995; Shatsky, et al., 1974). Regardless of 

mechanism, a common pattern of occurrence in the frontal and temporal lobes was observed 

(Ommaya, et al., 1971). Therefore, a fronto-temporal ROI was chosen for evaluation of 

contusion as well as the <60° and >120° outer cone ROIs. Pressure distribution was analyzed 

using the geometric ROIs, while maximum principal strains in the fronto-temporal ROI were 

analyzed. For both pressures and strains, the 90
th

 percentile of the maximum values in the ROI 

were used for comparison to HIC and BrIC. 
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Intraparenchymal hemorrhage. Intraparenchymal hemorrhage, the injury defined by 

bleeding anywhere within the brain parenchyma, often occurs in the deep portions of the brain 

(Gennarelli, et al., 1972). Moreover, thalamic hemorrhage constitutes between 20 and 35% of all 

cerebral hemorrhages (Kwak, et al., 1983). Therefore, maximum principal strain was gathered in 

both the deep brain sphere ROI and the thalamus. Since bleeds require only one isolated source 

of damage, the 90
th

 percentile of the maximum principal strain in the region was computed and 

used for comparison to ATD measurable metrics. 

 

Intraventricular hemorrhage. Intraventricular hemorrhage is defined as bleeding into the 

brain’s ventricular system and is likely due to damage to the wall of the lateral or third ventricle, 

the ventral portion of the corpus callosum, the fornicles, or the choroid plexus (Lindenberg, 

1977). For this reason the injury was assessed by computing the 90
th

 percentile of the maximum 

shear stress in the ROI defined by the elements surrounding the ventricles (Figure 5b). 

 

Diffuse axonal injury. Diffuse axonal injury (DAI) is by nature an injury that is often 

dispersed throughout the brain. Clinically, it is often seen at the junction of the white and gray 

matter (subcortical gray matter) as well as deep within the splenium of the corpus callosum and 

is thought to be caused by shearing of the axons (Adams, et al., 1977). Thus, instead of 

identifying the highest strains in the ROIs, 50
th

 percentile maximum principal strains were 

collected. Both the corpus callosum, defined as an independent part in the GHBMC model, and 

the previously described deep brain sphere were analyzed separately. For reference, it has been 

reported that when 54% of the brain exceeds a threshold of 25% strain, there is an associated 

50% risk of DAI (Takhounts, et al., 2008). 

RESULTS 

Contusion 

For hard impacts through the CG, peak pressure in the coup (<60° outer) and contre-coup 

(>120° outer) ROIs, the peak pressure in each element was gathered and the 90
th

 percentile 

stored. Figure 6 shows that the 90
th

 percentile peak pressure is significantly higher in the coup 

region compared to the contre-coup region in hard linear impacts regardless of speed. Positive 

pressures in the coup region were better correlated with HIC than BrIC (R
2
 = 0.56 and R

2
 = 0.35, 

respectively). 

In the contre-coup region, it is known that negative pressures develop. The lowest 10% of 

the minimum pressures (10
th

 percentile minimum pressure) in each ROI are presented in Figure 

7. The findings demonstrate that on average the contre-coup region experiences lower pressures 

than the coup region in all hard impacts. Negative pressures in the coup region were better 

correlated with HIC than BrIC (R
2
 = 0.39 and R

2
 = 0.21, respectively). 
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Figure 6: 90
th
 percentile of the peak pressure in 

<60° outer (coup) and >120° outer (contre-coup) 

ROIs for linear, hard impact simulations. 

Figure 7: 10
th
 percentile of the minimum pressure 

in <60° outer (coup) and >120° outer (contre-coup) 

ROIs for linear, hard impact simulations. 

 

Results from the 90
th

 percentile 

maximum principal strain in the fronto-temporal 

ROI were compared between impact conditions 

(Figure 8). For all speeds, the mean 90
th

 

percentile strain was higher in eccentric loading 

compared to linear impacts. Next, this strain 

distribution was plotted against HIC and BrIC. 

Since, contusions are frequently associated with 

skull fracture (60-80%) and the hard impact 

simulations produced the most skull fractures, 

only hard impacts are shown (Figure 9) (Cooper, 

1982). Linear regression analysis shows that 90
th

 

percentile of maximum principal strains in the 

fronto-temporal ROI has a statistically 

significant correlation with both HIC and BrIC 

(p<0.0001), but the coefficient of determination 

is much higher for BrIC (R
2
=0.918 vs R

2
=0.347). 

Thus, BrIC is a better correlate with fronto-

temporal strain in all hard impacts.  
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Figure 8: Mean and standard deviation of 

90
th

 percentile maximum principal strains 

for the fronto-temporal lobe regions. 
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Figure 9: 90

th
 percentile of the maximum principal strain in the fronto-temporal ROI from 

hard impacts not excluding skull fracture. Vertical blue dashed lines represent 50% risk of 

AIS 3+ injury. Gray shading represents 95 % confidence intervals of the fit. Gray dashed 

lines represent 95% confidence intervals on individual values. 

 

Intrapa renchymal Hemorrhage 

 Intraparenchymal hemorrhage was evaluated by computing the strain in the deep brain 

sphere and the thalamus (Figure 10). There is a statistically significant difference in the means of 

the 90
th

 percentile maximum principal strains when comparing linear and eccentric loading 

simulations for all hard and compliant impacts. Statistical significance was reached for soft 

impacts only in the fast speed for the thalamus, and in both fast and medium speed for the deep 

brain sphere.  

 

  

 

(a) (b)  

Figure 10: 90
th

 percentile maximum principal strain in the thalamus (a) and the deep brain sphere 

(b). 
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 There was little difference between the strain distributions between hard and compliant 

impacts for both the thalamus and the deep brain sphere. However, soft impacts resulted in lower 

90
th

 percentile maximum principal strains than either compliant or hard impacts. Overall, the 90
th

 

percentile maximum principal strains were similar between the deep brain sphere and the 

thalamus. 

Intraventri cular Hemorrhage 

The elements surrounding the ventricles and the CSF in the GHBMC brain were analyzed 

for high shear strains. Ommaya et al., recognized that soft impacts that extended the duration of 

the acceleration pulse were needed to produce damage to deep structures (Ommaya, 1985). 

Therefore, only compliant and soft impacts were evaluated for association with IVH. The mean 

90
th

 percentile maximum shear strain was significantly higher for eccentric impacts compared to 

the matched condition linear impacts (Figure 11). 

 

 

Figure 11: 90
th

 percentile maximum shear strain in the elements surrounding the ventricles for 

soft and compliant impacts. Skull fracture cases included. Statistical significance was found 

between linear and eccentric loading at every speed and impactor stiffness. 

 

To assess the effects of linear and rotational kinematics on shear strains in this ROI, the 

90
th

 percentile maximum shear strain was regressed against HIC and BrIC (Figure 12). In both 

compliant and soft impacts, BrIC had a higher R
2
 value compared to HIC. High shear strains 

(>30%) were present even in soft contacts. 
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Figure 12: 90
th
 percentile maximum shear strain in the elements surrounding the ventricles. Soft and 

compliant impacts, including cases with skull fracture. Vertical blue dashed lines represent 50% risk of 

AIS 3+ injury. Gray shading represents 95 % confidence intervals of the fit. Gray dashed lines represent 

95% confidence intervals on individual values. 

Diffuse Axonal Injury  

 The 50
th

 percentile maximum shear strain the deep brain sphere was regressed against 

HIC and BrIC for compliant and soft impacts (Figure 13). Though BrIC demonstrated better 

correlation (R
2
 = 0.89 and R

2
 = 0.53, respectively), 50

th
 percentile maximum shear strain in the 

deep brain increased with increasing HIC and BrIC. Similar results were found for the corpus 

callosum (R
2
 = 0.82 and R

2
 = 0.46, respectively). 

To compare the mean 50
th

 percentile maximum shear strain in the deep tissues, linear and 

eccentric loads were plotted next to each other for all impact speeds and stiffnesses (Figure 14). 

Statistical analysis shows that eccentric loading consistently produced higher strains than linear 

loading across all levels in both the corpus callosum and the deep brain sphere. It should be 

noted that strains in just the corpus callosum were higher than in the deep brain sphere. 

Additionally, the change from hard impactor to compliant impactor did not significantly affect 

strain distributions. 
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Figure 13: 50
th

 percentile maximum shear strain in the deep brain sphere ROI. Vertical blue 

dashed lines represent 50% risk of AIS 3+ injury. Gray shading represents 95% confidence 

intervals of the fit. Gray dashed lines represent 95% confidence intervals on individual values. 

 

  

  

 

(a) (b)  

Figure 14: 50
th

 percentile maximum principal strain in the corpus callosum (a) and the deep brain 

sphere (b). 

 

DISCUSSION 

Contusion 

The Head Injury Criterion was a better predictor of positive pressure in the coup region 

and negative pressure in the contre-coup region compared to BrIC. Magnitude of pressure 

measurements decreased with decreasing impactor velocity for hard impacts. Though pressure 

correlated well with HIC, strain in the fronto-temporal lobes was consistently higher for 
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eccentric loading compared to linear impacts. This manifests itself in the significantly stronger 

correlation with BrIC than HIC. 

Intra parenchymal Hemorrhage 

There was little difference between the maximum principal strain distribution between 

the thalamus, and the deep brain sphere. Though eccentric loading produced higher strains in 

these deep tissue regions, the strains remained similar given a hard or compliant impactor. Since 

many of the hard impacts in the fast regime produced skull fracture, this suggests that skull 

fracture likely does not affect strain in the deep tissues. 

Intraventricular Hemorrhage  

Shear strain along the walls of the ventricles was positively correlated with both HIC and 

BrIC, however BrIC achieved a stronger correlation. For both soft and compliant impacts, the 

correlation between BrIC and 90th percentile maximum shear strain in the ventricles was above 

R
2
=0.86. 

Diffuse Axonal Injury  

Finally, DAI measures, namely 50
th

 percentile maximum shear strain, was higher in the 

corpus callosum than in the deep brain sphere ROI. This aligns with the classical location of 

DAI. The mean 50
th

 percentile shear strain in these ROIs was slightly higher for compliant 

impacts compared to hard impacts. Both HIC and BrIC correlated well with shear strain in the 

deep brain sphere (R
2 

> 0.529). 

 

 

CONCLUSIONS 

 

1,080 impact simulations were conducted with the GHBMC 50
th

 percentile head and neck 

model. Geometric and anatomically defined regions of interest were developed on a per-injury 

basis for evaluation of brain tissue metrics including pressure and strain. These ROI based injury 

metrics were correlated with HIC and BrIC and were compared against impact type.  

With the continued discussion of the efficacy of HIC and BrIC for the use of predicting 

head injury in MVCs, this data presents evidence for the continued consideration of both. HIC 

was a better correlator with both positive and negative pressure in the coup and contre-coup 

regions respectively, while BrIC was better correlated with strain regardless of the region or 

impact stiffness. 
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