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Abstract:

Background: Finite element models are effective tools to study brain injury in automotive crashes due to their unique capability
in providing tissue-level responses that is otherwise infeasible in a crash dummy. However, achieving an optimal tradeoff between
model sophistication and computational efficiency isapractical challenge.

Objective: In this study, we intend to propose a pre-computation scheme and present a simple, yet effective technique to in-
stantly estimate whole-brain pressures induced by linear acceleration.

Methods: Three hydrostatic atlas pressure responses aong the three major axes of the head were pre-computed. Whole-brain
pressures were then superimposed in real-time for an arbitrary translational head impact. The accuracy of the pressure estimation
scheme was tested in seven real-world impact cases ranging from cadaveric experiments to reconstructed automotive crashes.

Results: This study successfully employed a simple and effective pre-computation strategy to estimate whole-brain pressuresin
real-time for translational head impacts (<0.1 sec on alap-top vs. ~55 minutes for the overall processing on a high-end workstation).
The technique was efficient and sufficiently accurate for most cases as long as the impulse duration is greater than 2 ms, demonstrat-
ing its high effectiveness for real-world applications.

Conclusions: This technique may have the potential to aid kinematics-based injury metrics such as head injury criterion (HIC)
to more effectively assess the risk and severity of pressure-induced coup/countercoup or moderate to severe brain injuries in the fu-
ture.
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1 Introduction

Traumatic brain injury (TBI) continues to be a significant societal problem in the face of rapid increase in motorization
without significant improvement in road safety. Understanding the biomechanica mechanisms of TBI is critical to establish
effective injury diagnostic criteria as well as to develop protective gears and rules to prevent and reduce the incidence and
severity of theinjury.

Historically, kinematics-based injury criteria, such as as; (Mmaximum 3 ms-average of the resulting linear accelera
tion (a3 ) to be less than a given threshold), Head Injury Criterion (HIC) have been extensively applied in automoative in-
dustry to assess the potential injury risk. Unfortunately, these global kinematic variables and their variants do not directly
relate actual brain injuries to tissue-level mechanical responses believed to initiate the injury [1-3]. Therefore, their effec-
tiveness in assessing the risk of TBI has been criticized.

Early efforts to understand the biomechanical basis of TBI have focused on the correlation between tissue-level pres-
sure responses and the measured ay, . It was found that pressure throughout the brain surrogates during an impact event
showed a good correlation between peak pressure and pesk magnitude of ag, (a.?,_-ﬂ) [4.5]. For the living brain, severd
studies found that the transent pressure increase within the brain could cause neurologica dysfunction [6-9]. However,
brain pressure responses cannot be exported from crash dummy used in vehicle safety design. As a result, finite element
models have become increasingly important to bridge the gap between macro- and micro-scale TBI biomechanics studies
[2,10].

Developing a computationally efficient, yet sophisticated numerical model with high predictive power remains a major
challenge [11]. To address this, we have proposed a pre-computation strategy for (near) real-time brain strain estimation in
the context of sports-concussion. Essentialy, this technique establishes a large “look-up” table based on characteristics of
measured on-field rotational accelerations, a..: [12]. Instead of directly smulating each head impact, the pre-computed
brain response atlas (pcBRA) interpolates or extrgpolates brain strain responses within seconds or instantly without signifi-
cant loss of accuracy from the estimation itself. Here in this study, we extend the pre-computation strategy to rapidly esti-
mate whole-brain pressure responses from a;, . Seven typical head impact scenarios were chosen from cadaveric experi-

INFATS Conferencein Xiamen, December 4-5, 2015 424


mailto:Wei.Zhao@Dartmouth.edu�
mailto:Songbai.Ji@Dartmouth.edu�

ments and reconstructed car crashes to evaluate the accuracy performance of the technique.

2 Methods

2.1 The Dartmouth Head Injury Model

All head impact simulations were conducted using the Dartmouth Head Injury Model (DHIM; Figure.1). The details of
model creation, material property assignment, and successful validations have been reported recently [13-15]. The DHIM is
composed of solid hexahedra and shell quadrilateral elements with atotal of 101.4 k nodes and 115.2 k elements (element
size of 3.2+0.94 mm) and a combined mass of 4.562 kg for the whole head (1.579 kg or 1.558 kg for the brain with or with-
out the spinal cord). The DHIM has been successfully validated against relative brain-skull displacement [16,17] and intra-
cranial pressure responses [18,19] from cadaveric experiments, as well as full-field strain responses in a live human volun-
teer [20], with an overall “good” to “excellent” validation performance.

(b) falx cerebrum

(a) trabecular
bones cortical

muscles

facial bones tentorium

brainstem

submandible  spinal cord
tissue

cerebellum
mandible

Figure.1 The DHIM showing color-coded head exterior (a) and intracranial components (b), which also includes part of the spinal cord to
improve model biofidelity in the inferior region. The x-, y- and z-axis of the model coordinate system corresponds to the posterior-anterior,
right-left, and inferior-superior direction, respectively.

2.2 Atlas pressure responses

According to arecent dimensional analysis[15], brain pressure responses in a trandational head impact are essentially
aresult of contact forces generated from relative normal brain-skull displacements at the interface, which are uniquely de-
termined by ay, (magnitude and directionality), brain size and shape. For a constant acceleration field of aj;, with an
arbitrary direction, the resulting whole-brain pressure, #, is hydrostatic. The corresponding brain-skull displacement, d, is
also a constant, which can be decomposed into three orthogonal components, dy, d,., and d, respectively, along the three
major axes of the head model coordinate system:

d = d,i +d;j + dk. (@)

Because pressure is a scalar value, brain pressures corresponding to the three independent displacement components,
P, By, and Pz, respectively, can be smply superimposed. This establishes the brain pressure responses corresponding to d
or effectively, the given ay;, .

p=ptpy o @

As pressure is linearly related to the magnitude of a;;, and d, a set of basdline pressures corresponding to impacts
along the three major axes, ., ., and vz, respectively, can be pre-computed. They can then be individually scaled line-
arly to obtain pressures corresponding to d, d,, and d, or effectively, r., p,, and 2, respectively. Here, we chose a
baseline peak aj;, magnitude of 100 g (albeit, the magnitudeis not important; 1 g = 9.8 m/s2) to establish the three baseline
pressures using the DHIM. This leads to the following set of egLaiions:

Py = ay X py/100, and (©)

where a,, a, and a; arethe ay, magnitude corpporentsal eng1béthree major axes (in g) at agiven time. Combining
Egns. 2 and 3, whole-brain pressure can be obtained using the following equation:

p=(ay X pe +ay Xpy +a; Xp;)/100. 4

It is important to note that the above analysis considers a constant acceleration. For any real-world time-varying ag,
temporal profile, the resulting hydrostatic pressure at an arbitrary time instance essentially generates a first-order approxima-
tion, purposefully neglecting any potential influence from the dynamic inertial effect. Nevertheless, the hydrostatic response
(Egn. 4) would be sufficiently accurate for most real-world impacts because brain pressure reaches an equilibrium almost
instantly due to its high dilatational speed (e.g., with impulse duration >2 ms according to [21]).
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To edtablish the atlas hydrostatic pressures (i.e., s, vy, and Pz in Egns. 3 and 4), a “ramp-and-hold” ay, profile
(Figure.2 ) was applied to the rigid skull separately along the three major axes. Brain pressures averaged within the 15-20
ms window were used to serve as the atlas responses. This particular temporal profile was used to ensure reaching a hydro-
static response and to avoid perturbations from the dynamic inertial effects (arrow in Figure. 2). The peak magnitude of aj;;,
(i.e, 100 g) was not important as the pressure responses would be linearly scaled. Importantly, the resulting element-wise,
hydrostatic pressures served as atlas “modes’ for linear scaling and superpositi on (Eqgn. 4).
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Figure.2 @y, profile and the resulting £.-.; and P. . for an occipital impact (i.e., along the x-axis) (a) as well as the three alas pressure
responses (b—d). Element-wise pressure values within the 15-20 ms window (shaded area; (a)) were averaged to serve as the atlas response.
Pressure perturbations due to dynamic inertial effects are evident (arrow).

2.3 Evaluation of estimation accuracy

Seven 3DOF aj;, profiles ranging from cadaveric head impacts to reconstructed traffic accidents were used for evalu-
ation. Their ay, tempora profiles were manually digitized from their respective published sources. The aj, magnitudes
ranged 52.3-680.2 g and the HIC ranged 225-6606.7 (Table 1).

Table1l.  Summary of impact scenarios, injury details, HIC and the @y, peak magnitudes (aT. ) for the cases evaluated.

Liz.

Case# Impact scenario Injury details HIC . (9) Reference
1 cadaveric no injury 786.2 199.2 [18]
2 experiments N/A (not reported) 226.2 91.0 [19]
3 AlS 4: GCS = 11 (moderate)* 6606.7 680.2
AIS 5: extradural haematoma;
4 contusion, GCS = 3 (severe)* 17822 2176 [22]
reconstructed traffic AIS Multiple: extradural and
5 accidents subdural haematoma; cerebral swelling and 22211 2935
contusion
6 668 90.0
—7 N/A (not reported) 205 523 [23]

AIS: Abbreviated Injury Scale; GCS: Glasgow Coma Scale; *: According to [24]

2.4 Data analysis

All brain pressure response simulations were obtained from the DHIM via Abaqug/Explicit (Version 6.12; Dassault
Systemes, France). The typical runtime for a 40 ms impact was ~50 minutes plus ~5 min for post-processing on a high-end
multi-core Linux cluster using 8 CPUs (Intel Xeon X5560, 2.80 GHz, 126 GB memory). With the pcBRA, whole-brain
pressure estimation for an entire ay;, profile took <0.1 sec on alaptop (essentialy the estimation process is a smple matrix
multiplication). All dataanalyses were performed in MATLAB (R2015a; MathWorks, Natick, MA).

3 Results

Figure.3 illustrates the pressure estimation process for one case. Figure.4 graphically compares pressure distributions
between the estimated and the directly smulated responses for two additional cases. For the remaining cases, the estimated
Foup and F. ., ,tempora profiles are compared with their directly simulated counterparts, along with the resultant aj,
profiles (Figure.5). For six out of seven cases, the differences between the estimated and directly simulated peak pressures
were within 10% of the directly smulated peak responses, and were considered successful. Their percentage differencesin
Fowp and F ., ranged from 0.0-9.2% (5.4+3.9%) and 0.3-9.0% (5.1+3.8%), respectively. One case failed, which had a

percentage differencein F.,,, and F. .., Of 27.8% and 23.4%, respectively.
4 Discussion

This study successfully employed a simple and effective pre-computation strategy to estimate whole-brain pressuresin
real-time for trandational head impacts (<0.1 sec on a lap-top vs. ~55 minutes for the overall processing on a high-end
workstation). Using the pressure superposition law, the three pre-computed hydrostatic pressures along the three major axes
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of the DHIM were directly used to estimate whole-brain pressure for an arbitrary ay, profile a any instance in time. Ne-
glecting the dynamic inertial effect essentially led to afirst-order approximation of the estimated responses.

Regardless, even the first-order approximation was sufficiently accurate for six out of seven rea-world 3DOF ag;,
profiles. Pek F..,, and F. .., differed from their directly smulated counterparts by 5.4% and 5.1% on average, respec-
tively, for dl the successful cases pooled. These relative errors were far below those in real-world ay;, measurement (e.g.,
up to 17-31% according to [25,26]).
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Figure.3 Illlustration of using three atlas responses to estimate a pressure distribution map for an arbitrary given time in a selected a;-
profile (case 5). The atlas responses are first properly scaled (a—) and then superimposed (d), resulting in a nearly identical distribution
relative to the directly simulated counterpart (e). The estimated P.o.y and F. ..., overlaid with resultant ay. profile were shown in (f;
time interval corresponding to HIC shaded).
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Figure.4 Comparison between the estimated (left) and directly simulated (middle column) whole-brain pressure distributions when P.zup
reached its peak for two additional case. The response temporal profiles (estimated and directly simulated are nearly identical) are compared
with that of the resultant a;., (right).
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Figure.5 Comparison between the estimated and directly simulated pressure temporal profiles for the remaining four cases, along with the
resultant ay;, profiles.

The failed case (#3) had an extremely short impulse (~1 ms) than others (>3-4 ms; Figure. 6¢), although it also corre-
sponded to the largest a;;; and HIC magnitudes. The estimated peak F...,, and F. .., were significantly lower than the

directly smulated counterparts (by 27.8% and 23.4%, respectively; abeit, till below the maximum ay;,, measurement error;
Figure.3), which was aresult of the dynamic inertial effects not captured by the hydrostatic atlas pressures. Such an pressure
magnification by dynamic inertial effect was also observed in [27], in which an identical kinetic energy was delivered to a
head model to generate a range of impact durations. Therefore, caution must be exercised when estimating pressures for
extremely short-duration impact.

Most real-world head impacts last longer than 2 ms [21]. Therefore, the pressure estimation scheme would be suffi-
ciently accurate. However, very short ay;, impulses (e.g., < 5 ms) are more likely to be related to focal injuries such as
subdural hematoma, epidural hematoma, subarachnoid hemorrhage and contusion [28]. Consequently, there is a need to
improve the pcBRA performance further in these situations. Again, a pre-computation strategy may be effective by densely
sampling the causal relationship between impact and the resulting pressures to allow pressure compensation. This is con-
ceptually analogous to our pre-computation strategy for brain strain responsesinduced by a.;: in contact sports[12,29].

Another potential limitation with the study was that the atlas pressure responses were derived from a rigid-skull as-
sumption, which alows the estimated pressures to serve as an upper bound when non-rigid skull deformation becomes sig-
nificant [15]. On the other hand, when significant non-rigid skull deformation occurs in an extremely short duration (e.g.,
Case 3in Figure. 5), competition of pressure over- and under-estimation may ensue. The overall effect on pressure responses
needs further investigation.

In addition, head rotations always occur in real-world impact, but this was not considered in this study. To compensate
for rotation-induced pressure, we have developed a pressure superposition to incorporate pressures induced by both aj,
and a.... Initia results suggest favorable performance when using full degree-of-freedom, real-world head kinematics [30].

Despite these limitations, this study successfully established a ssimple, yet effective method to estimate brain pressures
in real-time in realistic trandational head impacts. Future work will investigate whether this technique has the potential to
aid other kinematics-based injury metrics such as HIC to improve the assessment of head injury, thereby to improve vehicle
safety designsin the future.
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