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Parametric investigation of regional brain strain responses via a pre-computed atlas

Wei Zhao, Songbai Ji

Abstract We have recently established and initially validated a pre-computed brain response atlas (pcBRA)
for instantaneous estimation of regional strains in contact sports. The pcBRA was created by simulating the
Dartmouth Head Injury Model (DHIM) subjected to a set of pre-defined, triangulated rotational acceleration
(arot) impulses parameterised by the peak magnitude (afot) and duration (At,,;), as well as the azimuth (6)
and elevation (a) angles characterising the direction of rotational axis, Q. In this study, we illustrate the
potential of pcBRA for parametric studies. Specifically, by reducing the pcBRA dimensionality, we generated
implicit functions in terms of color-coded surfaces and iso-contours of (i) regional average peak strains (4,4)
and (ii) volume-fractions of strains above a given threshold (V) relative to Q for selected brain regions. For a
given Q, implicit functions of &4,,4/V; relative to arpot and At,,; as well as the resulting peak rotational velocity
(vfot) were also obtained. Both &4,,4 and V; were highly dependent on Q, and they presented non-linear
relationships relative to a’,, At,,, and v! . These results provide enhanced understanding of the
biomechanical mechanisms of rotation-induced brain injury and may offer insight into the potential of pcBRA
for future parametric or real-world applications especially in contact sports.

Keywords traumatic brain injury, pre-computation, rotation, strain, Dartmouth Head Injury Model.

I. INTRODUCTION

Traumatic brain injury (TBI) is a major public health and socioeconomic problem [1]. Indisputably, TBI
induced by blunt head impact resulting from vehicular crashes, falls, assaults and contact sports is initiated
through mechanical insults to the brain. Therefore, understanding the injury biomechanical mechanisms is
critical for designing protective gears and for developing rules to mitigate the incidence and severity of the
injury. Over the years, various injury metrics have been designed to assess TBI risks and severity. These are
either defined based on linear (a;;;,; e.g. HIC [2]) or rotational (a,,; €.8. the rotational injury criterion (RIC),
power rotational head injury criterion (PRHIC) [3] and the brain injury criterion (BrIC) [4]) acceleration alone, or
on their combinations (e.g. a generalised acceleration model for brain injury threshold (GAMBIT) [5], head
impact power (HIP) [6] and head impact telemetry severity profile (HITsp) [7]).

While these global kinematic variables and their variants have provided important insights into the impact
scenarios associated with actual brain injuries in the real-world, they do not provide a direct correlation to
region-specific, tissue-level brain mechanical responses that are thought to be directly responsible for initiating
the injury [8]. To bridge the gap between external head impact and tissue-level brain responses, finite element
(FE) models of the human head play an increasingly important role because of their unique capability to provide
regional responses, such as strain, strain rate, stress and pressure [9]. However, these models incur a
substantial computational cost (runtime and hardware) to simulate even a single head impact (typically hours or
more on a modern computer or even a super-computer [10]), which poses a significant barrier to their effective
deployment in real-world practical applications.

Developing a computationally efficient, yet sophisticated numerical model with high predictive power
remains a major challenge [11]. Although it is conceivable to couple a high-performance computer with a
simplified head model to reduce simulation runtime, degradation in solution accuracy and resolution is never
desirable. This is especially true given that much more detailed and sophisticated [12] or subject-specific [13]
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head models are already available and continue to emerge and improve with high mesh resolution comparable
to that of medical images [14] or with brain material properties incorporating structural anisotropy [15].
Consequently, computational challenges will likely persist, regardless, with a direct simulation approach.

If impact-induced brain responses can be estimated within seconds or instantly (vs. directly simulated in
hours) without suffering from significant loss of accuracy, sophisticated head models could become much more
widely adopted in a broad range of applications. This would in turn accelerate the exploration of the
biomechanical mechanisms of TBI in general. The estimation scheme could also enable the establishment of
injury risk metrics based on regional brain mechanical responses according to tissue-level injury tolerances,
which has been envisioned before [16][17] but which has so far remained impractical due to the high demand in
computation (runtime and hardware [4]). Although some loss of accuracy could occur, the substantial gain in
computational efficiency, even without relying on high-end computers, appears to well justify the use of the
estimation technique for real-world applications. This is especially true given that potentially even greater
errors or uncertainties exist in head impact measurement, itself [18][19][20]. Further, even validated head
models produce discordant model responses [21], primarily because of inconsistent characterisations of the
brain material properties at present [22].

Following this line of thinking, we have recently introduced a pre-computation strategy [10] to substantially
improve simulation efficiency for impacts relevant to contact sports because their temporal characteristics are
largely similar [23]. Essentially, the pre-computed brain response atlas (pcBRA) establishes a high-dimensional
parametric hyperspace between kinematic input and brain output responses to allow a highly efficient
interpolation or extrapolation (seconds or instantaneously) without a direct simulation. The pcBRA
parameterises generic, instrument-independent kinematic variables. Therefore, the atlas is anticipated to be
applicable to any impact measurement system (e.g. through laboratory reconstruction [6][20], instrumented
helmet [19][24], mouthguard [25][26] or anthropomorphic test device [6]), as long as input parameterisation
remains feasible [10].

As the strain pcBRA samples the hyperspace regularly, it enables a convenient exploration of the causal
relationships between rotational kinematic input variables and regional strain responses. The regular sampling
with sufficient density also allows the generation of implicit functional forms in terms of color-coded surfaces
and iso-contour curves, which were not available in previous efforts [27][28][29]. In this study, we attempt to
illustrate the use of pcBRA for parametric studies by probing the relationships for generic brain regions and the
corpus callosum. Findings from this study are anticipated to enhance our understanding of the mechanisms of
rotation-induced TBI. Additionally, they offer important insights into the potential of pcBRA for further
parametric or real-world applications especially in contact sports in the future. A subset of the spatially
resampled pcBRA is freely available for research use (see Appendix) to allow further evaluation of the technique
in the research community.

Il. METHODS

The Dartmouth Head Injury Model (DHIM)

The pcBRA was established using our current subject-specific Dartmouth Head Injury Model (DHIM [13][30][31];
completely revamped from earlier versions; Fig. 1). The DHIM was created with high mesh quality and
geometrical accuracy based on a high-resolution MRI of an actual athlete. It is composed of solid hexahedral
and surface quadrilateral elements with a total of 101.4 k nodes and 115.2 k elements (56.6 k nodes and 55.1 k
elements) and a combined mass of 4.562 kg (1.558 kg) for the whole head (brain). The average element size for
the whole head and the brain is 3.2 + 0.94 mm and 3.3 = 0.79 mm, respectively. The DHIM employs a
homogenous second-order Ogden hyperelastic material model with rate effects incorporated through linear
viscoelasticity represented by a six-term Prony series (identical to the “average model” in [32]) to model the
brain biomechanical responses. A layer of soft elements representing the cerebrospinal fluid exists between the
brain and its neighboring structures (skull, falx, and tentorium) by node sharing to enable brain interfacial
sliding. The DHIM has been successfully validated against relative brain-skull displacement [33][34] and
intracranial pressure responses [35][36] from cadaveric experiments, as well as strain responses in a live human
volunteer [37]. The overall “good” to “excellent” validation at the low (~250-300 rad/s* for the volunteer), mid
(~1.9-2.3 krad/s” for impact tests C755-T2 and C383-T1), and high (~11.9 krad/s’ for test C393-T4) levels of a,,;
peak magnitudes provided important confidence of the accuracy of DHIM-estimated brain responses.
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Fig. 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 Pre-Computed Brain Strain Response Atlas

The pcBRA was established by sampling independent rotational kinematic variables drawn from on-field
measurements in helmeted contact sports using the HIT system [7]. Four independent variables of the
rotational impulses were parameterised: the acceleration peak magnitude (afot) and duration (At,.,¢), as well as
the azimuth and elevation angles (8 and a) characterising the rotational axis, Q. Triangular rotational impulses
were used. The temporal shapes of the rotational impulse were insignificant to the brain peak strain responses,
as long as an identical rotational velocity and impulse duration were maintained [10]. Conceptually, this is
because the converted brain strain energy is likely to be proportional to the external kinetic energy, while they
are each proportional to the square of strain and square of rotational velocity, respectively. A longer duration
with an identical rotational velocity lowers strain, likely because of increased strain energy dissipation due to
the viscoelastic properties of the brain. As current tissue-level brain injury criteria are largely based on
accumulated peak strain responses, the element-wise maximum principal strain during the entire impact
simulation, regardless of the time of occurrence (£P), was used as the pcBRA reference response [10].

The ranges and sampling densities of the four variables are given in TABLE I. Due to the head geometrical
symmetry relative to the mid-sagittal plane, the sampling range of Q (8, a) was halved (Table I; Fig. 2). In total,
the pcBRA consists of 4225 (5x5x13x13) whole-brain response solutions. Because Q degenerated to the tz—axis
when a reached +90°, regardless of the 6 values, only 3625 (4225 — 5x5x12x2) unique atlas solutions were
necessary to establish the pcBRA for the given variable ranges. The pcBRA estimation accuracy was successfully
verified using random sampling as well as two independently measured typical real-world resultant a,.,; profiles
[10]. The estimation efficiency (6 sec or <0.01 sec for whole-brain element-wise or regional average responses,
respectively) was dramatically improved over that from direct simulation (~*50 min to simulate a 40 ms impulse
directly using DHIM plus an additional ~5 min for post-processing).

TABLE |
SUMMARY OF THE ROTATIONAL IMPULSE PARAMETERISATION VARIABLES AND THEIR RANGES,
STEP SIZES AND NUMBERS OF SAMPLES USED TO ESTABLISH THE PCBRA.

Variable ab . (rad/s?) At (ms) 0(°) a(°)
Range [1500, 4500] [4, 16] [-90, 90] [-90, 90]
Step size 750 3 15 15
# of samples 5 5 13 13
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Data Analysis

The pcBRA essentially generated a five-dimensional (5D) grid data structure of element-wise £P values (a list of
mesh elements plus 4D kinematic input parameters). For any regional volume-weighted average strain (g4,4)
and volume fraction of €P above a given strain threshold of 0.1 (V,,4; strain threshold limited to 0.1 here
because of the relatively mild afot values simulated in pcBRA), the grid data structure was reduced to 4D. To
visualise the implicit functional forms of &,,, and V; relative to the rotational kinematic variables, further
reduction in dimensionality was necessary. This was achieved by fixing afot and At to 4.5 krad/s* and 10 ms,
respectively, to visualise the relationship relative to the rotational axis, Q; or by fixing Q to a coronal rotation
(i.e. 8 = 0° and a = 0°), to visualise the relationship relative to afot and At,. For both €4,, and V, 1, generic
brain regions (whole brain, cerebrum, cerebellum, brainstem) and a targeted region (corpus callosum) were
considered. The anatomical boundary of corpus callosum was determined from segmentation using FreeSurfer
software package (version 5.1). To improve visualisation resolution, brain responses at a more refined sampling
density were interpolated (5° for 8 and «, 60 rad/s* and 0.2 ms for afot and At,,;, respectively), which
remained sufficiently accurate [10]. All data analyses were performed in Matlab 2014a.
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Fig. 2. Schematic of head rotational axes and the sampling space in iso- (a), top (b), and frontal (c) views. Brain
strain responses generated by Q and Q" (solid), or by Q' and Q"”’ (dashed) are symmetric about the mid-sagittal
plane (xz-plane; all counter-clockwise (CCW) rotations). A CCW rotation about Q generates a symmetric
response relative to that from a clockwise (CW) rotation about Q’. The shaded hemisphere represents the
pcBRA sampling space for Q (i.e. both 8 and a range [-90°, 90°]).

Ill. RESULTS

Fig. 3(a) illustrates €4,,4 for the corpus callosum as an implicit function relative to Q CCW rotation (Fig. 3(b)).
Similarly to Fig. 2, each point on the hemispherical surface represents the end-point of a given Q with color-
coded &4,,4. The largest &g, occurred when 6 and a were both 15° near a coronal rotation. For any Q CCW
rotation, the mirroring axis, Q’, with CW rotation (Fig. 3(e)), produced a mirroring response relative to the mid-
sagittal plane (Fig. 3(c) and (f)). Consequently, for any geometrically symmetric region of interest (ROI), the &4,,4
value corresponding to Q' CW rotation was identical to that from Q CCW rotation (Fig. 3(a) and (d)). For the
remainder of the results, therefore, the implicit functions for other geometrically symmetric regions are only
shown for the sampling space corresponding to Q CCW rotation to avoid repetition.
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Fig. 3. The implicit function of &4, for the corpus callosum corresponding to the counter-clockwise (CCW)
rotations about Q (a) and the clockwise (CW) rotations about Q’ (d). A CCW rotation about Q in the chosen
sampling space (b) and a CW rotation about Q” in the mirroring sampling space (e) produced mirroring &P
distributions ((c) and (f)), resulting in an identical &4,,4 for any geometrically symmetric ROI.

The implicit functions of regional &4, relative to the rotational axis are shown in Fig. 4 for the selected brain
ROIs for the same given afot and At,.,¢. Their corresponding V, ; are presented in Fig. 5.
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Fig. 5. Implicit functions of V;; relative to 8 and «a angles characterising Q in selected ROIs for the given afot
(4.5 krad/s®) and At,,; (10 ms).

For a given coronal rotation (i.e. § =0° and a = 0°), &44,4 and V5 in each ROI formed a non-linear relationship
relative to ab,, and At,,., as highlighted by the iso-contours (Fig. 6 and Fig. 7). The a’ , and At,,; influenced
both &,,,4 and Vp 4 interactively. Both responses increased with either afot or At,,+ when the other was fixed.
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Fig. 6. Implicit functions of &4,,4 relative to arpot and At,.,; for the given Q (8 = 0°, a = 0°; coronal rotation). Iso-
contours at selected &4, levels are also shown.
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Fig. 7. Implicit functions of V; ; relative to afot and At,.,; for the given Q (6 = 0°, @ = 0°; coronal rotation), with
iso-contours at selected V ; levels.

The implicit functions of &4,4 and V, ; relative to vP . were obtained by multiplying a” . and A4t,;. As the
brain strain pcBRA directly sampled afot but not vfot, only a subset of regular grid structure was available for
the combination of vfot and At,.,; (Fig. 8 and Fig. 9). In general, both £4,,4 and V; ; increased with the increase
of vP . for a given At,,¢, while they slightly decreased with the increase of At for an identical v}, (Fig. 8 and
Fig. 9).
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Fig. 8. Implicit functions of ,,,, relative to vfot and At,.,; for the given Q (6 = 0°, a = 0°; coronal rotation), with

iso-contours at selected levels. The parametric space appears incomplete because the pcBRA directly samples
ab . and At,o; but not v . and At
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Fig. 9. Implicit functions of V, ; relative to vfot and At,.,; for the given Q (6 = 0°, @ = 0°; coronal rotation), with
iso-contours at selected levels.

IV. DiScusSION

Understanding the causal relationship between head kinematic input and regional brain responses is
important to ultimately elucidate the biomechanical mechanisms of TBI. An enhanced understanding may also
allow future brain injury metrics to be designed based on tissue-level mechanical responses in targeted regions
rather than on global kinematic variables or their variants alone. For a given head FE model, such a kinematic
input vs. response output relationship is essentially a high-dimensional functional mapping between
independent input variables and tissue-level mechanical response parameters. The pcBRA samples the
parametric hyperspace into a regular grid data structure, which allows rapid and convenient exploration of the
hyperspace. As an illustration, the current study represents our initial attempt to probe the causal relationships
for generic ROIs and the corpus callosum. To reduce the pcBRA dimensionality for visualisation, implicit
functions were generated at selected arpot and At,,; values (4.5 krad/s* and 10 ms, respectively) for the
rotational axis, Q, as well as at a selected Q (6 = 0° and a = 0°, i.e. coronal rotation) for afot and At,.¢.

Significant directional dependency was evident for most regional brain responses, consistent with findings
from previous model-based [27,28,38] and animal injury studies [39-41]. For the given afot and At,,; values,
both regional brain average peak strains (£4,4) and the volume fractions above a given strain threshold of 0.1
(Vo.1) strongly depended on the direction of Q and were region-specific (Fig. 4 and Fig. 5). For the whole-brain
and cerebrum, an axial rotation (a = +90°) produced the largest 4,4 and V, 1, consistent with an earlier report
[27] and recent FE studies [4][42]. For example, the critical vfot value of BrIC for axial rotation (i.e. « of 90° or -
90°, or the “north” or “south” pole in Fig. 5) was found to be the lowest for a given Vg (20-40% lower than that
for coronal or sagittal rotations based on I or strain responses) [4]. Similarly, the critical vfot value for axial
rotation was reported to be 30—40% lower than that for the other two rotations using strain responses with the
latest KTH model [42]. Conversely, these reports suggest the largest whole-brain V; or &4,,4 occur when rotating
in an axial plane for a given vfot,

Interestingly, the axial rotation led to the lowest responses for the brainstem, whose largest response
occurred in a sagittal rotation instead, corresponding to an occipital impact (i.e. 8 =-90° and a = 0°). This agreed
with findings from the SIMon [27], but differed from that in another study reporting a coronal rotation to result
in the largest strain in the brainstem [28]. These findings also appeared inconsistent with the reports on
monkeys [39], where no brainstem injury occurred in sagittal rotations. For the cerebellum, the directional
dependency was less evident with a more uniform distribution across the spectrum of Q, likely due to its
relatively tight anatomical confinement. However, this was inconsistent with an earlier report that instead

as reported here.
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found significant I values with a 45° oblique rotation (6 = 0°, a = -45°) [27]. Notably, the cerebellum also had a
much smaller strain response regardless of Q (Fig. 4 and Fig. 5), which agreed well with clinical findings that
direct cerebellar injury is relatively uncommon [43].

In contrast, the corpus callosum had the largest &,,,; when 6 and a were both 15° (Fig. 3), corresponding to
a slightly oblique coronal rotation (largely confirming previous report [28]). This agreed well with previous
neuropathological observations on monkeys, where the coronally injured monkeys sustained most severe
axonal damages in the corpus callosum [39]. Because these selected generic or targeted ROls were symmetrical
relative to the mid-sagittal plane, either the CCW or CW axial rotations (i.e. the “north” or “south” poles in Fig. 4
and Fig. 5, respectively) led to identical &4,,4 or V; responses (confirmed, including the corpus callosum).

For a given Q (8 = 0° and a = 0°, i.e. coronal rotation), the input-output implicit functions were non-linear in
each ROI. As anticipated, larger afot with an identical At;.,; led to larger &4,,4 for all brain regions. This was
similarly observed in previous physical models, where maximum shear strain (vs. maximum principal strain
here) increased with the increase of afot at a given location (vs. regional average) [44,45]. It was intriguing that
the iso-contours of €4, and V; ; (Fig. 6 and Fig. 7) were similar in shape compared to the well-known tolerance
curve for a . and At,,; established based on concussed and non-concussed monkeys [46] (albeit our data was
confined to much lower a®_, values, even after compensating for geometrical scaling). Both a smaller a?_, but
larger At,,; or, conversely, a larger afot but smaller At,,, could result in an identical &4, or V4. This
highlighted the importance of both arpot and At,,; in strain or its resulting TBI risk, consistent with a recent
animal study using rats that quantified rotation-induced injury with cognitive metrics and diffusion tensor
imaging parameters [47]. Collectively, these findings suggest that injury risk metrics based on both afot and
At,,+ may be more effective than those relying on afot alone [48][49][50].

The implicit functions of &4,,4 and V, ; relative to afot and At,.,; were similarly region-specific. For a given
coronal rotation (68 = 0°, a = 0°), it appeared that more localised regions, such as the brainstem and corpus
callosum, were more sensitive to the increase of afot and At,.,; than other ROIs (Fig. 6 and Fig. 7). Interestingly,
the iso-contours of &4,,4 and V, ; relative to rotational velocity, vfot, and At,,; (Fig. 8 and Fig. 9), were much
less variable, suggesting that v, is a more relevant kinematic indicator for regional strain responses than a’
alone [4] [30][32] [51]. These findings were consistent with the notion of the importance of At,.,;. However, for
a given vfot, increasing At,,; lowered regional brain strain responses [28], especially at higher response
magnitudes (Fig. 8 and Fig. 9). This was likely a consequence of increased dissipation of brain strain energy, with
a longer impulse duration due to brain’s viscoelastic properties [10]. Therefore, even with an identical vfot
kinematic input, it appears that increasing the impulse duration may still mitigate strain-induced injury risks to
some degree.

The current study represents our initial attempt to probe the causal relationships between rotational
kinematic variables and regional brain strain responses using the recently established pcBRA. The same
technique can be readily applied to other, more targeted regions, such as the mid-brain, white matter or, in
fact, any arbitrary brain region. Perhaps of particular interest is the relationship for white matter fiber-oriented
strains because several recent studies [13][42][52][53] have suggested the importance of incorporating white
matter structural anisotropy in mTBI [54]. As the geometrical symmetry may no longer exist, a complete
sampling space, including both Q CCW rotation and Q' CW rotation, would be needed to capture the entire Q
parametric space in this case.

It must be recognised that results reported here should be interpreted within the context of pcBRA-inherited
limitations. Most notably, the pcBRA was designed and intended for use in contact sports where the temporal
characteristics of head impacts appear largely similar (i.e., one major impulse dominates with additional much
smaller secondary peaks [25][55]). The pcBRA parameterises the single largest rotational acceleration peak but
does not yet consider the potentially significant influence from secondary deceleration peaks that inevitably
follow in real-world impacts or possible varying rotational axis during impact [10]. Therefore, results from this
study were effectively a first-order approximation. The same limitation also applies to previous studies that
similarly employed idealised profiles (e.g. acceleration-only [27][28]; symmetric rotational velocity profiles that
led to equal magnitude and duration of acceleration and deceleration [4]).

While results from the pcBRA in its current form (i.e., parameterised triangular rotational impulses
corresponding to the largest single peak in a,,;) cannot be simply extended to other, more complex head

-216 -



IRC-15-32 IRCOBI Conference 2015

rotations, it appears that the pcBRA-estimated strain may, regardless, still be able to provide certain limited
guidance to that from the direct simulation (e.g., a bound to the directly simulated strain level). Such ability
appears desirable and may be an important step forward, considering the ubiquitous application and report of
the a,,; peak magnitude that is known to be inconsequential to brain strains (instead, rotational velocity is
more strain-relevant, as demonstrated in Fig. 8 and Fig. 9). Although more sophisticated, kinematics-based
injury criteria such as RIC, PRHIC [3] and BrIC [4] explicitly include rotational velocity, they do not directly
provide brain strain responses either. Further, it is also important to note that the accuracy (and even “validity”
in some extreme cases) of the directly simulated brain strain responses using “realistic” (vs. parameterised)
head impacts may also be subject to interpretation, because of the seemingly unavoidable errors in impact
measurement [18][19][20] and uncertainties in model assumptions (material properties in particular [22]).
Given the current practical challenges in model-based brain injury studies in the field as discussed recently [13],
the pcBRA technique seems to open a new avenue unexplored before and appears well worth pursuing.

On the other hand, it may be possible to further improve the pcBRA accuracy by incorporating second-order
influences from additional a,.,; peaks that are conceivably similar in temporal characteristics as well in contact
sports. If it is feasible to probe their causal influences on brain strain responses, for example, via pattern
recognition of the a,,; temporal profiles and machine learning techniques, compensation for response
perturbation may be possible; thereby improving the accuracy compared with that from direct simulation.
Obviously, this requires temporally validated on-field rotational acceleration profiles, which appear yet to be
developed [18]. Despite all these accuracy concerns, it awaits further exploration whether the pcBRA-estimated
strains could aid other kinematics-based, empirically derived injury criteria in discriminating injury vs. non-
injury. None of them incorporates the full a,,; history at present.

Nevertheless, an additional limitation of our study was that the range of a’,, evaluated was limited [10] and
did not sample higher afot impacts that are likely more injury-relevant [24][56]. However, we expect similar
implicit functions to follow because the parametric hyperspace appears and is anticipated to be smooth and
continuous. Further, expanding the pcBRA sampling ranges and repeating the implicit functional mapping are
straightforward.

Despite these limitations and concerns, our investigation significantly extended previous studies [27-29] by
providing implicit functions to directly characterise the input-response causal relationships, which were not
available before. The implicit functions can also be fit into appropriate mathematical models to characterise the
functional mappings (e.g. iso-contours in Figs 6—9 while further accounting for Q). The resulting explicit,
analytical forms could allow much more complete navigation of the parametric hyperspace, which was limited
in the current study. However, it warrants additional investigation into whether and how these forms could be
useful in the future.

V. CONCLUSIONS

Using the DHIM-based pcBRA, we have investigated the causal relationships between rotational kinematic
inputs and regional brain strain responses in terms of implicit functions. The regional strains were highly
dependent on the direction of rotation and were region-specific. For the whole-brain, our study largely
confirmed previous reports. However, differences were observed in more localised regions, such as the
cerebellum, brainstem and corpus callosum, suggesting model differences exist. The non-linear functions of
strain responses relative to rotational acceleration highlight the importance of both acceleration magnitude and
duration in strain. These findings enhance our understanding of brain biomechanics and may offer insight into
the potential of pcBRA for parametric or real-world applications especially in contact sports in the future.
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VII. APPENDIX

A subset of the strain pcBRA was spatially resampled and is freely available, along with associated analysis
software for research use and evaluation, at http://www.thayer.dartmouth.edu/~songbai ji/DHIM/.
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