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Background: We have previously studied the physiological and mechanical responses of the eye to blunt trauma in various situations
using finite element analysis (FEA). In this study, we evaluated the volume kinetics of an airbag impact on the eye using FEA to
sequentially determine the volume change rates of intraocular segments at various airbag deployment velocities.

Methods: The human eye model we created was used in simulations with the FEA program PAM-GENERIS™ (Nihon ESI, Tokyo,
Japan). Different airbag deployment velocities, 30, 40, 50, 60 and 70 m/s, were applied in the forward direction. The volume of the
deformed eye impacted by the airbag was calculated as the integrated value of all meshes in each segment, and the decrease rate was
calculated as the ratio of the decreased volume of each segment at particular timepoints to the value before the airbag impact.
Results: The minimum volume of the anterior chamber was 63%, 69% and 50% at 50, 60 and 70 m/s airbag impact velocity, respectively,
showing a curve with a sharp decline followed by gradual recovery. In contrast to the anterior chamber, the volume of the lens recovered
promptly, reaching 80-90% at the end of observation, except for the case of 60 m/s. Following the decrease, the volume increased to more
than that of baseline at 60 m/s. The rate of volume change of the vitreous was distributed in a narrow range, 99.2—100.4%.

Conclusion: In this study, we found a large, prolonged decrease of volume in the anterior chamber, a similar large decrease followed
by prompt recovery of volume in the lens, and a time-lag in the volume decrease between these tissues. These novel findings may
provide an important insight into the pathophysiological mechanism of airbag ocular injuries through this further evaluation,
employing a refined FEA model representing cuboidal deformation, to develop a more safe airbag system.
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Introduction

Serious and visually devastating ocular injuries caused by airbags have been reported if the occupant comes into contact
with the airbag during the inflation phase, since airbags are deployed at velocities of up to 200 mph.'** Minor ocular
injuries due to airbag impact include corneal abrasion, hyphema, vitreous hemorrhage, retinal tear, maculopathy, and
localized photoreceptor damage.”'*'® Moderate-to-serious ocular injuries include corneoscleral laceration, bullous
keratopathy, lens dislocation, lens capsule rupture, choroidal rupture, retinal detachment, and open globe
rupture.®*%121923 It has been thought that, even at low velocities, there may be a delay before the sensors transmit
the firing signal, causing the airbag to strike the occupant while it continues to expand, resulting in moderate-to-severe
ocular injury in relatively low-velocity collisions.”* The mechanisms inducing intraocular damage and how they
influence the severity of airbag ocular injuries have been reported in a limited number of studies using finite element
analysis (FEA).?>"*® Power et al reported that FEA of the eye impacted by an airbag proved that placing a protective lens
in front of the eye reduced the stress to the eye but increased the force experienced by the surrounding orbital bones.?’
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We have previously developed a simulation model resembling a human eye and applied 3-dimensional FEA to
determine the physical and mechanical conditions of an intraocular foreign body injury.?® This model human eye has also
been used in our studies on airbag impact in various situations.?* > From these studies on eye-airbag injury, we have
obtained important information on the sequential physical and mechanical responses of intraocular segments at various
airbag deployment velocities.

While deformation of the eye occurs in three dimensions with an airbag impact, the intraocular segment deformation
rate was analyzed in two dimensions, in only the axial plane.*® Thus, it remains to be determined how each ocular segment
undergoes deformation during the airbag impact process in three dimensions. This is closely related to the pathophysio-
logical mechanism that induces severe ocular trauma resulting in a poor visual prognosis. Therefore, we planned to study
the kinetic phenomenon of airbag impact on eyes with different axial lengths, using an FEA method to determine the
sequential response of volume in each segment during airbag impact in this study. This might enable us to more precisely
understand what happens inside the eye and the pathophysiological mechanism of ocular damage due to airbag impact.

Materials and Methods

We used a model human eye in simulations with a computer using an FEA program, PAM-GENERIS™ (Nihon ESI,
Tokyo, Japan).”® The model of the human eye is composed of three layers as reported previously in Uchio et al.*® In the
biomechanical head of a dummy, it was assumed that everything excluding the eye was a solid element, to reduce the
calculation time. An eye was inserted in the Hybrid III biomechanical model of the head.?’

The meshing principles of the model eye are shown in Figure 1A and 1B according to previous reports.”**’ Corneal
thickness was assigned as 0.45 mm. The depth of the anterior chamber was assumed to be 2.95 mm. The lens was
assumed to be biconvex with a length of 3.80 mm. A vitreous model was assigned having hydrostatic pressure of 20
mmHg (2.7 kPa)**** and its length was assumed to be 16.65 mm, and the posterior curvature of the retina was assumed
to be 12.0 mm.”® The elastic properties, meshing principles of the model normal human eye and mass densities of ocular
tissues were similar to those in previous reports.zg’36 Poisson ratio of the cornea, 0.420, and sclera, 0.470, were used to
determine the standard stress strain curves for cornea and sclera.*®>° A normal eye with axial length of 23.85 mm was
used.>* 3¢ Deformation of the eyeball in the axial view was displayed sequentially.

According to the data previously reported,*®*! different airbag deployment velocities, 30, 40, 50, 60 and 70 m/s, were
used in this study (Figure 1C). The eye segments were divided into three segments: anterior chamber, lens, and vitreous.
We calculated the volume change of the whole eyeball and each segment from 0.2 to 2.0 ms.*® Volume of the deformed
eye impacted by the airbag was calculated in brief as the integrated value of all meshes in each segment, and the decrease
rate was calculated as the ratio of the decreased volume of each segment at a particular timepoint to the value before the
airbag impact. In our human eye FEA model, time-step size was 0.0002 ms on average. The mean volume in the five
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Figure | Simulation view of model eye and image of airbag impacting model eye. Frontal (A) and sagittal (B) view of model eye and eyeball and impacting airbag location (C)
are displayed.
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simulation situations was considered the volume of each segment at each timepoint. This article does not contain any
studies with human or animal participants and informed consent is not required.

Results

Sagittal section views of an airbag-impacted eye at 0.5 ms after the impact at impact velocities of 30, 40, 50, 60 and
70 m/s, respectively, are displayed as an example of the sequential deformation in Figure 2. Deformation was evident in
the anterior part of the eye, such as the cornea, anterior chamber, and lens. Deformation rate of the anterior chamber and
lens increased as impact velocity increased, and lens deformation rate seemed less than that of the anterior chamber.
Deformation of vitreous was less than that of the anterior segments but it showed horizontal expansion of the equatorial
zone after lens decompression, especially in high velocity impacts (60 and 70 m/s) (Figure 2).

Curves of rate of volume change (RVC) in the anterior chamber showed a similar pattern at all impact velocities
except for the case of 30 m/s (Figure 3). The volume of the anterior chamber decreased slightly after impact at 30 m/s
airbag impact velocity, and it increased 0.4 ms after the impact. The final RVC of the anterior chamber was 108%. The
rate of volume change at other higher impact velocities was similar, showing a sharp decline followed by gradual
recovery, but it did not return to the baseline volume at all impact velocities. The volume of the anterior chamber at 2.0
ms after the impact was 63%, 69% and 50% at 50, 60 and 70 m/s airbag impact velocity, respectively (Figure 3).

The start timepoint of lens volume change differed according to the impact velocity, and it was earliest at 70 m/s (0.1
ms after the impact) (Figure 4). The higher the impact velocity, the smaller the lowest value of the volume, and RVC at

30 m/s 40 m/s 50 m/s 60 m/s 70 m/s

Figure 2 Deformation of eye upon airbag impact at five different velocities at 0.5 ms after impact. Sagittal view of eye at impact velocities of 30, 40, 50, 60 and 70 m/s is
shown. Deformation of the anterior part of the eye is evident compared with posterior segments.
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Figure 3 Sequential volume change rate of anterior chamber upon airbag impact at five different velocities. Cases of impact velocities of 30 (blue), 40 (brown), 50 (gray), 60
(yellow) and 70 (light blue) m/s are shown sequentially.
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Figure 4 Sequential volume change rate of lens upon airbag impact at five different velocities. Legends pertaining to the line drawings are the same as in Figure 3.

100.4%
100.2%
(O]
-
=] 100.0%
<
(&}
o 99.8% — 30 m/s
€
> e 40 M/
g 99.6%
e -50 m/s
o
_,q(_é 99.4% 60 m/s
oz
99.2% —70m/s
99.0%

0 0.5 1 15 2

Time after impact (ms)

Figure 5 Sequential volume change rate of vitreous upon airbag impact at five different velocities. Legends pertaining to the line drawings are the same as in Figure 3.

70 m/s after 0.5 ms was 52%. However, in contrast to the anterior chamber, RVC of the lens recovered promptly,
reaching 80-90% at 2.0 ms after the impact except with 60 m/s impact. Following the decrease, volume increased to
more than that of baseline only in the case of 60 m/s impact velocity (Figure 4).

The rate of volume change of the vitreous was distributed in a very narrow range (99.2-100.4%) but two different
patterns were observed (Figure 5). The volume was almost constant except for the early phase after the impact at lower
impact velocities (30, 40 and 50 m/s). The volume of vitreous decreased rapidly after the impact, but it did not return to
baseline volume in the later phase at higher impact velocities (60 and 70 m/s) (Figure 5).
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Discussion

In our previous simulation studies of eyes impacted by an airbag or air soft gun, we mainly reported mechanical damage
of the ocular surface, such as laceration, perforation, etc., and deformation of the whole eyeball was evaluated, but
intraocular deformation, which is closely related to angle recession, lens rupture, vitreous traction, etc., was not
evaluated.’* 3> We recently reported the sequential changes in the length of each intraocular segment, anterior chamber,
lens and vitreous, in an axial direction at various airbag deployment velocities using FEA.*® The eyeball is a small but
very complicated and minute organ composed of various segments, and deformation of the intraocular segments and the
relationship of regions of attachment among the segments have a critical role in the mechanism of ocular injury due to
blunt trauma, as shown by Watson et al in a simulation study of blast insult ocular trauma.** Because the airbag impacted
perpendicular to the center of the cornea in the simulation, the deformation rate was highest in the axial plane of the
intraocular segments in two dimensions and, therefore, we analyzed morphological change of intraocular segments from
a three-dimensional standpoint using the volume of each segment as a candidate parameter of intraocular deformation in
this study.

It is evident that RVC of the anterior chamber was higher than that of other segments, and it decreased to a trough
value of 93-44% as impact velocity increased (Figure 3). Pearlman et al reported that damage to the anterior structures is
most common with blunt ocular trauma, and posterior segment trauma is less common.*® It is also reasonable that the
deformation rate of the anterior segment was higher than that of the posterior segment, because the anterior chamber is
located in the anatomically most forward position, adjacent to the cornea, supporting our present results. It is also
interesting that RVC of the anterior chamber at each impact velocity remained at a similar level even at the end of
observation (2.0 ms) (Figure 3). This phenomenon was specific to the anterior chamber, and this might indicate that the
prolonged deformation of the anterior chamber caused serious damage to the iris, angle and cornea, considering the long
duration taken for recovery. Mohamed and Banerjee reported that self-limited injuries occurred at low velocity (10-30
mph).?* It was thought that, at low velocities, there may be a delay before the sensors transmit the firing signal, causing
the airbag to strike the occupant while it continues to expand, resulting in moderate-to-severe ocular injury in relatively
low-velocity collisions in which the airbag was fully deployed.* This could be the reason for the peculiar RVC curve at
a low impact velocity of 30 m/s. However, we should consider that the low velocity mentioned in the article of Mohamed

et al**

meant the speed of the car in the crash, but we analyzed airbag ocular injury by changing airbag impact velocity
without considering the car’s velocity and the vehicle’s inertial force on the passenger in our study. It should also be
noted that the increase in volume of the lens after 1.2 ms at 60 m/s impact velocity coincided with the continual recovery
curve observed in the anterior chamber at 60 m/s impact velocity, indicating a close relationship in the kinetics between
the anterior chamber and lens.

Several cases of lens injury by airbag ocular trauma, such as opacification of the anterior capsule and cortex, lens
dislocation and lens capsule rupture, have been reported.”>*'*** In this study, the lens was simulated as a shell element
considering its linear elastic material property, different from the anterior chamber and vitreous (solid elements), and its
mass density, Young’s modulus and Poisson’s ratio were assumed to be 1.078 (kg/m>), 0.00056 GPa and 0.42,
respectively, according to past reports.’®*® In contrast to the irregular RVC curve of the anterior chamber and vitreous,
the characteristic smooth RVC curve of the lens might be due to the element feature. The value of the highest
deformation rate of the lens, ranging from 30% to 40%,’® was similar to the peak volume decrease rate in this study.
It should also be noted that the time of greatest decrease in volume of the lens was 0.5 ms; in contrast, the peak decrease
in volume of the anterior chamber was observed 0.2—0.4 ms after the impact. This time-lag in the deformation rate of the
anterior chamber and lens in the axial direction was also observed in our previous study.’® This indicates that the
decrease in volume of the anterior chamber did not directly induce the decrease in volume of the lens, but the lens
decreased in volume after an interval from the peak volume decrease of the anterior chamber. Stein et al reported that the
impact between the airbag and the eye in severe blunt trauma results in indentation of the cornea, a reduction in anterior—
posterior diameter of the globe, and horizontal expansion of the equatorial zone after lens decompression.** This could
explain the time-lag in the volume decrease between the anterior chamber and lens. The volume of the lens had returned
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to more than 80% of baseline volume at the end of the simulation period (Figure 4). The reason for this recovery is
unclear, but it might be derived from the kinetic behavior of vitreous behind the lens, as discussed later.

The rate of volume change of the vitreous was very low, as little as 0.8% at 70 m/s impact velocity (Figure 5).
Considering the wide variety of vitreoretinal injury reported due to airbag impact,®'%!> 17184546 it s difficult to
comment on the results of the present study in relation to the biomechanisms in vitreoretinal complications, but the
vitreous might act as a shock absorber against the deformation caused by the anterior segment, due to its large volume.*®
Traction at the vitreous base by expansion of the equatorial diameter of the eyeball by an airbag impact is the main factor
in vitreoretinal complications of airbag ocular injury, as proposed by Stein et al.** In contrast to the constant volume of
vitreous after an impact at lower impact velocities, 30, 40 and 50 m/s, the volume of vitreous decreased rapidly after the
impact and a persistent decrease was observed at higher impact velocities, 60 and 70 m/s (Figure 5). The phenomenon

observed at the higher impact velocities might be supported by the hypothesis of Stein et al.**

However, it should be
noted that they analyzed the velocity of motor vehicles, and did not consider airbag impact velocity in their s'[udy.44

Despite our careful calculations using the simulation model, there are still limitations to our study. First, there is
a basic question of whether intraocular segments really change in volume as shown in this study. From the physical
standpoint, a liquid might decrease in volume only a little on applying high pressure. The impact from a deploying airbag
can exert extraordinarily high pressure on the eyeball. Gray et al reported in numerical modeling of paintball impact
ocular trauma that the pressure rise and deformation rate experienced in dynamic impact-type events are several orders of
magnitude greater than those experienced in hydrostatic-like intraocular events.*’ Cirovic et al reported that the maximal
pressure in the anterior chamber was close to 300 mm Hg as a direct consequence of compression of the globe in a blunt
trauma FEA modeling study.*® The methods of modeling intraocular segments also had an influence on the results of this
study, due to differences from the clinical situation. We modeled the anterior chamber and vitreous as solid elements in
this study. Shirzadi et al employed shock equations of state (EOS) material for the aqueous humor,?® and Stitzel et al used
Eulerian brick elements to comprise the aqueous humor,*® while Watson et al simulated the aqueous humor as
compositionally similar to a saline solution, which does not exhibit complex rheological behavior in an FEA study;*
however, all of them modeled the lens with an elastic model, similarly to us. The lens was simulated as having linear
elastic material property with elastic modulus of 0.00056 GPa and Poisson’s ratio of 0.42, as shown above. Shirzadi et al
reported that the lens showed high stress with airbag impact, 8 MPa, in an FEA of airbag impact.”® Collectively, in brief,
aqueous humor and vitreous were modeled as mesh elements having an elastic modulus in this study; therefore, they
showed strain due to stress, resulting in volume change. Therefore, the volume change rates of the anterior chamber and
vitreous were amplified more than those in clinical situations. Further verification is necessary for the volume kinetics of
intraocular segments against high energy impact, and refinement of the modeling properties for intraocular segments will
be considered in our future research.

Second, we analyzed sequential RVC in intraocular segments by airbag impact in this study, following our recent
study on the deformation rate of intraocular segments in an axial direction by airbag impact. Refinement of the
parameters in the FEA study in two dimensions, length and depth, to three dimensions, volume, produced novel
information in this study. However, if some parameter representing cuboidal deformation could be introduced in 3D
topology in the future, more precise evaluation of intraocular segment kinetics would be possible, leading to more useful
information on the pathophysiological mechanisms of blunt ocular trauma.

In conclusion, we found a large, prolonged decrease of volume in the anterior chamber, a similar large decrease
followed by prompt recovery of volume in the lens, and a time-lag in the volume decrease between the anterior chamber
and lens. Although further evaluation, such as 3D topological analysis in an FEA airbag-impact ocular injury model, is
required, these findings might provide an important insight into the pathophysiological mechanism of airbag ocular
injuries observed in various ocular tissues, and might also play a role in developing a safer airbag system for the human
body and eyeball in the near future.
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