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Purpose: Various types of trauma can cause retinal hemorrhages in children, including accidental and nonaccidental head 
trauma. We used animal eyes and a finite element model of the eye to examine stress patterns produced during purely linear 
and angular accelerations, along with stresses attained during simulated repetitive shaking of an infant. 

Methods: Using sheep and primate eyes, sclerotomy windows were created by removing the sclera, choroid, and retinal 
pigment epithelium to expose the retina. A nanofiber square was glued to a 5 mm2 area of retina. The square was pulled and 
separated from vitreous while force was measured. A finite element model of the pediatric eye was used to computationally 
measure tension stresses during shaking. 

Results: In both sheep and primate eyes, tension stress required for separation of retina from vitreous range from 1 to 5 
kPa. Tension stress generated at the vitreoretinal interface predicted by the computer simulation ranged from 3 to 16 kPa 
during a cycle of shaking. Linear acceleration generated lower tension stress than angular acceleration. Angular acceleration 
generated maximal tension stress along the retinal vasculature. Linear acceleration produced more diffuse force distribution 
centered at the poster pole. 

Conclusions: The finite element model predicted that tension stress attained at the retina during forcible shaking of an eye 
can exceed the minimum threshold needed to produce vitreoretinal separation as measured in animal eyes. Furthermore, the 
results show that movements that involve significant angular acceleration produce strong stresses localized along the vascu-
lature, whereas linear acceleration produces weaker, more diffuse stress centered towards the posterior pole of the eye. 
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Retinal hemorrhages (RH) can be caused by many dif- ferent forms of trauma such as automobile collisions, 
sports-related injuries, and other mechanisms of blunt 
trauma to the eye. Among infants, the most common cause 
for RH is abusive head trauma (AHT), in which hemor-
rhages have been observed in approximately 85% of child 
victims of AHT [1-3]. AHT is part of a clinical constella-
tion, previously known as shaken baby syndrome, and is a 
form of inflicted head trauma in infants usually less than  
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3 years of age. As the leading cause of infant mortality and 
morbidity from injurious etiology, prevalence in the Unit-
ed States has been estimated to occur in 30 out of 100,000 
children under the age of 1 [4-7]. It can result in character-
istic injury to the central nervous system, skeleton, and 
eyes, particularly when the victim is subjected to repetitive 
acceleration-deceleration, with or without blunt head trau-
ma. In some cases, RH may be the principal or only diag-
nostic feature suggesting the possibility of AHT. 

Since the first description of RH in whiplash syndrome 
by Caffey [8] in 1946, model studies have shown that 
translational oscillatory movements in conjunction with a 
centrifugal force from multiplanar displacements could 
produce RH in infants with no other history of direct con-
tact trauma [8-10]. Many of these cases display RH with 
multilayered involvement extending out to the ora serrata, 
with or without macular retinoschisis. However, other 
forms of trauma, including vaginal delivery, can also in-
duce RH in infants. In the present study, we measured 
conditions that can mimic clinical features of child abuse 
which contribute to ongoing controversies in this field with 
many discrediting the existence of AHT associated with 
RH and brain injury. When comparing oscillatory motion 
with a single traumatic impact, there are qualitative and 
quantitative differences in clinical presentation. Therefore, 
we hypothesized that the traction stresses produced in the 
retina may be particularly effective at producing the multi-
layered and multifocal patterns of RH that are typically 
found in AHT.

In this report, we developed a method for directly mea-
suring the traction force at the vitreoretinal interface using 
eyes from monkeys and young sheep. The objective of the 
animal portion of the study was to determine the force 
needed to separate the retina from the vitreous in an ex 
vivo eye. Sheep eyes were chosen for their similarity in 
size and tissue characteristics to the retina and vitreous of 
juvenile human eyes. Monkey eyes were also used for their 
similarity to human eyes in regards to ocular development 
and emmetropization [11-15]. Subsequently, we utilized a 
finite element (FE) analysis of the eye that could be ex-
posed to virtual forces. We had previously used this model 
to measure shear stresses, in addition to tractional and 
compressive forces, experienced in different parts of the 
eye, employing parameters measured in a biomimetic in-
fant dummy doll during shaking by a human adult [16]. In 
the present study, we used the FE model to evaluate trac-

tion stress. Shaking motions involve a continually varying 
combination of rotational and linear acceleration; to dis-
cern the contribution of these two forces, we also exam-
ined the stress patterns produced during pure linear and 
pure rotational acceleration. We compared the stress values 
predicted by the FE model to traction stress measured di-
rectly in monkey and sheep eyes.

From this study, our findings indicate that the stress lev-
els experienced during rotational movements such as those 
experienced during shaking are much more likely to cause 
separation between the vitreous and retina than purely lin-
ear movements and generate multifocal patterns of RH 
that are typical of AHT. These results provide guidance 
about the likelihood and patterns of vitreoretinal separa-
tion under different conditions. This knowledge can be 
helpful in developing future guidelines and educational 
material about the risks and hazards associated with other 
activities, such as sports-related injuries and automobile 
accidents. 

Materials and Methods

Ethics statement

All animals were maintained at the Department of Com-
parative Medicine at the University of Nebraska Medical 
Center in accordance with the rules and regulations of the 
International Care and Use Committee and according to 
the guidelines of the Committee on the Care and Use of 
Laboratory Animal Resources (No. 15-09-023-ABL2), Na-
tional Research Council and the Department of Health and 
Human Services outlined in “Guide for the Care and Use 
of Laboratory Animals.” All protocols and procedures 
were performed under approval of the Institutional Animal 
Care and Use Committee of University of Nebraska Medi-
cal Center according to the National Institute of Health 
guidelines.

Finite element eye model 

The methods and parameters used in the FE model of 
the human eye were described by our previous study [16]. 
Briefly, we previously developed a streamlined model that 
retained the sclera, vitreous, and retina but excluded the 
anterior segment. The sclera and retina had a hollow spher-
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ical shape, with an outer diameter of 26 mm and 24.5 mm, 
a thickness of 0.8 mm and 0.25 mm. The vitreous was con-
sidered as a filled spherical shape with a diameter of 24 mm 
(Fig. 1A) [16]. Three thin layers were incorporated into the 
retina to simulate preretinal, intraretinal, and subretinal 
layers. A tie constraint ties the outer surface of the retina 
and the inner surface of the sclera together so that there is 
no relative motion between them. Vitreoretinal attachment 
points were incorporated along retinal vessels, the posteri-
or pole, and the vitreous base of the eye globe (Fig. 1B) [16].

In addition, kinematic contact method by tangential be-
havior and hard contact as a pressure-overclosure in the 
FE software dedicated between retina and vitreous. The 
mesh density analyses under various element numbers 
have been performed. Elements type for all three compo-
nents considered as a C3D8R an 8-node Hex linear brick, 
reduce integration and hourglass control. The material 
properties and number of elements for each component are 
listed in Table 1. The nonlinear stress-strain relationship of 
the sclera is shown in Fig. 2. As described earlier, we sub-
jected this FE model to a shaking frequency of 2.2 Hz (12.6 
rad/sec) for one shaking cycle [16]. When studying purely 

linear or rotational acceleration, we used a force of 3.7g. 
This yielded a linear acceleration of 36.4 m/sec2 and an an-
gular acceleration of 182 rad/sec2 when moved through a 
radius of 20 cm. The data were analyzed on a continuous 
basis in a dynamic fashion to calculate the force and pres-
sure applied to the elements and the nodes at any given 
point. Following simulation, the tensile stresses along the 
radial direction were extracted and compared with the ex-
perimental data. Further details of the FE model and its 
subsequent findings can be found in our preceding study 
[16].

Ex vivo animal model

To complement our FE model, an ex vivo model was em-
ployed to further characterize purely linear and angular 
acceleration forces on native animal tissue. Eyeballs (n = 7) 
were harvested from sheep 6 to 9 months of age (Sierra 
Medical, Whittier, CA, USA) and were immediately placed 
in 4°C and shipped within 12 hours of recovery. Eyeballs 
were experimentally utilized within 24 hours upon receipt. 
Orbital fat, fascia, and extraocular muscles were carefully 

A B

Sclera

Subretinal

IntraretinalPreretinal

Retinal vessel

Vitreous Retina
Posterior pole

Fig. 1. Human eyeball finite element model. (A) Eyeball components including vitreous, Retina and Sclera. (B) Retinal vessel attachment 
to the vitreous shown in the finite element model and three thin layers of the retina to represent preretinal, intraretinal, and subretinal lay-
ers. Adapted from Suh et al. [16] with permission from Elsevier.

Table 1. The number of elements, material model, density, and material parameters of the finite element model

Model component Material model No. of elements Density (kg/m3) Material parameters
Sclera Polynomial hyperelastic 28,032 1,243 Uniaxial test data (Fig. 2)
Retina Elastic 17,856 1,000 E = 20 kPa, v = 0.49
Vitreous Viscoelastic 103,968 1,009 E = 43 kPa, v = 0.49, g-iProny* = 0.97, 

k-iProny* = 0, tau-iProny* = 0.07

E = Young’s modulus; v = Poisson’s ratio.
*Viscoelastic data in the finite element software.
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dissected away, and the optic nerve left intact. An 8 × 8 mm 
sclerotomy was performed 8 mm lateral to the optic nerve 
for the first group of three eyeballs and 20 mm lateral for 
the second group of four eyeballs to the forces required for 
vitreoretinal separation in different regions of the retina. 
Then, along with the sclera, the choroid and the retinal 
pigment epithelium were carefully separated from the reti-
na by an experienced pediatric ophthalmologist using a 
microscope. The underlying retina was inscribed using a 

15°, 1.5 mm depth microsharp blade, leaving a 5 × 5 mm 
area of retina held in place by the underlying vitreous at-
tachments, which were undisturbed by this isolation of the 
small square of retina (Fig. 3A, 3B, 4A-4C). A 5 × 5 mm 
square pad of rigid polytetrafluoroethylene (PTFE) materi-
al was glued onto the scored retinas with polyurethane ad-
hesives (Fig. 3C). Various adhesives were tested to maxi-
mize the adhesion of the retina to the PTFE. Cyanoacrylate 
failed on the moist, smooth surface of the retina, and its 
exothermic reaction with the surface of the retina distorted 
the anatomy. Epoxy resins were difficult to apply in a 
small area and in a moist environment, adhesion was not 
adequate. Nonheat-generating polyurethane was the best 
agent to adhere the retina to the PTFE. 

A three dimensional-printed suction cup was glued onto 
the de-epithelialized cornea (Fig. 3D). A load cell, a trans-
ducer that converts force into electrical output, of the 
CellScale BioTester (Waterloo, ON, Canada) and associated 
actuators were attached to both the suction cup and PTFE 
square, by way of a 5.0 Mersilene suture through the cen-
ter of the PTFE square (Fig. 3D). Actuators were pulled in 

Fig. 3. Sheep eyeball sclerotomy and biaxial planar force and displacement measurement. (A) Eyeball cleared of muscles, fat, and fascia 
with 8 × 8 mm square of sclera removed. (B) Sclera and choroid removed exposing retina still attached to vitreous. (C) Polytetrafluoroeth-
ylene square glued onto retina. (D) Eyeball secured to biaxial materials machine via load cells. (E) Retina with attached polytetrafluoro-
ethylene square being pulled away from rest of eyeball by biaxial materials machine. 

A B C D E

A B C D

Fig. 4. Detailed view of sclerotomy. (A) Creating an 8 × 8 mm sclerotomy. (B) Demonstration by pediatric ophthalmologist. The pediat-
ric ophthalmologist provided informed consent for publication of the image. (C) Scored retina throughout entire sclerotomy perimeter.  
(D) A retina square removed after being pulled by load cell of biaxial materials machine. 
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opposite 180° directions at a constant velocity (1 mm/sec), 
y-displacement (0°), and temperature (37°C) until a com-
plete tear was achieved (Fig. 3E, 4D). The length of the su-
ture was long enough to maintain the force in constant 
tension in line with the actuator movement. For four initial 
experiments, the retina and glued PTFE square were 
placed perpendicular to the actuators. The primary force 
of the deformation of the vitreous and its separation from 
retina was mostly tensile or normal stress, with the amount 
of shearing stress being negligible. The procedure was re-
peated three times with the glued PTFE square at a tan-
gential angle with respect to the actuator. In these angled 
experiments, the force of deformation of the vitreous and 
its separation from the retina was due to a combination of 
normal and shear stress components. The forces at which a 
vitreoretinal tear began were measured in millinewtons 
(mN), then converted to units of stress (kPa) by dividing 
by the area of the PTFE material. 

Two female Rhesus macaques were euthanized between 
ages 5 and 6 years old via ketamine overdose and saline 
perfusion (10 L). Adult female Indian-origin Rhesus ma-
caques (Macaca mulatta) were utilized in this study. No 
obvious abnormalities were noted in the monkeys during 

Fig. 5. Monkey eyeballs. (A) Two monkey eyeballs. (B) Monkey 
eyeball attached to load cells, to be pulled.

A B

Table 2. Measured stress of sheep eyeballs during manual vit-
reoretinal separation 

Replicate Approximate angular 
displacement from horizontal (°) Stress (kPa)

1 0 1.56
2 0 1.99
3 0 4.62
4 45 3.19
5 45 5.13
6 45 3.04
7 45 2.34
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necropsy and eyeballs, amongst other vital organ tissues, 
were harvested and used experimentally within 12 hours 
(Fig. 5A). The above procedure performed on sheep eye-
balls was repeated with the monkey eyeballs (Fig. 5B). 
However, given the more fragile nature of monkey eye tis-
sue, the rigid PTFE material was replaced with a softer 
and thinner nanofiber material square, with the suture 
passed through the material, then glued with polyurethane 
directly onto exposed retina. 

Results

Animals

We performed a sclerotomy at either 0° or 45° with re-
spect to the horizontal axis, from the optic nerve to the 
center of the cornea using seven sheep eyes and two mon-
key eyes. As aforementioned in the Materials and Meth-
ods, we then measured the forces required to separate the 
5 × 5 mm section of retina from the vitreous. The separa-
tion angle was set at 0° for the first four sheep eyes, yield-
ing an average traction stress of 2.72 ± 1.65 kPa (0.95 stan-

dard error of the mean [SEM]). The separation angle was 
then set at 45° for the next three sheep eyes. The steeper 
angle involves both traction and shear stress and required a 
higher overall stress for separation of 4.25 ± 1.19 kPa (0.59 
SEM). The peak stress attained in both conditions was  
5.13 kPa (Table 2). Due to the scarcity of freshly necrop-
sied monkey tissue, only two monkey eyeballs were tested, 
both at 0°. The average traction stress in the two eyeballs 
was 1.41 kPa, with the greatest stress reaching 1.5 kPa. 

Finite element

Using FE analysis of the human eye, the von Mises 
stress values were determined for different regions of the 
retina when shaking a baby. We utilized values measured 
from a biometric infant model to simulate shaking. The 
pattern of movements during a single cycle of shaking at 
2.2 Hz is shown in Fig. 6A. The linear and angular compo-
nents of acceleration varied throughout the cycle, as shown 
in Fig. 6B and 6C, respectively. Linear acceleration ranged 
from -118 m/sec2 to +89 m/sec2, with an average of 32.4 m/
sec2. Angular acceleration revealed a brief bimodal peak 
when the direction of motion was reversed, with a rapid 

Fig. 7. Stress patterns of the finite element eye in one cycle of 
shaking. (A) Stress distribution in the retinal layer at the end of 
one shaking cycle (0.44 second). (B) History of tensile stress at a 
representative point. (C) The peak value of tensile stress in three 
layers.

Te
ns

io
n 

st
re

ss
 (k

P
a)

Te
ns

io
n 

st
re

ss
 (k

P
a)

12

10

8

6

4

2

20

15

10

5

0

-5

C

Time (sec)

Time (sec)

 0.1 0.2 0.3 0.40

 Preretinal    Intraretinal    Subretinal

S, S11 (CSYS-1)
+1.565e-02
+1.198e-02
+8.310e-03
+4.640e-03
+9.695e-04
-2.701e-03
-6.371e-03
-1.004e-02
-1.371e-02
-1.738e-02
-2.105e-02
-2.472e-02
-2.839e-02

Y

Z

A B

  0.1 0.2 0.3 0.4 0.5



259

HH Song, et al.  Retinal Hemorrhage Patterns in Pediatric Head Trauma

drop to -2382 rad/sec2 that rapidly reversed +3135 rad/sec2. 
These data are resultant from our precedent work estab-
lishing the FE model [16].

As found for shear stress in our earlier model, we deter-
mined that the greatest amount of traction stress experi-
enced throughout the retina was concentrated along the 
vasculature, especially at vessel bifurcations [16]. Fig. 7A 
shows the pattern of stress values at the final time point of 
the cycle (0.44 second). Stress ranged from 3 kPa in non-
vascular regions of the retina to as much as 16 kPa (red 
points in Fig. 7A), exceeding the traction stress needed for 
vitreoretinal separation. Fig. 7B shows the changes at a 
single point in the retina (arrow in Fig. 7A) in regard to dy-
namic traction stress during the cycle. The peak values of 
tensile stress in each layer are also shown in Fig. 7C: the 
preretinal layer experienced the highest tensile stress of 
15.7 kPa, the intraretinal layer attained 11.8 kPa, and the 
subretinal layer with 8.0 kPa. The differences in tensile 
stress are statistically significant between the subretinal 
and preretinal layers (p = 0.01), with means of 5.04 and 3.92 
kPa, respectively; as well as the intraretinal and preretinal 
layers (p = 0.05) with means of 4.40 and 3.92 kPa, respec-
tively.

The FE model was also used in this study to analyze the 

forces experienced during purely linear and purely rota-
tional acceleration. For linear acceleration, we chose a val-
ue of 3.7g (36.4 m/sec2), congruous to the average linear 
acceleration experienced during a cycle of shaking. This is 
also in line with the averages of linear acceleration experi-
enced by young recreational players while heading a soc-
cer ball [17]. During a 0.1 second period of pure linear ac-
celeration, the FE model revealed a diffuse distribution of 
stress across the retina, centered toward the posterior pole, 
with some values less than 0.37 kPa (Fig. 8A-8D). Fig. 8 
further illustrates stress measurements at a given point of 
the retina (arrows, in Fig. 8A and 8B) remaining relatively 
constant throughout one cycle of shaking.

While activities such as heading a soccer ball produces 
little rotational force, shaking a baby involves significant 
angular components [17]. As shown in Fig. 8B, the amount 
and patterns of traction stress generated during pure angu-
lar acceleration of 3.7g differed from those of linear accel-
eration, with tenfold higher peak stress values and a more 
focal pattern that respected the retinal vasculature. Fig. 8D 
shows time-dependent changes during a 0.1 second trial of 
angular acceleration measured at a single point in the eye. 
The tension stress rose continuously during the trial, 
reaching 3.7 kPa, exceeding the tension stress required for 

Fig. 8. Tensile stress in retinal layer for (A) linear acceleration 
and (B) angular acceleration at 0.1 second. (C) The retinal vascu-
lature. (D) Comparison between angular acceleration and angular 
acceleration.
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vitreoretinal separation. The FE model also revealed that 
stress values could differ quite substantially at neighboring 
points. As seen in Fig. 8B, there are a number of areas in 
the retina where peak positive (red elements) and negative 
(blue elements) stress values are present at points very 
close to one another. These large stress gradients could in-
crease the likelihood of vitreoretinal separation and hem-
orrhage. 

Discussion

These results infer that the stress generated during shak-
ing exceed the traction stress for vitreoretinal attachment. 
It is reasonable to infer this stress could exceed the thresh-
old of vitreoretinal attachment to induce tearing along the 
retinal vessels, causing hemorrhages throughout the retina. 
Purely linear acceleration produced tenfold weaker tension 
stress than angular acceleration with stress focused dif-
fusely at the posterior pole of the eye. Purely angular ac-
celeration generated higher stress values concentrated 
along the blood vessels, closely mirroring the patterns ob-
served during shaking. 

Our numerical conclusions combined empirical mea-
surements of the forces required for vitreoretinal detach-
ment with a FE model of the pediatric eye. The pattern and 
level of stresses experienced during purely linear accelera-
tion differed considerably from that experienced during 
angular acceleration. Linear acceleration involved much 
lower stresses that were distributed diffusely across the 
posterior pole whereas angular acceleration generated larg-
er tension stress concentrated along the retinal vasculature. 
In addition, angular acceleration generated large stress 
gradients with regions of large positive stress immediately 
adjacent to large negative stress. These results suggest that 
movements involving angular acceleration are much more 
likely to produce vitreoretinal detachment and RH than 
movements involving only linear acceleration. 

To measure vitreoretinal detachment forces, we used 
two animal models in which the vitreoretinal interface is 
similar to humans. The obstacle of experimenting on hu-
man tissue for this experiment warranted surrogate animal 
eyeballs that closely resembled properties of the infant eye 
[13,18]. Eyes from young sheep were chosen due to their 
coronal and sagittal dimensions, as well as their hyaluronic 
acid and collagenous vitreous compositions, which are 

similar to the infantile human eyeball [11-14,19]. These 
sheep eyes were harvested from animals approximately  
6 to 9 months old, which is equivalent to around 2 to 4 
years of human age. Rhesus macaque eyes were chosen as 
the developmental processes during ocular maturation par-
allels human eye development. Particular similarities in-
clude retinal vasculature conformations, presence of a true 
macula, cellular distributions, and evidence of a dimen-
sionally consistent perifoveal vascular ring [15,20]. Mon-
key eyes were harvested from animals approximately 5 to 
6 years old, equivalent to around 18 to 19 years of human 
age. Although our monkeys were of adolescent age, studies 
show that the stiffness of the macaque sclera, while it does 
advance with age, is not significantly greater in infants 
compared to adolescent monkey [21-23]. An important fea-
ture of the human eye, shared only by primates, is the cen-
tral visual pathway starting at the macula—an area domi-
nated by cone photoreceptor cells. Primates are an 
invaluable model for exploring retinal anatomy and physi-
ology as humans and macaques share susceptibility genes 
for retinal pathology in addition to providing reasonable 
inferences in terms of the biomechanics of the retina. 

The results of the FE model suggest that different types 
of movement generate different stress patterns and so 
would be expected to produce different patterns of trauma 
in the eye. For example, properly heading a soccer ball 
produces almost purely linear acceleration but head-to-
head collisions in soccer, football, rugby, and other sports 
can produce significant levels of both angular and linear 
acceleration [17,24]. We show a distinct difference in the 
amount and pattern of stresses generated during angular 
and linear acceleration, with much larger stresses attained 
during purely angular acceleration. In addition, the pat-
terns obtained during purely angular acceleration revealed 
focal points along the vascular plexus whereas linear ac-
celeration generated a more diffuse pattern radiating from 
the pole.

RH in infants subjected to abuse manifest multiple sub-
types of retinal hemorrhages [25,26]. In comparison to a 
single blunt traumatic event, one forceful impact is unlike-
ly to produce numerous RH throughout the panorama of 
the retina without significant external forces that would be 
obvious based on history. Infants delivered vaginally with-
out complication may present with RH in up to 50% of the 
cases; however, our results suggest that a translational 
force, as seen in a unidirectional vaginal birth (without ro-
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tational and centrifugal force), produces a more diffuse 
pattern of RH concentrated at the poster pole, consistent 
with clinical observations [27]. When specifically consid-
ering RH with potential abuse etiology, extensive and care-
ful medical and social history, and circumstances sur-
rounding the events of the trauma are also essential. 

Using our FE model to simulate shaking at 2.2 Hz, ten-
sion stress values were greatest along the vessels and vessel 
bifurcations [16]. This pattern is consistent with the large 
component of angular acceleration experienced during 
shaking. Tension stress values along the vasculature ex-
ceeded 10 kPa, well above the thresholds for vitreoretinal 
separation in both monkey and sheep eyes of 1.4 and 2.7 
kPa, respectively. These results show that vigorous shaking 
can easily produce enough stress to the retina to separate 
the retina from vitreous. At frequencies of 2.2 Hz, the head 
of the infant travels a large distance resulting in increased 
traction and shear stress at the vitreoretinal interface. Al-
though the range of motion can be more limited at higher 
frequencies, these higher frequencies are not realistically 
achievable [28]. Thus, given the stresses measured on the 
FE eye postshaking, corroborated by ex vivo eyeball ma-
nipulation experiments in conjunction with physical hu-
man limitations of accelerating the infant to maximum 
centrifugal forces, we can reasonably hypothesize that 
shaking an infant at a lower frequency is sufficient to pro-
duce AHT induced RH due to unique anatomical features 
of the infant musculoskeletal system.

Based on our two models, the computational data shows 
that shaking an infant at 2.2 cycles/sec frequency can pro-
duce stress levels that far exceed the minimum threshold 
for producing a vitreoretinal tear which may result in RH 
and other more severe potential outcomes including reti-
noschisis, retinal tear, and detachment, depending on the 
force generated. In our studies, external tensile force at 
two separate points on the retina, one just lateral to the op-
tic nerve and the other 20 mm lateral to the nerve, show 
negligible differences in measured stress on the vitreous 
and retina. Future studies with animal eyeball studies will 
measure vitreoretinal stress due to differing angles of tan-
gential force with respect to the horizontal to explore the 
shearing forces seen in all directions with AHT shaking. 
In addition, studies with ocular tissue that most closely 
aligns with neonatal and infantile ocular tissue would be 
ideal. With computed stress values climbing to 10 kPa in 
the FE model at areas of stronger vitreoretinal adhesions 

throughout the retina, we deduce the size, quantity, and lo-
cation of RH found in AHT may correlate with the force 
generated during shaking. In conjunction with future ani-
mal model studies, future studies with the FE model can 
be modified to apply different parameters and forces in-
duced in other types of traumas, specifically sports-related 
or secondary to automobile accidents.

Defining and characterizing AHT ebbs and flows with 
diagnostic criteria and legal protocols; even the disease en-
tity name itself is in constant flux. What is under consen-
sus is that a diagnosis of AHT requires significant inter-
professional effort including extensive radiological and 
laboratory investigations and is mutually inclusive of clini-
cal, legal, and social implications. With a large proportion 
of cases proceeding to severe morbidity and mortality, 
identifying clinical signs of abuse is critical. Ocular mani-
festations may be the only sign or clue that the child had 
undergone traumatic head injury and correlating the find-
ings clinically should be a rigorous process. False negative 
diagnoses, placing the child back with the perpetrator, can 
often eventually lead to fatality. As a diagnosis of exclu-
sion, similar differential diagnoses must be scrupulously 
ruled out to ensure implications of abuse are not intro-
duced in cases without malicious intent [29,30]. These false 
positive diagnoses can also result in irreparable damage to 
the family dynamics and can have severe negative social 
impact. 

In conclusion, ophthalmologists are often one of the first-
line providers in intercepting potential cases of child 
abuse. By identifying cases with the unique characteristics 
of RH from AHT, the child abuse team is better equipped 
to make the most accurate diagnosis [4,25,31]. The current 
study focuses on understanding the forces generated to 
cause vitreoretinal separation, in hopes to educate the pub-
lic and other medical specialists of the significant risk and 
clinical sequelae associated with shaking an infant. We 
demonstrated that repetitive acceleration-deceleration with 
compressive and tractional forces, stress accumulations 
due to repetition, and rotational-shearing force of the vitre-
oretinal interface play concerted roles in the development 
of retinal hemorrhagic sequelae following AHT [32]. Col-
laborative efforts to work together with pathologists, neu-
rologists, pediatricians, and radiologists, will provide con-
tinued education about the dangers of this condition and to 
reduce alarmingly high case reports of AHT throughout 
the nation.
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