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ABSTRACT: The objective of this study was to document patterns of fracture on infant porcine skulls aged 2-28 days (n = 57) because of a sin-
gle, high energy blunt impact to the parietal bone with rigid (nondeformable) and compliant (deformable) interfaces. Fracture patterns were mapped
using Geographic Information System software. For the same generated impact force, the rigid interface produced more fractures than the compliant
interface for all ages. This study also showed that this increased level of impact energy versus an earlier study using a lower energy resulted in new
sites of fracture initiation and also caused previously defined fractures that propagate into an adjacent bone. Several unique characteristics of bone
and diastatic fracture were documented as a function of specimen age, impact energy, and interface. These data describe some baseline characteristics
of skull fracture using an animal model that may help guide future studies from forensic case files.
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Determining whether a head injury to an infant was the result of
abuse or an accident is a common problem in forensic investiga-
tions. Typically, the legal system depends on the testimony of
medical experts to determine whether the force imparted to a head
in a given scenario is consistent with a specific fracture pattern,
even though there may be little scientific basis for their conclu-
sions. While head injuries account for 80% of fatal child abuse in
young children (1), distinguishing between accidental and abusive
trauma can be difficult, as both may produce similar types of skull
fractures (2). Linear, complex, and depressed skull fractures have
been documented in both cases (3,4). The most commonly frac-
tured cranial bone in both accidental and abuse cases is the parietal
(5-7). And to further complicate the problem, the risk of head
injury is also dependent on the contacting surface (8). Other vari-
ables, such as the area struck, thickness of the skull, thickness of
the scalp and hair, and impact direction, have been shown to affect
the pattern of skull fracture in forensic cases (9,10). However, pri-
marily because of limited availability and ethical issues, little has
been done to date in establishing a solid scientific basis for deter-
mining the causation of impact head injuries based on fracture pat-
tern using the human infant cadaver surrogate.

Because scaling of the adult skull has met with limited success in
predicting the impact response of the pediatric skull (11), an animal
model has recently displayed utility in the study of human pediatric
head injury: the immature porcine model. This animal model has
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been used to predict, for example, fracture forces for the human pedi-
atric femur (12) and strain in the braincase and sutures (13). Studies
by this laboratory (14) and others (15) have also established correla-
tions between the mechanical properties of developing human cranial
bone and suture versus those of the immature porcine model. A more
recent study by Baumer et al. (16) investigated the effects of impact
interface stiffness (deformability) and specimen age (up to 28 days)
using an infant porcine model on the location of fracture initiation in
the parietal bone and adjacent sutures. One result from the study is
that relatively low energy impacts typically initiate bone fracture at
specific sites along the bone-suture boundary in this animal model.
However, in many pediatric death cases there are multiple skull frac-
tures that sometimes are shown to extend across suture boundaries
and into adjacent, seemingly unimpacted bones (6,17). Multiple,
wide, or cross-suture fractures are typically thought to be indicative
of high energy trauma (5). It was therefore necessary for our labora-
tory to study the effect of higher energy impacts on our animal model
that may be more representative of the situation often documented in
current forensic case files.

There were two hypotheses investigated in the current study.
First, we hypothesized that the locations of fracture would not vary
for a doubling of the impact energy from the initiation sites docu-
mented by Baumer et al., in 2010 (16). Second, we hypothesized
that a doubled impact energy would simply increase the length of
fractures via propagation for all ages and that this means of energy
dissipation would be the same for both rigid and compliant inter-
faces. These data may then help in a more complete documentation
of this animal model of the human infant and in the understanding
of the effects of impact energy, impact interface, and specimen age
on more complex fracture patterns in this model.

Materials and Methods

Porcine specimens were received from a local supplier and
stored at —20°C. A total of 57 specimens (aged 2-28 days) were
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used for this study. The animals died of natural causes and were
frozen within 12 h of death. All specimens were free of head
injury, which was confirmed during preparation.

The test procedure was described in a previous study (16).
Briefly, the head was allowed to thaw at room temperature for
24 h before the scalp and facial tissues on the left side were
removed. The removal of these tissues allowed the specimens to be
transversely and rotationally constrained in a bed of air-hardened
epoxy (Fibre Strand; Martin Senour Corp., Cleveland, OH). Phos-
phate-buffered saline solution was applied regularly during the
preparation. The specimen was placed in a four degree of freedom
fixture that allowed adjustments of the impact site (Fig. 1). The
skull was oriented such that the center of the right parietal bone
was normal to the impact interface.

The specimens were impacted using a gravity accelerated mass
(GAM) (Fig. 2). A single impact was delivered using an opera-
tional amplifier comparator circuit to monitor the impact force and
energize an electromagnetic solenoid to catch the GAM immedi-
ately after the impact force returned to zero. The forces were
recorded using a load transducer (4.45 kN capacity, model
AL311CV; Sensotec, Columbus, OH) mounted immediately behind
the impact interface. The force data were sampled at 10,000 Hz.
Two interfaces were used in this study: rigid and compliant. The
rigid interface was a solid aluminum cylinder with c¢. 16 cm® of
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FIG. 1—Orientation of the right parietal bone with rigid impact
interface.
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FIG. 2—The drop tower with gravity accelerated mass shown.
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surface area (Fig. 1). The compliant interface was a deformable
aluminum block (1.10 MPa crush strength Hexcel; Hexcel Corp.,
Stamford, CT), ¢. 3 cm thick with a 16 cm? surface area, attached
to the rigid interface.

Impact energy was controlled by varying the drop height of a
1.67 kg GAM. A slightly larger, 1.92 kg mass was used to generate
fracture in specimens aged 21 days and older. The mass of the
impact interface was included in the GAM. Energy levels for each
age were double those of a previous study (16). The impact energy
was doubled by raising the height of the GAM to twice the height
of the previous study. The input energy for the compliant and rigid
interfaces was equal at each age.

Pressure-sensitive film packets (Prescale; Fuji Film Ltd., Tokyo,
Japan) were attached to the impact site of each specimen to capture
contact area. Two sheets of polyethylene were used to protect low
(0-10 MPa)- and medium (10-50 MPa)-range pressure films
stacked on top of one another from fluids (18). The medium pres-
sure film data was not used in the current study as the impact pres-
sures were too low to record on the film.

After impact, the remaining periosteum and soft tissues were
removed from the skull, and it was visually inspected for bone frac-
ture and suture damage. The remaining soft tissue on the skull was
then removed after the skull was gently cooked in a bath of water,
without chemicals, until the soft tissues could be easily removed.
After glueing the skull back together, the length of skull fractures
was measured to the nearest millimeter using a soft, flexible measur-
ing tape, which contoured to the curvature of the skull. Complete
fracture diagrams were constructed manually for each specimen.

To compare the patterns of fracture between specimens and
interfaces, a Geographic Information System (GIS) method was
utilized in the study. The pattern of fracture from each skull was
constructed using a projected view of the porcine cranium that
best highlighted the right side of the skull with fracture configura-
tions superimposed on it for each specimen. A second view of
the posterior aspect of the cranium was also included as many
high energy fractures involved the occipital bone. Fracture data
from Baumer et al. (16) were also revisited to compare low
energy rigid and compliant fracture configurations to the current
study. Porcine specimens were separated into two different age
groups (2-9 and 19-28 days) for both the rigid and compliant
impact interfaces and at low and high energy levels to better
demonstrate the fracture pattern changes in relation to porcine
growth and development, impact interface, and input energy.
These age groups were chosen based on general observations of
gross fracture and material property changes for the skull and
suture tissues documented in the literature (14,16). The fracture
pattern for each porcine cranium was traced into individual shape
files (19). The GIS model then counted overlaid fracture patterns
on each cranium, generating a map of where fractures appeared
most frequently. After each map was constructed, the GIS model
was used to discuss the differences in fracture patterns between
specimens of different age, impact energy, and interface.

The impact data were analyzed for age effects using linear
regression analyses. Comparisons between the interfaces were per-
formed using a two-factor (age, interface) analysis of variance
(ANOVA). Statistically significant effects were reported for
p < 0.05.

Results

Impact energies were doubled from those used by Baumer et al.
(16) by doubling the drop height at each age. The drop heights
ranged from 0.2 m for a 2-day-old specimen to 1.2 m for a
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28-day-old specimen. The values of impact energy ranged from 3.1
to 22.6 J, respectively.

The impact force on the skulls increased with age for both inter-
faces, and there was little difference in the peak impact force
(within 100 N at a given age) between the two interfaces (Fig. 3).
Linear regression analysis indicated a significant increase in the
impact force with age for the compliant (p < 0.001) and the rigid
interfaces (p = 0.006).

Due primarily to the increase in impact force applied to the
skull, the contact areas generated during impact were found to sig-
nificantly increase (p = 0.003) with age at a similar rate for both
interfaces (Fig. 4). A two-factor ANOVA (age, interface) for the
contact area showed a significantly larger area of contact generated
with the compliant than rigid interface.

The length of fracturing (in bone and along sutures) versus age
plot showed, on average, a significantly larger (p = 0.034) amount
of fracturing for the rigid than the compliant interfaces (Fig. 5).

The GIS fracture maps confirmed that the length of fractures
was greater for rigid than compliant interface impacts for the youn-
ger age group in the current study (Fig. 6a.b). For the compliant
interface experiments, the pattern maps showed fractures primarily
appearing to initiate at four sites adjacent to the sutures along the
perimeter of the parietal bone. However, for the rigid, there
appeared to be numerous initiation sites. There was also
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FIG. 3—Peak impact force versus age for both the rigid and compliant
interfaces.
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FIG. 4—Impact contact area plotted versus specimen age for both rigid
and compliant interfaces.

significantly more diastatic fracturing in the rigid than compliant
interface experiments, specifically along the coronal suture.

In the older group of specimens (19-28 days), more fracturing
was again confirmed for the rigid than compliant interface experi-
ments (Fig. 7a,b). Yet, in these experiments, no diastatic fractures
were noted. Sites of fracture initiation were evident in the parietal
bone along the coronal and lambdoid sutures for the compliant
interface experiments. Two of these sites were similar to those
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FIG. 5—The length of total skull fracture as a function of age.
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FIG. 6—Geographic Information System map of 2-9 day old rigid (a)
and compliant (b) impacts at high energy.
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FIG. 7—Geographic Information System map of the 19-28 day old rigid
(a) and compliant (b) impacts at high energy.
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documented in the younger age group. These sites were also noted
in the rigid interface impacts; however, there were more propagated
fractures with the rigid interface. Interestingly, in the current study
using high energy impacts to the parietal bone, significant fractur-
ing was also documented in the occipital bone for both age groups
and interfaces.

The GIS maps of the revisited Baumer et al. (16) data showed
three primary areas of fracture initiation, regardless of interface.
For the younger age group (2-9 days old), the compliant interface
produced more fractures of the skull than the rigid at the same
impact energy level (Fig. 8a.b).

For a low energy of impact, there was little to no skull fracture
with the compliant interface for the older age group (Fig. 9b). Two
fracture initiation sites were noted along the coronal and lambdoid
sutures. The rigid impacts produced more propagated fractures initi-
ating at approximately the same locations as in the compliant inter-
face experiments (Fig. 9a).

There were many specimens in both high energy age groups
where fractures appeared in the occipital region. These fractures
were not present in the revisited Baumer et al. (16) data.

Discussion

The current study focused on skull fracture patterns under a high
impact energy as a function of both age and interface using a
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FIG. 8—Geographic Information System map of the 2-9 day old rigid (a)
and compliant (b) impacts at low energy.
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FIG. 9—Geographic Information System map of the 19-28 day old rigid
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porcine model. It was hypothesized that a high level of impact
energy would not change the locations of fracture initiation from
those documented previously in low energy experiments (16).
However, the locations of fracture initiation were found to be a
function of impact energy. Baumer et al. (16) document three pri-
mary sites of fracture initiation for both interfaces at a low impact
energy. While these sites were present in the current study, new
initiation sites emerged at the increased level of impact energy. It
was also hypothesized in the current study that there would be a
greater amount of fracturing via propagation for these higher
energy impacts. The amount of fracture produced in the current
study was significantly greater than that produced in the low energy
experiments conducted by Baumer et al. (16).

An interesting finding in the Baumer et al. (16) study was the
equal amount of fracture produced by the rigid and compliant inter-
faces at c. 18 days of age for a given impact energy. Prior to 18
days, the compliant interface produced more fracture than the rigid
interface, but thereafter, there was less for the same impact energy.
Baumer et al. (16) suggest that the compliant interface generated
higher states of stress near sutures. These stresses were high
enough to produce diastatic fractures and therefore a larger amount
of total fracture with the compliant interface. In the current study,
however, the rigid interface produced more fractures than the com-
pliant interface at all ages, except for the 2-day-old specimens. This
change may be attributable to alterations in bone and suture sensi-
tivities to rate of loading. It has been shown in the literature that
human bone and suture exhibit mechanical property sensitivities to
loading rate (20-22). Young soft tissues, in particular, are more
sensitive to changes in loading rate than older tissues (23). Margu-
lies and Thibault (15) also determined that the material properties
of young porcine cranial suture at two different rates of loading
and documented significant increases in rupture modulus, elastic
modulus, and rupture energy at the higher rate. Therefore, at higher
rates of loading, sutures may become more “brittle-like,” especially
in the younger-aged specimens. The rigid interface may have pro-
duced more fractures because of its smaller contact area, which
produced higher impact stresses than the compliant interface. Fur-
thermore, with an increase in suture stiffness for these high rates of
loading in the current study, higher stresses were likely transmitted
across sutures to produce fracture in the occipital bone with both
interfaces. These results contrast with the lack of occipital fracture
documented in the Baumer et al. (16) study at low levels of impact
energy. These findings suggest that high levels of impact energy
generate more areas of fracture remote to the impact site.

The greater degree of total skull fracture in the current study
was also because of the new sites of fracture initiation with
increased levels of impact energy. Baumer et al. (16) documented
three primary sites of fracture initiation, regardless of interface
(Fig. 8a,b) at low energy. These three sites were also documented
in the current study; however, there were one or more additional
sites of fracture initiation depending on the interface. One possible
explanation for these new sites is the need to dissipate a larger
amount of energy through fracture of the bone. In the current study,
the initiation sites documented by Baumer et al. (16) were fully
propagated through the parietal bone for the rigid interface. Frac-
ture propagation appeared to be one method to dissipate impact
energy; however, additional fracture sites were likely needed to
allow the bone to dissipate all of the impact energy generated with
the higher drop heights in the current study. These new sites were
more frequent with the rigid interface because of the impact force
being distributed over a smaller area, generating larger impact stres-
ses in the skull. The larger contact area produced with the compli-
ant interface likely attenuated impact stresses resulting in fewer
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fracture initiation sites. This difference in fracture initiation sites
suggests that the level of impact energy affected a characteristic
feature of the fracture pattern for a given interface.

The commonality in fracture patterns for the current and Baumer
et al. (16) studies between specimens of the same age and impacted
with the same interface was documented using GIS software. This
GIS image-analysis approach has been previously used for both
archaeological cut-mark distribution on fauna (24) and carnivore
modification to faunal remains (25); however, while Damann et al.
(26) have examined fracture patterns from human aircraft crashes,
this is the first forensic application of the Marean et al. (19) GIS
image-analysis technique for bone fracture pattern analysis. Further,
this project is unique as it is one of the first attempts to compile
fracture pattern data from a relatively large sample of documented
experimental impacts. Lee (27) examined fracture patterns of
human laryngeal structures after impacting them with a drop tower,
but this analysis did not employ GIS, instead using simple tracings
of fracture lines. The analyses in the current study provided some
insights into the discrimination of fracture characteristics as a func-
tion of specimen age, impact interface, and energy for the imma-
ture, porcine model. These characteristics were described by
assessing the frequency of fracture on each GIS map for the given
set of impact conditions. For example, high energy impacts in the
younger age group (2-9 days) tended to produce occipital fractures
for both interfaces. Again, occipital fracture was not seen in the
low energy impacts of Baumer et al. (16).

Additionally, each interface produced characteristic fracture attri-
butes. The rigid interface generated much diastatic fracturing at this
higher impact energy, whereas the compliant interface did not. These
findings contrast with those noted by Baumer et al. (16), where the
compliant interface produced more diastatic fractures than the rigid
interface for the younger-aged specimens. One could then say, if a
given fracture pattern for a younger-aged specimen involves occipital
and diastatic fracture, the causation of injury may well have been a
high energy, rigid impact. Future work needs to be focused on the
study of uniqueness of these characteristic fracture patterns on the
infant porcine skull as a function of impact interface, energy, and
specimen age. One limitation of this animal model may be specimen
age, as the skull appears to significantly thicken beyond c. 24 days of
age (data not presented here). A previous study was able to show a
good correlation in the development of bending rigidity of the parie-
tal bone using months of human age and days of porcine age up to c.
24 days of age (14). And yet, various studies in the current literature
have shown that most questions of abusive or accidental trauma
involve infants <18 months of age (28).

In cases of infant death via a head injury, the medical examiner
faces a difficult task in determining the causation of trauma. Age,
interface, and impact energy each appear to affect the pattern and
degree of skull fracture in the animal used in this study. Under the
impact energy used in the current experiments, the rigid interface
produced as much or more skull fracture than the compliant inter-
face at each specimen age. This was in contrast to the previously
reported data using lower impact energy with the same animal
model, where the compliant interface produced more fractures of
the infant porcine skull for specimens <18 days of age (16), but
fewer fractures than the rigid interface in more aged specimens.
The current study also showed that this higher versus lower level
of impact energy as used in our previous study altered the pattern
of skull fracture by generating additional sites of fracture initiation
in addition to causing propagation of fracture into adjacent, unim-
pacted bones of the skull. These characteristic fracture patterns
were presented as a function of impact energy and interface using
GIS software. Future studies will be needed to continue the

characterization of fracture patterns on the immature, porcine skull
with the goal of developing mathematical-based algorithms to
determine the ‘“‘best-case” input loading scenerio causing specific
fracture patterns in this model of the human infant.
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