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Highlights

*Of forensic paediatric deaths, short falls comprised 0.1% and physical abuse 0.6%.
*Pilot findings suggest possible differences between short falls and physical abuse.
*Simple short falls resulted in simple linear neurocranial fractures.

*Physical abuse resulted in linear or complex skull fractures and postcranial trauma.

*Pilot data forms the foundation of the Registry of Paediatric Fatal Fractures (RPFF).



Abstract

In cases where a deceased child exhibits trauma as a result of a physical abuse blunt impact
load, a parent/caregiver may provide a simple short fall (SSF) as the justification for that
trauma. The skeletal fractures remain difficult to differentiate between a SSF and physical
abuse however, as both are the result of a blunt impact load, and are therefore
biomechanically alike, and the rare nature of these fatalities means only anecdotal research
has been available to validate such claims. The aim of this pilot study was to investigate if
there may be differences in the skeletal fracture patterns and types resulting from SSFs
compared with those resulting from physical abuse blunt impacts. Paediatric (<10 years)
cases of fatal SSFs (<1.5 m) and physical abuse were collected from the Victorian Institute of
Forensic Medicine (Australia), Institut Médico-Légal de Paris (France), University of Pretoria
(South Africa) and Great Ormond Street Hospital (England). For each case the intrinsic and
extrinsic variables were recorded from medico-legal reports and skeletal trauma was
documented using post-mortem computed tomography scans and/or skeletal surveys. Three
SSFs and 18 physical abuse cases were identified. Of the SSF cases, two exhibited fractures;
both of which were simple linear neurocranial fractures. Comparatively, 12 of the physical
abuse cases exhibited fractures and these were distributed across the skeleton; 58% located
only in the skull, 17% only in the post-cranial and 25% located in both. Skull fracture types
were single linear, multiple linear and comminuted. This pilot study suggests, anecdotally,
there may be differences in the fracture patterns and types between blunt impact loads
resulting from a SSF and physical abuse. This data will form the foundation of the Registry
of Paediatric Fatal Fractures (RPFF) which, with further multicentre contributions, would
allow this finding to be validated.

Keywords: Paediatric skeletal trauma; Blunt impact load; Physical abuse; Simple short fall;
Medical imaging; Registry

1 INTRODUCTION

Differentiating the skeletal trauma that results from accidental simple short falls (SSF) (i.e., free fall
of < 1.5 m from a stationary position onto a hard surface) with those resulting from physical abuse
(e.g., punched, kicked) remains a diagnostic dilemma in paediatric forensic medicine. Both blunt
force trauma events are the result of an impact load; that is, either the moving body strikes a stationary
object, typically SSF, or the body is struck by a moving object, typically physical abuse. As both
events result in a blunt impact load, they are therefore biomechanically alike and thus the resulting
skeletal injuries may be similar, making the blunt force trauma events difficult to differentiate.

In cases where a deceased child exhibits trauma as a result of physical abuse blunt impact
loads, a parent/caregiver may provide a SSF as the justification for that trauma (e.g., [1], [2], [3])-

Although studies have shown that fatal SSFs are very rare events [4], [5], post-mortem case series do



exist [2], [6], [7] and biomechanical modelling, although not uniformly agreed upon, has validated
their plausibility [8]. Thus, it is essential to accurately differentiate trauma that results from a fatal
SSF with that resulting from physical abuse, as the consequences of an incorrect interpretation of the
manner of injury (i.e., accident or abuse) may have significant health, welfare and justice implications
for the deceased child and their family/caregiver. The ramifications of when the wrong diagnosis of
the manner of trauma is made has been exemplified on an individual case level by Barnes et al. [8]
and Conradi and Brissie [9], as well as in reviews of large-scale miscarriages of justice, including the
2007 Inquiry into Pediatric Forensic Pathology in Ontario [10].

Comprehensive understanding of the skeletal trauma resulting from blunt impact loads in
physical abuse and SSFs has come from clinical, rather than post-mortem, contexts. Since fractures
resulting from physical abuse were first noted by physician John Caffey in 1946 [11], extensive
empirical research has documented diagnostic fracture patterns for suspected physical abuse [12],
[13], [14], [15],[16], [17], [18], [19] and fracture pattern models to differentiate physical abuse from
various causes of accidental trauma [20], [21], [22]. This research has provided a strong evidence base
for the interpretation of non-fatal physical abuse by identifying the fractures which have a high
specificity for abuse. These include: complex skull fractures, as well as fractures of the metaphyses,
scapulae, ribs, and vertebrae; when fractures occur bilaterally and/or are varying ages, as well as
subluxations [15], [21], [22], [23], [24]. Both Bilo et al. [25] and Kemp et al. [21] concluded that the
trauma both blunt impact loads tended to have in common was linear fractures of the parietal bone,
however they reiterated that no fracture on its own was diagnostic for abuse or accidental trauma. In
cases of non-fatal SSFs, fracturing has shown to be a rare occurrence that may involve the skull, but
that those fractures are not commonly associated with severe brain injury [26], [27], [28], [29]; further
reiterating that, although a fracture may result, these injuries are typically not life-threatening. In the
case of a skull fracture, these have typically been identified as simple linear or depressed [27], [28],
[29], [30], [31]. Finite element modelling [32] and biomechanical experiments [33] have validated
these findings; supporting the retrospective conclusions that SSFs are able to result in skull fractures

and that these may be simple or multiple linear in type.



The skeletal injuries present in children who survive however, are not directly comparable to
post-mortem cases. In clinical cases, the trauma is not typically life threatening and so may involve
anatomical regions of the body that would not result in fatality, such as areas not associated with
protecting vital organs (e.g., skull), or the severity of the trauma may have been less than what would
have occurred in fatal cases. Subsequently, although clinical literature provides the foundational
evidence base for blunt force trauma analysis in post-mortem contexts, its applications are limited.

In post-mortem contexts, the evidence base for the interpretation of skeletal trauma resulting
from physical abuse blunt impact loads, although not as comprehensive as the clinical work, still
provides some foundation. Research by Abel [34], Love et al. [35] and Baker [23], underpinned by
anecdotal studies [36], [37] and epidemiological reviews [38], identified, not surprisingly, that there
are no unique fracture patterns or types diagnostic of fatal blunt force physical abuse. Rather, all
regions of the skeleton are susceptible to fracturing, with the skull, ribs and long bones being most
prevalent, and that any type of fracture (e.g., complex, linear, spiral) may result as this is dependent
on the nature of the abuse and the blunt implement used [23], [35]. It is important to note however,
that these findings are in reference to blunt force trauma broadly (e.g., compression, tension, rotation,
shearing and bending) and thus not all skeletal findings will be associated specifically with physical
abuse impact loads.

In contrast, fatal SSFs have not been subject to empirical research. Due to the relative rarity
of these events, only anecdotal case studies/series [2], [6], [7] have documented the skeletal trauma
resulting from fatal SSFs. Subsequently, the skeletal trauma that is characteristic of this impact load
remains unclear. From this anecdotal work, Plunkett [7] noted head injuries were associated with fatal
SSFs, and that of the five SSF cases in his series, one had associated skull fractures, which involved
the calvarium and were complex in type. Denton and Mileusnic [6] identified a linear skull fracture of
the parietal bone, whilst Reiber [2] reported brain injuries with no associated skull fracture.

With a limited evidence base and many of the current findings unclear or non-substantiated, it
remains difficult to differentiate the skeletal trauma resulting from fatal SSFs with fatal physical

abuse blunt impact loads. The aim of this pilot study was to use a multicentre approach to identify if



there were potential differences in the fracture patterns and types resulting from fatal SSFs and

physical abuse blunt impact loads.

2 MATERIALS AND METHODS

Cases of paediatric (<10 years of age) fatal blunt impact loads resulting from SSFs (i.e., falls of <

1.5 m from a stationary position onto a hard surface) and physical abuse were retrospectively
collected from the databases of four medico-legal institutions. These institutions were the: Victorian
Institute of Forensic Medicine (VIFM) (Melbourne, Australia); Institut Médico-Légal de Paris (IMLP)
(Paris, France); Pretoria Medico-Legal Laboratory (PMLL), University of Pretoria (Pretoria, South
Africa) and Great Ormond Street Hospital (GOSH) (London, England). Each database was
retrospectively reviewed for paediatric deaths admitted for medico-legal investigation where the
original notes suggested blunt force trauma may be the result of a SSF or physical abuse, and imaging
data was available. Collectively, this comprised a sample of 132 deaths. For each death, the medico-
legal files were reviewed to identify true cases of SSFs and physical abuse. These files comprised,
where possible, circumstantial information from law enforcement, forensic pathology, forensic
radiology and legal (i.e., coronial) findings. Deaths were included in the study when there was
evidence of blunt impact trauma, established from the pathology and radiology findings, and
contextual details of the traumatic event were provided and substantiated with police information and,
in some cases, legal findings. Deaths were excluded from the study if the death was assumed or found
to be natural (e.g., sudden infant death syndrome); if the circumstances were not provided, unclear or
unsubstantiated; the blunt load was irrelevant, and if it was unclear if a SSF or physical abuse resulted
in the blunt impact load. For select physical abuse cases where the details of precisely how the blunt
force impact occurred were unclear, these deaths were still included if the associated medical and law
enforcement investigation established the death as a homicide. Although there are several limitations
that affect ‘ground truth’ when employing such a retrospective circumstantial model to establish the

blunt force event, as detailed in the Discussion, this analysis of medical and contextual information



remains one of the few suitable methods available for addressing trauma questions in forensic
medicine and is accepted in the Choudhary et al. [39] consensus statement.

For each relevant death, intrinsic (i.e., age, sex, weight and height) and extrinsic (i.e., height
of fall or, for physical abuse, the object used and number of impacts) variables were recorded from the
associated medical, law enforcement and legal findings, where available. Skeletal trauma was
analysed by retrospective review of full-body post-mortem computed tomography (PMCT) scans for
the VIFM, PMLL and IMLP cases and from a combination of PMCT scans and radiographs for the
GOSH cases (Table 1). Imaging was used as the preferred method for skeletal trauma analysis due to
its high sensitivity and specificity for identifying skeletal fractures [40], [41], as well as its
accessibility for retrospective research. For cases with PMCT scans, each skeletal element was
reviewed in the axial, sagittal and coronal planes. Fracture patterns were documented per bone and
fracture types were described using standard terminology (e.g., linear, depressed, comminuted). When
present, ante-mortem skeletal trauma was recorded. The differentiation of ante-mortem from peri-
mortem fractures was made from a combination of the PMCT images, plain film radiographs and the
histology findings reported in the forensic pathology reports. Such a holistic approach follows
recommended best practice for accurately identifying ante-mortem fractures [42], [43] and was
utilised due to the complex nature of remodelling in that only histology could identify ante-mortem
fractures that were very recent (e.g., few days old), whilst older fractures with clear evidence of bony
remodelling were identifiable from imaging.

Skeletal trauma was assessed by one author (SKR). From each institution 30-50% of the
cases included were randomly selected and cross-examined by forensic radiologists for quality
assurance. Due to the study’s small sample size, descriptive analyses comprising measures of
frequency and Fisher’s Exact tests were undertaken.

Ethical approval was obtained from the VIFM Research Advisory Committee (RACO011-18)
and Ethics Committee (EC10-2018); the University of Pretoria Faculty of Health Sciences Research

Ethics Committee (369/18), and University College London Institute of Child Health/GOSH Research



Table 1. Post-mortem CT specifications for each medico-legal institution.

Years  Location of CT scanner specifications Multimodality image Protocol for scanning
Imaging rendering software paediatric cases
VIFM 2006- VIFM Toshiba Aquillion 16® (Helical 16 rows, typical tube voltage Syngo.via Routine for every case admitted
2009 120 kVp), 0.6—1 mm slice thickness. (VB20A HFO05) to the VIFM.
2009- VIFM SOMATOM® Definition Flash, Siemens Healthcare (Helical 128 Syngo.via
2017 rows, tube voltage 140 kVp). 0.5-0.7 mm slice thickness. (VB20A HFO05)
IMLP* 2014- Centre General Electric Lightspeed, 64-detector CT scanner, 120 kV, 0.6— Advantage Windows Requested at discretion of the
2018 Hospitalier 2.5 mm slice thickness 4.6, GE Healthcare forensic pathologist.
Sainte-Anne
PMLL 2011- Steve Biko Siemens SOMATOM ® Sensation Cardiac 64. Full body scans: 3 mm  Enterprise Imaging, Routine for all abuse/suspected
2018 Academic x 3 mm thick cuts and 0.6 mm x 0.6 mm thin cuts for reconstructions. ~ Diagnostic Desktop abuse cases, and all sudden
Hospital Head scan: head soft tissue 5 mm x 5 mm, axial Head bone 3 mm x 8.0.1 SP12 AGFA unexpected deaths. Imaging
3 mm, axial thick cuts 1 mm x 0.5 mm thin cuts for reconstructions. Healthcare requested at discretion of the
Neck, Body and Leg scans: 2 mm x 2 mm thick cuts 1 mm x 0.5 mm forensic pathologist.
thin cuts for reconstructions.
GOSH 2010- GOSH Siemens SOMATOM® Definition (64 slice), 1 mm slice thickness Syngo.via Required for all cases with
2013 suspicious circumstances
2014- GOSH Siemens SOMATOM FORCE® (364 helical; typical tube voltage Syngo.via surrounding death.
2018 120 kV), 1 mm slice thickness.

2one IMLP case was reviewed from micro-computed tomography image photographs and autopsy photographs as the PMCT and radiographs were unavailable.



Ethics Committee (05/Q0508/96). Separate ethics approval from the IMLP was not required as the

institution accepted the VIFM ethics approval under their existing memorandum of understanding.

3 RESULTS

A total of 132 deaths considered possible SSFs or physical abuse with associated imaging were
available for review (Table 2). In total, 21 of those cases met the study inclusion criteria for either a
fatal SSF (n = 3) or fatal physical abuse (n = 18) resulting from a blunt impact load (see Table 2). Of
the 2, 911 total paediatric deaths admitted for medico-legal investigation, SSFs thus comprised an
average of 0.1% of cases and physical abuse an average of 0.6% of cases. The remaining 111 deaths
were excluded from the study. Of these, 36 were an irrelevant blunt force event or non-traumatic
death; 19 were other types of blunt force physical abuse (e.g., compression, hyper-extension, shaking)
or falls (e.g.,>1.5 m) and 27 had insufficient contextual details to establish if the case was a SSF or
physical abuse. The remaining 29 were potentially relevant deaths, however case complexities or
insufficient information meant that, for some cases of physical abuse it was not possible to
differentiate an impact from other blunt forces, and in other cases it was not possible to differentiate a
SSF from physical abuse (see Table 2).

Of the 21 cases included in the study, 9 (43%) were female and 12 (57%) male. Ages ranged
from six days through to nine years old, with an average age of two years (Table 3). The cause of
death was available in 19 cases and, of those, 89% (n = 17) were related to head injuries (see Table 3).
For the physical abuse cases where cause of death was related to head injuries, those cases were thus
considered cases of abusive head trauma (AHT) [39].

The circumstances resulting in the blunt impact loads were varied. The three SSFs comprised
falls from heights of approximately one metre; fall from parents back, fall from parents’ arms and fall
from kitchen bench. None of the falls were independently witnessed. In one case it was reported the
caregivers had, prior to the investigation, initially been arrested for abuse when they alleged the
trauma was the result of a SSF. Physical abuse cases involved a variety of blunt implements

comprising both the physical body of the abuser (e.g., hand — punch, foot — stomp) as well as objects



Table 2. Cases of relevance for the study across the four medico-legal institutions.

Empty Years Number of Yearly  Deaths of Excluded Cases Included Cases
Cell imaging child average possible Irrelevant Case reported as Case was  Possibly relevant case, Simple Physical
data was  deaths (0— relevance case (i.e., fall/physical abuse, other type however could not Short Abuse
available 10 years) for review accidental however there was of blunt differentiate if blunt Fall
admitted blunt force insufficient/unclear force force abuse was
event/non- contextual details to physical ‘impact’ trauma or
traumatic confirm case suitable for ~ abuse or differentiate blunt
death) study fall force abuse from SSF
due to insufficient
information/
complexities of
findings
VIFM  2006— 1408 117 22 0 0 3 8 0 11
2017
IMLP 2014- 139 28 14 3 1 4 4 0 2
2018
PMLL 2011- 753 94 20 7 5 2 2 1 3
2018
GOSH 2010- 611 68 76 26 21 10 15 2 2
2018
Total 2911 132 36 27 19 29 3 18




(e.g., wrench). In nine cases the details of the physical abuse event were unsubstantiated or unclear,
however the medical and investigative evidence concluded the injuries were attributed to blunt impact

loads in the context of homicide and thus they were appropriate to include.

Table 3. Demographic and circumstantial detail by blunt force impact load.

Empty Cell Physical abuse Simple short fall
(n=18) n=3)
No. Y% No. %
Sex Males 10 56 2 67
Empty Cell Females 8 44 1 33
Age (years) 0-3 15 83 3 100
Empty Cell 4-6 2 11 0 0
Empty Cell 7-9 1 6 0 0
Cause of Death Related to head injury 13 72 2 67
Empty Cell Related to head and chest/abdomen 2 11 0 0
injuries
Empty Cell Related to chest/abdomen injuries 2 11 0 0
Empty Cell Unavailable® 1 67 1 33
Ante-mortem Present 9 50 0 0
fractures
CPR related rib Present 1 6 1 33
fracture

2autopsy was completed, however the pathology report was unavailable. Clinical notes, radiology reports and
law enforcement summaries describe injuries as involving only the head (SSF case) and both head and
extremities (physical abuse case).

Skeletal trauma occurred from two (67%) of the SSFs and 12 (67%) of the physical abuse
blunt impact loads. A Fisher’s Exact test showed no significant relationship between the presence and
absence of fractures. Retrospective centralised radiological review of the imaging showed full
agreement with the initial trauma analysis; no further fractures were identified. Cases of SSFs
exhibited only skull fractures, whilst cases of physical abuse exhibited skull and post-cranial
fractures; 58% (n = 7) located only in the skull, 17% (n = 2) only in the post-cranial and 25% (n = 3)
located in both (Table 4, Fig. 1). A Fisher’s Exact test showed this relationship was not significant.
The distribution of the skull fractures between the two blunt impact loads differed. In cases of SSFs,
fractures were localised to the neurocranium, whilst in cases of AHT fractures involved all aspects of
the skull (see Table 4, Fig. 1). In the SSF cases with fractures, only a single skull bone was involved
with each impact load, whilst in the AHT cases, fracturing involved more than one skull bone in 60%

of the skull fracture cases.
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Fig 1. The frequency and distribution of fractures as related to the blunt impact load.
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Fig 2. Volume rendered views of the skull showing examples of the different fractures resulting from blunt impact loads following physical abuse. a) Right
lateral view showing displaced comminuted fractures; (b) Posterior oblique view showing comminuted fracturing; (c) Inferior view showing a simple linear
fracture of the skull base; (d) Left lateral view showing multiple linear fractures with a displaced fragment of bone; (e) Superior view showing comminution

with diastases; (f) Right lateral view showing multiple linear fractures.
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Table 4. Skeletal elements fractured as a result of the blunt force impact loads by age group.

Physical abuse (n=18)  Simple short fall (n =3)

0-3 years 4-10 years 0-3 years
No. % No. % No. %

Skull Frontal 1 556 1 5.56 1 33.33
L parietal 3 16.67 1 556 0 0

R parietal 5 27.78 1 556 1 33.33
R temporal 0 0 1 556 0 0
Occipital 6 3333 1 556 0 0
Sphenoid 0 0 1 5.56 0 0
L maxilla 0 0 1 556 0 0
R maxilla 0 0 1 556 0 0
L zygomatic 0 0 1 556 0 0
Maxillae dentition 0 0 1 556 0 0
Mandible 0 0 1 556 0 0
Mandibular dentition 0 0 1 556 0 0
Post-cranial R 6-8th ribs 1 556 0 0 0 0
R humerus 1 556 0 0 0 0
R femur 2 11.11 0 0 0 0
R tibia 1 556 0 0 0 0
L 6-9th ribs 2 11.11 0 0 0 0
L 10th rib 1 556 0 0 0 0
L humerus 1 55 0 0 0 0
L femur 1 556 0 0 0 0
L tibia 1 556 0 0 0 0

The two cases of SSFs both exhibited a simple linear neurocranial fracture, whilst those
resulting from AHT exhibited a range of neurocranial fractures comprising simple linear, multiple
linear, comminuted and diastatic (Fig. 2). As detailed in Table 5, six cases involved a combination of
these fractures. Of the three cases exhibiting diastases, two were the result of a linear fracture
radiating through part of a suture and the third was a fracture of the zygo-temporal suture causing
diastasis. A Fisher’s Exact test showed no significant relationship between neurocranial fracture type
and blunt force impact load. Post-cranially, fracture types exhibited as a result of physical abuse
comprised full-thickness transverse and buckle fractures of ribs (anterior and/or posterior) and

metaphyseal and spiral fractures of long bones.
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Table 5. Neurocranial fracture type combinations in the AHT cases (n=10).

Fracture combination Number of cases

Single linear 2

Multiple linear

Single linear involving diastasis

Comminution + single linear + diastasis

Multiple linear + comminution

Multiple linear + comminution involving diastasis

bt N | bt | | [ DN

Displaced fragment + multiple linear

Fractures unrelated to the peri-mortem blunt impact load were identified in 11 (52%) cases
(see Table 3). One SSF and one physical abuse case had cardiopulmonary resuscitation (CPR)
administered and both exhibited unilateral anterolateral buckle rib fractures consistent with those
reported to result from CPR in infants [44]. Ante-mortem (i.e., remodelled) fractures were present in
nine of the physical abuse cases and none of the SSF cases. Eight cases were in children under the age
of three years old and fractures involved the skull (n = 3), ribs (n=15) and long bones (n=4).
Variations in the development of callus formation indicated one previous physical abuse event in
some cases, but multiple events in other cases. In three cases a single bone had been fractured ante-

mortem, whilst in six cases multiple bones had been fractured.

4 DISCUSSION
Fatal blunt impact loads associated with SSFs and physical abuse have been reported to be rare events
[4], [5], [45], [46]. Such an observation is well validated in this pilot study where, of all paediatric
deaths reported to four medico-legal institutions (n =2911), collectively only 0.1% of cases were
attributed to fatal SSFs and 0.6% to fatal physical abuse blunt impact loads. Not only is this study the
first to identify and validate how rare these medico-legal cases are, but in particular the very low
prevalence of SSFs identified suggests that cases may be rarer than previously reported [39].

Given it is rare for a blunt impact SSF and physical abuse event to result in fatality, the
sample size in this pilot study is expectedly small and, consequently, conclusions drawn may only be
considered anecdotal. While it is inappropriate to draw firm conclusions from anecdotal data, at the

simple descriptive level, this pilot study suggests there may be notable differences in the skeletal
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trauma resulting from a SSF with blunt impact physical abuse. Such a conclusion, however, requires
sample augmentation to investigate significant associations before it may be considered valid.

Most blunt impact loads occurred in children three years old or younger. Although case series
have generally found fatal physical abuse and SSFs occur in children under three years old [36], [37],
[47], and thus some research has specifically focused on this age demographic [4], this study took a
broader approach in reviewing cases under the age of ten years to validate this demographic
assumption. In cases of fatal physical abuse, majority of children were under the age of three years,
which may be in part attributed to their greater vulnerability [48], however such abuse events still
occurred in children up to the age of nine years. Comparatively, fatal SSFs, although having been
reported to occur in children over three years old [7], found that, similar to Hall et al. [47], they only
occurred in infants and toddlers.

Ante-mortem trauma was only present in cases of physical abuse. The presence of ante-
mortem fractures in children, almost all younger than three years old, has long been considered a
‘hallmark’ indicator for suspected physical abuse [49], [50]. While it is possible that children may be
clumsy and potentially show evidence of ante-mortem trauma not the result of physical abuse, to date,
the anecdotal case reports of SSFs have not reported associated ante-mortem fractures [6], [7]; a
finding further supported by this study.

Brain injuries, regardless of the presence or absence of associated skull fractures, were the
most prevalent cause of death for blunt impact loads resulting from both SSFs and physical abuse.
This has been well documented in the literature with physical abuse studies frequently reporting brain
injuries as the primary trauma requiring clinical care [12], [16], [51], to the extent that they are
commonly the cause of fatality [37], [39]. Similarly, brain injuries, although rarely found in SSF
clinical cases [26], [27], [28], have been documented in every fatal case [2], [6], [7], [47].

Skeletal trauma showed the same frequency between cases of physical abuse (67%) and SSFs
(67%). Such fatal blunt impact loads, however, commonly leave no injuries to the skeleton. Therefore,
the absence of skeletal trauma in no way negates the possibility that either a SSF or physical abuse

event occurred. As evident in one SSF case, which resulted in a haematoma, haemorrhages and

15



cerebral oedema, and six physical abuse cases, as well as fatal cases reported in the literature [7], [37],
[38], even when injuries were so severe they resulted in fatality, it is not surprising to see an absence
of skeletal trauma. This variation in fracturing is attributed to the complex interplay between bunt
force intrinsic and extrinsic variables. Such variables include, but are not limited to, the: area of bone
impacted; direction of impact; energy distributed through impact; shape and size of the blunt object;

skeletal developmental stage and soft tissue thickness [52], [53], [54]..

4.1 Fracture Patterns

When skeletal trauma resulted, there were several differences in the location and distribution of those
fractures between the two blunt impact loads. In cases of SSFs, fractures were localised to the skull,
whilst in physical abuse cases there were three different trauma patterns identified: fractures only of
the skull, fractures only of the postcranial skeleton, and fracturing of both the skull and postcranial
regions. Although only anecdotal, this difference between fracture patterns adds strength to
observations previously identified in the literature. Plunkett’s [7] retrospective case series that
included SSFs found that, in cases where fracturing occurred, they exclusively involved the skull.
Whilst in cases of physical abuse, Love et al. [35] and Bilo et al. [25] identified that fractures may
occur in any region of the skeleton, but that the nature of these events resulting in fatality, typically
means fracturing involves the skull; a pattern consistent with that seen in this pilot study.

As skeletal trauma resulting from both fatal blunt impact loads typically involves the skull,
fracture distribution in this region is of particular interest. In SSFs, fractures were present only to the
neurocranium and, more precisely, the anatomical region above the hat brim line (HBL) (as defined in
Kremer et al. [55]); a fracture pattern in complete contrast to that seen in adults who experienced fatal
falls from the same height [56]. Hajiaghamemar et al.'s [57] finite element models identified that a
variety of neurocranial bones may fracture in a SSF, but that there is a greater frequency of parietal
bone fracturing. This has been supported by biomechanical simulations by Weber [33], [58], who
dropped infant cadavers from a short height onto different surfaces and found that, on impact, the

parietal bone was the most fractured bone. Weber [58] suggested that this susceptibility to fracturing
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may be, in part, because the parietal bone only comprises a single thin layer without diploe at this
early developmental stage and thus has less resistance to force.

In contrast, skull fractures resulting from AHT were not isolated to the neurocranial area
above the HBL. Rather, fractures were found to occur, fairly equally, to all bones of the neurocranium
(i.e., the anatomical regions above, within and below the HBL); a fracture distribution similar to that
seen in blunt impact load assaults on adults [55], [59]. Although there was greater frequency of
fracturing to the neurocranium, as also reported by Love et al. [35], with the parietal bone again
tending to be one of the most commonly reported bones to fracture [21], [25], [60], the nature of
abuse events are so variable that any and all aspects of the skull may be susceptible to blunt impact
loads.

In the cases of SSFs, fracturing only involved a single skull bone, whilst in many AHT cases
skull fractures involved more than one bone. The fracturing of only a single bone in the SSFs may
indicate that the velocity in such falls was low and thus the magnitude of force distributed to the bone
was insufficient for fractures to radiate across suture lines. Further, in falls there is only a single point
of impact with the blunt surface and therefore, injuries are only to one plane of the body, with
fracturing to the skeletal element typically being in that plane. In contrast, the variable nature of AHT
events means that, in some cases, the force associated with the impact would exhibit magnitudes
sufficient for fractures to radiate across sutures, and fractures may be sustained in multiples planes of

the body (i.e., multiple bones) in cases where several impacts were distributed.

4.2 Fracture Types

The types of skull fractures resulting from SSFs and AHT differed. Only simple linear fractures
resulted from SSFs, whilst a myriad of fracture types resulted from physical abuse. How bone
responds to blunt loads, and thus fractures, is dependent on several extrinsic and intrinsic variables;
one key variable being the shape of the object impacting with the body [61], [62]. Linear skull
fractures typically result from contact with a large flat object where the impact of the force is

distributed over a relatively large area [25]. In the case of SSFs, such fracture morphology is the only
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expected type of fracture, if fractures were present at all, given the individual is typically impacting a
relatively hard, flat surface (i.e., floor). In this pilot study, only simple linear fractures of the skull
were found to result from SSFs; indicating impact with a broad/flat surface as would be expected for a
fall onto the floor. Denton and Mileusnic [6] similarly found in their post-mortem case of a SSF that
fracturing of the skull was simple linear. Clinically, Hobbs [63] and Powell et al. [30] have reported
simple linear fractures to commonly result from accidental blunt force events, of which a portion were
short falls. However, this is not without controversy in the literature. Studies have reported fracture
types other than simple linear to result from SSFs. In a clinical case, Wheeler and Shope [64] reported
a depressed skull fracture as a result of the shape of the object the infant impacted, whilst in post-
mortem contexts, Plunkett [7] reported a case with complex fracturing from a fall of 0.6 m onto
compacted soil.

In contrast, diversity in fracture types, ranging from simple linear to comminuted, resulted
from fatal AHT. Such variety was expected given the fracture morphology is dependent on a suite of
intrinsic and extrinsic variables and is representative of the shape of the object impacting the bone.
Such objects may be anything from a broad flat object (e.g., frying pan), which may produce linear
fractures like those seen in SSFs, to any object of varying shape and weight and thus result in an
infinite list of fracture morphologies. Similarly, Abel [34], Hobbs [63], Carty [15] and Meservy et al.
[65] also identified a variety of fractures that may result from AHT, including simple and multiple
linear, complex, bilateral, depressed, comminuted and fractures crossing sutures; furthering
highlighting that no one fracture type is characteristic of this blunt impact event.

Post-cranially, the variety of fracture types identified in this study is again attributed to the
intrinsic and extrinsic variables and nature of the assault. These fractures comprised transverse and
buckle fractures of the ribs (anterior and/or posterior) and long bone metaphyseal and spiral fractures;
all of which have been well documented to be ‘hallmark’ indicators of abusive treatment [23], [34],
[66]. As several of these post-cranial fractures are not possible to result from direct impact, they
reinforce that, although the fatal event was blunt impact, in these assaults a variety of blunt forces

may be involved.
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Fracture types identified in this pilot study further strengthen the evidence base that, whilst
different types of fractures may be seen to all aspects of the skeleton in cases of physical abuse blunt
impact loads, typically linear fractures of the skull result from SSFs. As the small sample size limits
interpretation, it may be hypothesised only that, if the fracture pattern and type present is a simple
linear fracture of the neurocranium, the blunt impact load may be either a SSF or physical abuse (i.e.,
AHT); however if the fracture pattern and type is anything other than a simple linear fracture of the

neurocranium, it may be considered more suspicious of physical abuse.

4.3 Limitations

The most significant limitation with this pilot study was not attaining a sample size appropriate for
predictive modelling. Such a limitation may be attributed to the quality of available contextual
information, which subsequently also introduces selection bias concerns, and the nature of these
deaths being rare events.

The quality and quantity of contextual information is essential for accurate trauma
interpretation [67]. As evident in this pilot study, the absence of contextual information for almost
half the sample size, meant it was not possible to interpret trauma in those cases and thus they were
excluded. This hindered the drawing of conclusions beyond anecdotal and illustrates how complex
and difficult the availability of accurate and complete information is for the post-mortem examination.
Such difficulties may largely be attributed to the suspicious nature of these deaths. Physical abuse
cases, that is homicides, are often complex to interpret as the circumstantial information and witness
statements are questionable, thus making these types of cases significantly more multifaceted than
accidental events where witness information is more reliably regarded. Similarly, for cases of fatal
SSFs, there are rarely reliable independent witness statements to support the circumstances, unlike
other types of accidental falls e.g., [68]. Additional complexity occurs in that all information provided
in a medico-legal death investigation, including legal findings, may only be considered circumstantial.

The nature of such retrospective reviews relying on circumstantial information, where conclusions
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made on first principles are used as ‘ground truth’, thus supporting assumptions and not evidence,
ensures the reliability of the information associated with these cases is limited.

Such limitations also introduce selection bias concerns. Although there is no bias associated
with accurately capturing all cases of fatal SSFs and physical abuse, as medico-legal institutions are
responsible for investigating all unexplained and unnatural deaths and these types of deaths would
have initially presented as unnatural and thus required forensic examination, there are other bias
concerns. By only including deaths that met the strict study inclusion criteria, selection bias was
introduced in that potentially not all fatal SSFs and physical abuse blunt impact cases were included.
As detailed in Table 2, there was potentially a further 56 cases that may have been relevant for this
study. It was not possible to validate if these cases were appropriate for inclusion however, because
the review of medical data did not reveal there was evidence of impact (e.g., bruising or fracturing) in
some cases, and in other cases the contextual information did not exist, or the details were unclear,
around how that impact occurred. As such, by utilising only the 21 cases that met the inclusion
criteria, the final data set has likely resulted in an underestimate of the true number of SSF and
physical abuse cases admitted to medico-legal institutions. The nature of observational retrospective
research however, means it is not possible to adjust for that selection bias.

The issue with high numbers of undetermined/unclear causes of trauma is not unique to these
medico-legal institutions. Soto Martinez et al. [69] reported in the Injury Infant Database (IID), from
the Harris County Institute of Forensic Sciences, that 44% of their paediatric cases had an
undetermined manner of death, even when data was collected prospectively for the purpose of
research. Further, like most of the information provided by medico-legal institutions involved in this
study, the IID was also limited by associated contextual information as they were not accounting for
legal findings, rather only the circumstantial information provided at the initial stages of an
investigation. Such a deficit further reinforces the international need for improved collaboration
between legal findings and the information fed back into the forensic medical system. Whilst such an

approach brings contextual bias challenges to medico-legal practice [70], it is only through that
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holistic approach that case numbers will become sufficient to address these types of uncommon and
complex paediatric fatalities.

The second limitation contributing to the small sample size is the low prevalence of fatalities
associated with accidental and abusive paediatric trauma. As evident in this pilot study, across four
institutions with a combined total of 2911 reportable paediatric deaths, only 21 deaths met the
inclusion criteria. Similarly, the IID found trauma was rare with 10% of deaths attributed to trauma
broadly [69], of which it may be hypothesised only a small proportion would have been blunt impact
loads specifically. Further, most post-mortem research for fatal physical abuse [36], [37] and
especially SSFs [2], [6], [7] have presented small sample sizes that resulted only in anecdotal

conclusions.

4.4 The Registry of Paediatric Fatal Fractures (RPFF)

In order to move beyond anecdotal findings, a sufficient sample size to infer meaningful statistical
analyses is required to provide an evidence base to develop accurate and reliable validated diagnostic
models for fracture patterns and types. Kent et al. [71] calculated that an appropriate sample size to
develop robust predictive models would be a minimum of 400 cases. As no one medico-legal
institution has such a sample size of these types of deaths, attaining such a sample is only possible
through multicentre collaborations on an international scale.

The SSF and physical abuse data collected from this pilot study (n=21) forms the foundation
of the Registry of Paediatric Fatal Fractures (RPFF). The registry, archived with the VIFM and
accessible through relevant ethics approvals, is available to medico-legal researchers to augment with
additional cases of fatal paediatric trauma and to utilise the cases already archived for research. The
need for large-scale collaborative multicentre approaches to address complex and rare medico-legal
issues for abused infants and children has already been successfully undertaken in clinical contexts by
Hymel et al. [72], Berger et al. [73] and Pierce et al. [74], however this has not yet been undertaken in

post-mortem contexts. Augmentation of the blunt impact load cases in the RPFF will, over time, allow
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for sufficient investigation of these complex post-mortem paediatric medico-legal questions that are

currently underpinned by a weak evidence base.

5 CONCLUSION

Findings of this pilot study show, for the first time, how rare SSFs and blunt impact physical abuse
events are in post-mortem contexts. Although these fatalities are rare events and thus the sample size
of this pilot study was small, anecdotal findings suggest there may be notable differences in the
fracture patterns and types between blunt impact loads resulting from a SSF and physical abuse.
When fracturing did occur, SSFs resulted in simple linear neurocranial fractures, whereas physical
abuse resulted in linear or complex skull fractures as well as fractures of the postcranial skeleton. This
observation, whilst further strengthening the evidence base, remains only anecdotal however, and thus
an increased sample size through the augmentation of cases to the RPFF, would allow such a finding

to be validated.
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