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Maxima debetur puero reverentia
A child should be given the greatest respect



Foreword |

Child abuse is a shocking social problem. Every time when we are confronted through
the media with stories regarding child abuse, we react with abhorrence. Every time
we hear that children have suffered serious injuries and fractures that have been
inflicted by adults, sometimes with lethal results, there is a wave of indignation and
social unrest. It is an evil that every right-minded person would like to combat; how-
ever, the (knowledge) infrastructure to recognise these cases swiftly and accurately is
not adequate.

Childhood is a playful journey of discovery with at times painful consequences.
During this journey children may get hurt, due to a lack of certain specific skills or
because they are not able to anticipate the danger of their actions. It requires specific
forensic knowledge to distinguish between injuries that result from normal behaviour
and injuries that result from child abuse. Since most physicians and social workers do
not have this specific knowledge, there is a risk that child abuse will not be recognised
as such. It is also possible that injuries are unjustly labelled as resulting from child
abuse and that innocent people will be branded for life.

This book by Bilo, Robben and Van Rijn discusses in an accessible manner how a
physician can recognise fractures that result from child abuse, and distinguish those
from fractures due to other causes. Hence it fulfils a great need.

Forensic paediatrics is a branch of forensic medicine, which in itself is again part
of forensic science. For a number of years, forensic medicine has been provided by
the Netherlands Forensic Institute (NFI). In 2008, forensic paediatrics was added.
The NFI would like to continue contributing to this field, since the demand appears
to be larger than anticipated. Unfortunately, the cases of child abuse that have been
discussed in the media represent only the tip of the iceberg. The NFI would like to
invest in forensic paediatrics in two ways: by treating concrete cases and by organis-
ing education and training for physicians. In this manner the NFI will be able to
contribute to the early recognition of child abuse in children.

It is my firm believe that the book lying before you will become a standard refer-
ence in forensic paediatrics. Hence I hope that it will be widely read, not only in the
field of health care, but also within the field of forensic science. This will most cer-
tainly be in the interest of the many thousands of children that each year fall victim
to child abuse.

Tjark Tjin-A-Tsoi, PhD

Netherlands Forensic Institute
February, 2009
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Foreword Il

As a retired Consultant Paediatric Radiologist at Great Ormond Street Hospital for
Children, London, and having specialised in skeletal disorders in general and in phys-
ical child abuse in particular, for the last 30 years, I welcome this important reference
book. It draws together the available medical literature in an accessible form and
provides a benchmark for good medical practice in relation to childhood fractures
and physical child abuse. It will be a valuable addition to this largely neglected area
of medical literature.

The authors are eminently experienced clinicians from three academic centres in
the Netherlands. They bring important insights into the relatively common situation
of children presenting for medical attention with fractures, whether these are occult
or overt. The question of child abuse inevitably will need to be addressed if only to
be excluded. This diagnosis is more pertinent the younger the child and understand-
ably is a highly emotive subject both for the physicians caring for the child and more
especially for the parents. In Western cultures the welfare and protection of the child
are of over-riding importance and legal frameworks are in place to enable adequate
child protection.

This text with its numerous illustrations will provide a valuable resource for effec-
tive and timely evaluation of the child by clinicians, especially casualty officers, pae-
diatricians, paediatric radiologists, pathologists and orthopaedic surgeons. It will also
be of value to other workers in the field of child protection and inevitably to lawyers
involved in judicial processes.

There is detailed description of individual fractures sustained by children. Of par-
ticular value are the discussions of the mechanisms and biomechanics responsible for
the causation of the fractures. Correlation with the history given by the carers is
emphasised and may result in corroboration of the accidental nature of an injury, or,
if inconsistent with the mechanism, will increase the possibility of child abuse.

Numerous peer-reviewed papers are cited, both from the more historical aspects of
child abuse, but more importantly to justify the current accepted teachings on physi-
cal child abuse. Many up-to-date references are summarised and overall conclusions
presented. When data are insufficient or incomplete this is stated. It is this meta-
analysis from available research and more anecdotal case reports, which will prove of
value in cases of suggested child abuse pursued through the courts.

The role of the paediatric radiologist in assessing the radiographic skeletal survey
and supervising the imaging protocols is emphasised. A detailed understanding and
knowledge of the normal appearances of the growing skeleton is essential when
assessing normal variant findings in childhood and in their differentiation from bone
injuries. Also the question of pathological fractures resulting from localised or



Preface

generalised underlying alterations in bone structure as a result of medical conditions
with increased bone fragility is addressed comprehensively.

Fracture dating is of consequence when child abuse is suspected for better evalu-
ation of the history of specific trauma given by the carers of the child. This is of no
consequence when factures are caused by more common well-documented and wit-
nessed accidental trauma. The authors recognise that more research is needed in the
area of fracture dating. There is imprecision about the rate of fracture healing result-
ing from variables that are sometimes indefinable. Also, defining landmarks in what
is a continuous process may be quite subjective. The section on histology also details
findings relating to fracture healing in addition to other autopsy findings.

I wish that this book had been available when I was actively involved in child
protection.

Christine M. Hall, MBBS, DMRD, FRCR, MD
Institute of Child Health

London University

January 2010
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General Aspects of Fractures
in Child Abuse

1.1 Introduction

The incidence and prevalence of child abuse is
unknown. The reason for this is that in nearly every
study to establish the incidence and prevalence,
researchers use their own definition. Sometimes this
is a ‘broad definition,” such as that of the World
Health Organisation (WHO): ‘Child abuse, some-
times referred to as child abuse and neglect, includes
all forms of physical and emotional ill-treatment,
sexual abuse, neglect, and exploitation that results in
actual or potential harm to the child’s health, devel-
opment or dignity. Within this broad definition, five
subtypes can be distinguished — physical abuse; sex-
ual abuse; neglect and negligent treatment; emotional
abuse; and exploitation’ [1]. In other cases a much
narrower definition is used by preference. This makes
it impossible or nearly impossible to compare the
research results for incidence and prevalence. In his
report on the occasion of the violent death of Victoria
Climbi€ on 25 February 2000, Lord Laming writes on
the incidence and prevalence of child abuse: ‘I have
no difficulty in accepting the proposition that this
problem (deliberate harm to children) is greater than
that of what are generally recognized as common
health problems in children, such as diabetes or
asthma’ [2].

During the postmortem investigation of Victoria
Climbié, the pathologist established that her body
counted as many as 128 injuries. In his report he
declares: ‘There really is not anywhere that is spared —
there is scarring all over the body. Lord Laming’s
report mentions in particular external visible injuries.
In children that suffer a trauma, the skin is — in acci-
dental as well as in non-accidental injury — the organ
that is most frequently damaged [3]. However, the
presence or absence of injuries is not conclusive in

R. A. C. Bilo et al., Forensic Aspects of Pediatric Fractures,

establishing physical child abuse when the parents/
caregivers or other persons show particular physically
aggressive behaviour. That kind of behaviour itself
determines whether you can speak of child abuse. The
severity of this behaviour can range from a single very
serious life-threatening or even lethal incident to regu-
larly returning occasions of aggressive behaviour, such
as beating, burning, biting and kicking, in which there
is no life-threatening situation with or without injury.
Injury (internal as well as external) is the visible result
of that kind of behaviour. The severity of the injuries
can range from superficial abrasions and bruising to
injuries incompatible with life (Table 1.1).

Physical violence does not have to lead to injury.
Yet, it appears that up to 90% of victims of physical
child abuse sooner or later sustain injury [4, 5].
However, these injuries are seldom severe, and as a
result medical treatment or admittance to hospital is
required in only 3.2% of abused children [6]. Only a
small proportion of these injuries is pathognomonic
for the use of violence, resulting from a recognisable
kind of injury pattern, such as a bite injury or the iden-
tifiable print of, for example, the sole of a shoe
(Fig. 1.1) or ‘tramline’ bruising (Fig. 1.2). Other inju-
ries can only be objectified based on context and other
specifics, such as the child’s story or a statement that
does not correspond with the child’s level of develop-
ment; a remarkable medical history that is in sharp
contrast with the nature, localisation and the extent of
the injury; a relation with other older and/or unac-
counted for injuries; or conspicuous behaviour of the
parents.

In other words: usually it is only possible to differ-
entiate between non-accidental and accidental injury
by a detailed answer to the clinical question whether
this specific child in these specific circumstances can
sustain these specific injuries.

DOI: 10.1007/978-3-540-78716-7_1, © Springer-Verlag Berlin Heidelberg 2010



1 General Aspects of Fractures in Child Abuse

Table 1.1 Injuries in child abuse

Directly visible external injuries
Haematomas and contusions
Excoriations and lacerations
Burns
Scars
Other anomalies, such as
traumatic alopecia

Indirectly — through additional examination — visible injuries

* Radiology Fractures

Intracranial haemorrhages

Intra-abdominal injuries

Retinal haemorrhages and
retinoschisis

Intra-abdominal injuries

Old and new superficial and
deeper subcutaneous injuries

¢ Fundoscopy

* Laboratory tests
* Forensic light sources

After haematomas, contusions of the skin and
burns, fractures are the most prevalent injuries in child
abuse [7, 8]. Often (maybe even in one in five chil-
dren) fractures are the first sign of child abuse [9].
Fractures are nearly always the result of the more
severe forms of child abuse. Approximately 10% of
children under the age of 5 who are seen by a physi-
cian in the emergency department in the United States
as a result of injury have non-accidental injuries. In
other words: anomalies and/or injuries that do not
result from an accident, but from child abuse or neglect
[10]. In children evaluated in the emergency department

Fig. 1.1 Shoe print (open arrow) on the right side in a victim of
physical violence (With permission of D. Botter MD, The
Netherlands Forensic Institute)

Fig. 1.2 Seven-year-old girl beaten with a stick. On the left side
typical tramline haematomas can be seen (open arrow)

on suspicion of child abuse, >30% appears to have fresh
or healing fractures [11]. In a study on deceased chil-
dren between the ages of 1-15 years (average 3.9
years) of air force personnel in the United States, it
was found that 55% of these children had been seen by
a physician as a result of physical trauma in the month
prior to their death [12].

1.2 Incidence of Fractures in Children

Irrespective of the aetiology, fractures are a regular
feature in children. Landin carried out several large
studies in Sweden [13, 14]. In 1983, he reported on a
retrospective study regarding 8,642 children. It con-
cerned all fractures in children treated over a period of
30 years in Malmo (between 1950 and 1979). In 1997
he added the most recent data to his original study.

In this period, the chance to sustain a fracture
between birth and the age of 16 was 42% for boys and
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27% for girls [13]. This means that there is a 2.1%
chance for all children to sustain one fracture per year
(2.6 for boys; 1.7 for girls). This is regardless of the
type and location of the fracture and the treatment
required (clinical or outpatient). This percentage does
not differ significantly from the reported incidence of
1.6 reported for boys and girls in an English study of
children with fractures treated clinically as well as in
the outpatient clinic [15].

Of the fractures sustained by children during the
first 16 years of their life, 6.8% is severe enough to
require admittance to hospital. Recalculated to the
chance of one hospitalisation per year, this gives a
chance of 0.43%. Slightly less than 20% of children
who visit a hospital for sustained injuries appear to
have sustained a fracture [16].

1.3 Difference Between Fractures
in Children and Adults

1.3.1 Fracture Type and Location

From an anatomical, physiological and biomechanical
aspect, the skeleton of young children differs from the
adult skeleton. These changes make that growing bone
in children reacts differently to subjected forces than
fully developed bone.

The main difference between the still developing
skeleton of a child and the fully grown adult skeleton is
the presence of growth plates in the long skeletal bones.
Growth plates consist of cartilage and make a person
grow taller. This cartilage is among the weakest parts of
the still developing skeleton of the child, and the weak-
est part of the long bones in the child’s skeleton. Due to
this weakness and being localised near the joints, the
growth plates are the most vulnerable place when the
joint is subjected to force. Only when ligaments and
tendons are stronger than bone, which is often the case
in growing bone, fractures can occur in this location.
The damage then consists of a fully or partially torn off
metaphysis (resulting in the ‘classical metaphyseal
lesion’, see Chap. 5). When the fully grown skeleton is
subjected to the same forces, it more likely results in
damage to the ligaments around the joint.

The presence of larger and more extensive haver-
sian canals make the child’s bone more malleable than

adult bone. Consequently, immature bone (in particu-
lar the shaft of the long bones) can bow instead of
break. This means that in children specific types of
fracture of the shaft are found that are typical for grow-
ing bone. This concerns in particular the so-called
incomplete fractures (see also Chap. 5):

* ‘Bowing’ fractures: in very young children there
can be such plastic deformation of the bone that it
bows past the point at which, based on the elasticity
of the bone, spontaneous recovery is feasible. In
these cases, there is no radiologically visible dam-
age in the cortex, neither to the tension nor to the
compression side. The fracture will only be visible
by the bowing of the diaphyseal segment (Fig. 1.3a
and b).

* ‘Buckle’ fracture or torus fracture (damage to the
cortex at the compression side): In axial compres-
sion of a bone that has very limited ability to bow, a
child can sustain a torus fracture at the shaft-meta-
physeal transition (Fig. 1.4). These fractures are
stable by nature and when immobilised will heal
within 2-3 weeks.

e ‘Greenstick’ fracture (damage to the cortex at the
tension side): this type of fracture can occur when
the bone is bowed past the point that spontaneous
recovery is possible. It concerns an incomplete
fracture on the tension side of the bone and plastic
deformation with an intact cortex and intact perios-
teum at the compression side (Fig. 1.5). In these
cases, the force that caused the damage of the cor-
tex on the tension side is insufficient to cause a
complete fracture.

In adults, the impact of a comparable amount of
energy will cause a fracture as a result of the compres-
sion and bowing components, resulting in damage to
the cortex on the tension and the compression side,
a so-called complete fracture. Complete fractures do
occur in children (see Chap. 5). Complete fractures of
the shaft can be classified with the aid of the direction
of the fracture line in respect to the long or central axis
of the bone:

* Transverse, possibly with fragmentation: the frac-
ture line occurs more or less perpendicular to the
long or central axis of the bone.

e Oblique: usually the fracture line occurs oblique at
an angle of 30—45 degrees in relation to the long or
central axis.
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Fig. 1.3 (a) Bowing fracture
of the left radius (open
arrow) in a little girl with a
healing fracture of the distal
ulna (arrow). For compari-
son, a view of the healthy
right side which shows
anatomical alignment. (b)
Five-year-old girl with
unknown trauma. There is a
transverse fracture of the
distal tibia (open arrow) and
a bowing fracture of the
fibula (arrow)

e Spiral: one could say that the fracture circles around
the central axis, and the fracture line runs oblique in
relation to the central axis.

With conventional radiology, it is not always possible to
distinguish between an oblique and a spiral fracture.

1.3.2 The Healing and Remodelling
of Fractures

After a fracture, the periosteum stays intact in children
more often than in adults, because in children the
periosteum is relatively thicker, stronger and more bio-
logically active. When the periosteum stays intact, a
continuity of tissue will grow over the location of the
fracture. This results in a more stable fracture and
reduces the chance of dislocation. Essentially, here the
periosteum functions as a natural splint.

Moreover, a child’s periosteum has greater poten-
tial to form bone than that of an adult. This adds extra
stimulus to the healing process, resulting in faster
remodelling of fractures in children than in adults.
Low-grade deviations in alignment will be corrected
faster, and even in gross deviations in alignment excel-
lent remodelling can occur.

1.4 Fractures: Differential Diagnosis

During childhood, fractures are usually the result of acci-
dents [17]. The differential diagnosis, apart from a wit-
nessed fall or accident (as seen by an independent person)
or periosteal reactions that resemble a healing fracture, is
very comprehensive (Table 1.2). The table does not pre-
sume to be complete, but gives an overview of the most
prevalent causes as described in the literature.
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Trauma

Anomalies in
collagen
forming

Congenital
mineral-based
defects

Acquired
mineral-based
defects

Fig. 1.4 Torus fracture of the proximal part of the left humerus
(open arrow). Furthermore, in this patient an ossifying nucleus
of the acromion can been seen (arrow), which is normal for the
age of the patient

Other diseases with
increased risks

Periosteal reactions

Radiological
differential
diagnosis not
related to
fractures

Table 1.2 Differential diagnostics of fractures and periosteal
reactions in childhood [51-53]

Fractures

Birth trauma

Accidental

Non-accidental — non-intentional (neglect)
Non-accidental — intentional (abuse)

Osteogenesis imperfecta
Copper deficiency
Menkes syndrome
Bruck syndrome

Prematurity: metabolic bone disease of
prematurity

Neuromuscular diseases

Vitamin-D-resistant rickets (or hypophos-
phatemic rickets)

X-linked hypophosphatemia

Liver defects (e.g. Alagille syndrome)

Malabsorption

Familial osteoporosis

Osteopetrosis

Cole Carpenter syndrome

Congenital CM V-infection

Vitamin-D-deficiency based on nutritional
defects: rickets

Use of diuretics, glucocorticoids and
methotrexate

Intoxications (e.g. lead)

Cerebral paresis and spasticity

Congenital insensitivity to pain, e.g.:
¢ Spina bifida

¢ Congenital pain insensitivity
Stress fractures

Normal variants:

¢ For example, the physiological periosteal
thickening of the long bones (femur, tibia,
humerus) in neonates and young infants

Congenital syphilis

Osteomyelitis

Septic arthritis

Osteoid osteoma en other tumours

Leukaemia

Vitamin-C-deficiency: scurvy

Caffey’s disease: infantile cortical hyperostosis

Mucopolysaccharidosis

Sickle-cell anaemia

Anomalies related to the use of vitamins

® Hypervitaminosis A

® Vitamin-E therapy

Treatment with prostaglandin E

Metastases of a neuroblastoma

Use of intra-osseous vascular access needles

Fig. 1.5 Greenstick fracture of the tibia (open arrow)
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When differentiating between fractures in children
it is important to work in a structured manner. Central
to the process is taking a detailed history. Furthermore,
the age and level of development of the child should be
taken into consideration (Chaps. 6 and 7): the younger
the child, the more limited his/her mobility, and the
more probable that the cause is non-accidental
(Sects. 1.4.2 and 1.5). In the differentiation, biome-
chanical aspects should also be taken into consider-
ation (Chaps. 2-5). Other factors that should be taken
into account are the distribution of the fractures over
the skeleton and the context in which the fractures
were sustained. Table 1.3 provides an aid to make an
evaluation and reach a differentiation between the vari-
ous causes of the fractures.

1.4.1 Spontaneous Fractures:
Pathological Fractures?

In the literature terms such as spontaneous and patho-
logical fractures are frequently used (Fig. 1.6). In this
context, Torwalt et al. describe a 4-year-old boy with
cerebral paresis and palsy after a non-accidental brain
injury [18]. The postmortem radiographs of this boy
show fractures at various stages of healing in the left
humerus and both femurs, tibiae and fibulae. Based
on a comprehensive investigation, child abuse, acci-
dents, metabolic diseases, other primary and second-
ary bone diseases and pathological fractures could be
excluded. Torwalt et al. concluded that in this boy the
conclusion was spontaneous fractures secondary to
osteopenia. They define spontaneous fractures as
‘fractures that occur without a clear demonstrable
external (= traumatic) cause’ [18]. One speaks of a
pathological fracture in a clinical sense when, for
whatever reason, the bone has been weakened by a
disorder [19].

From a clinical point of view, the use of terms such
as ‘spontaneous’ and ‘pathological’ in relation to the
occurrence of fractures is understandable and accept-
able. However, the use of these terms as an explanation
for the occurrence of a fracture is from a biomechani-
cal point of view an approach that is too limited, and as
such incorrect. From a biomechanically point of view,
fractures occur primarily when the stress on the bone
exceeds its capacity to absorb stress. As a result it

Table 1.3 Evaluation of fractures in young children

Type

Location:

* Axial of peripheral

¢ Symmetric/asymmetric

* Weight-bearing/non-weight-bearing parts
the skeleton

Number

Age (known and unknown recent and old
fractures)

Other injuries

Fractures

Skeleton Configuration of the bones and the whole
skeleton

Bone density

Other findings suggesting skeletal lesions,

such as ‘wormian bones’

Child Age and level of development

Underlying pathology

Anamnesis  Plausibility of the anamnesis:

* Age and level of development

* Accidental and non-accidental fractures

¢ Disease-related fractures versus non-
accidental fractures

¢ Fracture biomechanics

bows, or even breaks. The type of fracture is deter-
mined by factors on the side on which stress is exerted
as well as on the side that has the stress-absorbing
capacity (see also Chap. 5). ‘Spontaneous’ and ‘patho-
logical’ only pertain to the capacity of the bone to
absorb stress. Based on its use, one implicitly con-
cludes that even with minimal trauma or during normal
care it is possible for weakened bone to sustain a
fracture.

From a forensic point of view, the use of either term
may lead to apparent certainties when based on these
terms one has to differentiate between accidental and
non-accidental causes. Hereby the context of the origin
of the fracture is totally not taken into consideration.
When a fracture is found in a child, the presence of the
disorder that results in a decreased capacity to absorb
stress (see, e.g. Table 1.2 and Chaps. 6 and 7) says
nothing about the stress that can be exerted and the
context in which the stress was exerted. The anamnesis
and the clinical/radiological symptoms should deter-
mine the differentiation between accidental and non-
accidental stress. In other words: also a child with
proven bone defects can have fractures resulting from
child abuse.
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Fig. 1.6 (a) Five-year-old
boy with a pathological
fracture of the left radius (see
inset) after a fall. (b)
T2-weighted MRI of the
radius shows a fluid-fluid
level (open arrow), corre-
sponding with an aneurysmal
bone cyst. The diagnosis was
histologically confirmed

1.4.2 Cause of Fractures in Relation
to Age and Level of Development

Between the ages of 1 and 4 years and in older children
(>10 years), an accident is the most common cause of
fractures [17]. In the group of children of 1-4 years,
fractures of the upper extremities and the clavicle are
most common, due to the reflex of the child to catch
oneself on the stretched arm when falling. In children
over 10 years of age, the number of traffic accidents
will be higher than in younger children. Only rarely

will one find fractures resulting from accidents in chil-
dren of less than 1 year of age [20]. When a child
grows up, it will become more mobile and enterpris-
ing, and the risk for accidental injury increases [21].

1.5 Fractures in Child Abuse

Rang poses that as many as 25% of fractures in chil-
dren of less than 3 years of age will result from child
abuse and/or neglect [17]. Fractures resulting from
child abuse occur predominantly in children of less
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than 1 year of age [22]. Based on various studies, it is
estimated that 50-69% of all fractures in children of
less than 1 year old are the result of child abuse [23,
24]. It was also shown that children in this age group
are at a high risk of being abused again, even after an
intervention took place [25].

Unfortunately, it appears that in these young, often
non-mobile, children fractures will often show hardly
any clinically conspicuous symptoms such as swell-
ing, redness of even a pseudoparesis, they may even
have an occult course [26-28].

However, in young children child abuse remains
not only unnoticed due to its occult course, but also
because violence as a possible cause is not or inade-
quately considered, or is rejected on non-plausible
grounds [29].

Between 1995 and 1999, Banaszkiewicz et al. car-
ried out a retrospective study in all children under the
age of 1 year which were brought into the emergency
department of their hospital due to sustained fractures.
The data of 74 children in total were re-evaluated. The
average age of the children was 5 months (2 weeks to
1 year). Forty-six children had sustained a skull frac-
ture. In 28 children there was a fracture of the long
bones. After analysis, it appeared that the attending
physician failed to assess possible child abuse cor-
rectly in nearly 30% of these children. In nearly 50%
of children, the medical data did not show that child
abuse had even been considered, whereas in retrospect
child abuse would have been a plausible explanation in
the differential diagnosis.

Oral et al. carried out a similar retrospective dossier
study in 653 children of 3 years and younger who pre-
sented with a fracture over the period 1995-1999 [30].
The aim of their study was to establish whether in this
group of children physicians inquired sufficiently into
the cause of the fractures. Revision showed that, based
on the data in the dossier, in 42% of children it had not
been possible to exclude child abuse as the cause of the
fracture. The missing data concerned:

e Information on the presence of (independent) eye
witnesses at the moment the fracture was sustained.

e Information on previous injuries.

* Revision of previous medical data.

» Description of associated injuries.

* An evaluation to see whether the reason provided and
the injury of the child could be explained when taking
into account the level of development of the child.

Consequently, Oral distinguished four groups:

e Accidental injury (63%)

e Non-accidental injury (‘inflicted injury”) (13%)
* Missed non-accidental injury (23%)

e Missed accidental injury (0.6%)

Factors that had a positive influence on identifying
child abuse were:

* The age of the child
e Multiple fractures
» Examination by a paediatrician

Fractures have been described in 55% of young children
who had been victims of physical abuse [31, 32]. Non-
accidental fractures in children indicate the use of severe
violence, which emphasises the importance of identifi-
cation. It is not always easy to differentiate between
accidental and non-accidental fractures; however, it is
crucial for a responsible intervention [33]. In a system-
atic review of the literature by Kemp et al., the predic-
tive value of fractures as a sign of child abuse has been
evaluated. Other indications, such the child’s age or the
injury that could lead to suspected child abuse were not
taken into account. After a selection was made from 439
publications, 32 were analysed [34]. Based on this sys-
tematic analysis, they concluded amongst others that rib
fractures had the strongest correlation with child abuse;
in 71% of cases (95% CI 42-91%) with rib fractures it
was a case of child abuse. They also found that none of
the fractures were pathognomonic for child abuse.

As such, the skeletal lesions found in child abuse
may be similar to lesions found after an accident.
Whether a fracture results from child abuse is deter-
mined by a combination of:

e The type of fracture

e The age and level of development of the child (see
Table 7.3)

e The manner in which the fracture was sustained
(according to known data)

e The statement of the child, the parents or the care-
givers regarding the origin of the fracture

When the above-mentioned combination shows dis-
crepancies between the combined first three factors
and the last one, the statement of the parents, child
abuse is probable.

Radiological dating of fractures and performing the
correct radiological examination are eminently important
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for an adequate diagnosis and protection at the moment
that child abuse is suspected. Fractures as a result of vio-
lence can be found throughout the entire skeleton, are
often present in multiple places, and may show various
stages of healing on skeletal radiographs [20, 24, 35, 36].
Since in cases of child abuse it often happens that there is
a delay in seeking medical help, dating may be compli-
cated by further loading of the fracture by movement,
additional injuries and renewed fractures. The more or
less objective radiological dating (see Chap. 9) can spot
inconsistencies regarding subjective anamnestic dating
and the explanation of the injury [37].

1.5.1 Specificity of Fractures
in Child Abuse

According to Kleinman, child abuse should always be
considered in the following fractures or bone anoma-
lies [38]:

» Periosteal reactions of the bone and newly formed
bone

* Metaphyseal injuries

 Injuries to the growth plate

* Fractures of the diaphysis

 Dislocations

Hobbs mentions the following fractures as suspect
[39]:

* Multiple and complicated skull fractures with a
fracture width >3 mm

* Injuries to the epiphysis and metaphysis

e Fractures of ribs, scapulae and sternum

e Multiple fractures

In his opinion these fractures are more suspect than
simple, uncomplicated fractures, shaft fractures of
the long bones and fractures of the clavicle.
Furthermore, Hobbs further maintains that fractures
are more suspect when they occur together with other
injuries; for example: a simple fracture (such as of
the humerus) combined with multiple unexplained
haematomas.
Child abuse should be considered in case of [40]:

e Multiple fractures in various stages of healing, even
when no associated trauma is present, such as hae-
matomas and (sub)cutaneous injuries.

Table 1.4 Specificity of skeletal injuries in child abuse,
highest specificity applies in infants (Reprinted from [54]. With
permission)

Specificity Type of fracture/skeletal lesion

High specificity Classic metaphyseal lesion

Rib fractures, especially posterior
Scapular fractures

Spinous processes fractures

Sternal fractures

Moderate specificity ~ Multiple fractures, specifically
bilateral

Fractures of different ages

Epiphyseal separation

Vertebral body fractures and
subluxations

Digital fractures

Complex skull fractures

Common but low
specificity

Subperiosteal new-bone formation
Clavicular fractures

Long bone shaft fractures

Linear skull fractures

e Damage to the epiphysis and metaphysis, possibly
multiple as in the inflicted traumatic brain injury
formerly known as ‘Shaken baby’ syndrome.

e (A) single or multiple rib fracture(s).

e The presence of periosteal new-bone formation.

e A skull fracture, with or without signs of intracra-
nial trauma.

Kleinman presents the following overview on the
specificity of radiological findings regarding child
abuse (see Table 1.4). He poses that it is likely for child
abuse to be the cause when in lesions of average or low
specificity there is no explanation for the cause of the
trauma or when the explanation does not correspond
with the nature of the trauma.

1.5.2 The Value of Haematomas
in Differential Diagnosis

The little that is known about the presence of haemato-
mas in relation to fractures in children has been learned
through the fractures that resulted from child abuse.
This leads to the perception that haematomas are sus-
tained at the same time as fractures: the force required
to cause a fracture will in all likelihood also result in
haematomas. The reverse of this reasoning is that a
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lack of haematomas is proof that it took only very little
force to break the bone and, as such, that the fracture
results from a metabolic illness or from osteogenesis
imperfecta [41-43]. Mathew et al. did a prospective
study into the presence of haematomas around the
location of the fracture in 88 children that showed no
signs of bone pathology and found in total 93 fractures
(49 boys, 39 girls; age 12 months to 13 years and 11
months) [44]. All children were seen within 24 h after
the fracture had been sustained. Only in eight fractures
haematomas were found in the initial phase. No hae-
matomas were found in fractures that showed no dislo-
cation or in fractures that were well covered by soft
tissue. In 13 other fractures, haematomas appeared
within 24 h after hospitalisation. Ultimately, 25 (28%)
fractures were accompanied by haematomas 1 week
after the fracture was sustained. According to Mathew
et al., based on the lack of haematomas it is impossible
to distinguish between fractures that are the result of
bone disease and fractures resulting from child abuse.
It appears that in acutely sustained fractures in chil-
dren, local haematomas are less common than one
would expect; however, based on the absence of hae-
matomas, child abuse should not be excluded.

Starling et al. also did not find any relation between
fractures and the presence of haematomas. After skull
fractures had been excluded, it appeared that in less than
10% of children had fracture-related haematomas [45].

1.5.3 Characteristics of the Anamnesis

Most physicians will be able to identify children as vic-
tims of child abuse when they fall into the most severe
clinical category of child abuse, such as young non-
mobile children that sustained multiple fractures without
identifiable cause. The problems arise mainly in children
that sustained less severe trauma and have less obvious
symptoms. To this category belong children that have
just one fracture and no clear story of child abuse [46].

1.5.3.1 Anamnesis in Children

In child abuse the child is often not able to explain how
the injuries were sustained. This applies in particular
to children in a life-threatening situation. Such a situa-
tion makes conversation with the child (virtually)
impossible. Besides, many children with serious

trauma resulting from child abuse are preverbal. When
children are able to relate the situation, there is a fair
chance that they will keep silent out of loyalty to the
parents or out of fear for the perpetrator.

1.5.3.2 Patient History

When child abuse is suspected, it is important to pay
attention to the patient history of the child and the
other family members. In case of child abuse it is pos-
sible that the child has sustained (multiple) previous
trauma and has prior hospitalisations. Various studies
have shown that approximately 50% of all children in
which child abuse was established had been seen by a
physician for (in retrospect suspect) injuries [32]. Also,
an abused child who returns to a non-safe home setting
has a 30-50% chance to suffer additional trauma and
an increased risk for lethal violence (up to10%) [47].
Very regularly earlier trauma and hospitalisation are
seen in other members of the family, such as the other
parent, other children or between siblings. This may proof
that the violence is also directed at them. When compared
to other men, it appears that men who maltreat their wife
will frequently also maltreat their children. Women who
were abused by their husband appeared to be twice as
likely to maltreat their children compared to non-abused
women. Seventy-six percent of the physically abused
children allegedly used violence against a sibling [48].

1.5.3.3 The Origin of the Injuries

When a child makes a direct and spontaneous statement
on how the injury was sustained, he or she will most
likely tell the truth. This also applies to a witness that
makes a statement regarding the origin of the injury.
Yet, the statement of the witness should be closely
examined, since the person will speak from his/her own
set of values. On the one hand, the witness may play
down what has been observed, on the other hand, it may
be exaggerated. Also, the witness may serve his or her
own self-interest by giving the statement.

The following items should be considered during
the anamnesis:

*  While the anamnesis is taken, there may be contra-
dictions between the statements of: the child and
the parent(s), between both the parents, or between
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parents and witness. Sometimes no explanation is
given, since allegedly no witness was present.

* Also, the statements may constantly vary, when fur-
ther prompted or when taken on consecutive days.

e Parents may give different statements to different
people, or withdraw statements.

* Sometimes when the child is given a physical or
radiological examination, previous injuries are found
for which the parents are not able to give an adequate
explanation.

* The statement may be in contradiction with the
level of development of the child.

e The nature and/or location of the injury may be in
contrast with the statement of the parents.

e The parents’ statement only explains part of the
injuries.

e According to the statement, the child himself/herself
or one of the siblings is responsible for the injury.

1.5.3.4 Seeking Medical Help

In child abuse, one of the main characteristics of the ana-
mnesis is that medical treatment was only sought at a late
stage. The latency period can vary from hours to days
after the injury was sustained. This is due to various rea-
sons: shame, wrongly evaluated situation, hope for spon-
taneous recovery, and hope that the injury will no longer
be recognisable as resulting from child abuse. Also, other
persons besides the parent(s) may seek help, such as the
grandparents or a teacher. Finally, help may be sought
from others than their own general practitioner or paedia-
trician, without providing an plausible reason. Often this
help is sought at odd times, such as during the evening.

1.5.3.5 Attitude and Reaction of the Parents

The contradiction between the severity of the injury
and the reaction of the parent may have to the injury
can be conspicuous. They may totally overreact to a
minor injury. On the other hand, the caregiver may have
hardly any or a very inadequate (remote, indifferent)
reaction to (very severe) injuries. A parent who mal-
treats may completely overreact and sometimes react
aggressively to innocent questions. For that matter, the
non-maltreating parent may react in a similar manner.
When child abuse is brought into the conversation, the
parent may threaten to deny the child medical care.

When a physician wants to speak to the parents about
a specific injury, he should be aware of a number of mat-
ters. It does not take long for parents to realise that the
physician doubts their statement and may suspect child
abuse. This applies to parents who maltreat as well as to
parents who do not maltreat. This may cause the parents
to take a defensive attitude directly at the start of the
interview. The reactions may vary from denial and a ten-
dency to isolation and then proceed via anger, bargaining
and resignation to acceptance. Also, the physician will
have to be aware that the parent to whom he speaks may
be ignorant of the maltreating behaviour of the partner.

1.5.4 Perpetrators and Victims

Starling et al. were the first to initiate a study into the
specific characteristics of perpetrators who cause frac-
tures in children [45]. They evaluated the data of 194
children (age: 0-13.9 years; median 6 months) with in
total 630 fractures. The median number of fractures
per patient was 2 and the maximum was 31. In 153
children (79%) the perpetrator could be identified.
Nearly 68% of perpetrators were male. Of all known
perpetrators, 45% appeared to be the biological father.

Furthermore, there appeared to be a significant dif-
ference (p=0.003) between the median age of the chil-
dren who had been abused by a male (4.5 months) and
by a female perpetrator (10 months). In 44 of the 194
children, the primary injury was non-accidental skull-/
brain trauma. Since it is not known whether the age of
victims of non-accidental skull-/brain trauma differs
from that of children with other non-accidental fractures,
further study was done after the children with non-acci-
dental skull/brain trauma were excluded. However, this
analysis still showed a significant difference (p=0.004)
between the median age of children abused by a male (5
months) or a female perpetrator (12 months).

1.6 The Role of the Radiologist
When Child Abuse Is Suspected

It is essential that the radiologist who evaluates the
characteristics of the fracture(s) has sufficient knowl-
edge of the clinical history of the patient. Collaboration
with other specialists (such as paediatricians or forensic
physicians) has added value for the evaluation. In
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order to determine whether a fracture results from child
abuse, the radiologist will need to reconstruct the
reported trauma and evaluate the plausibility of the
statement [49].

The radiologist will be expected to be able to [50]:

e Detect the radiological anomaly that suggests child
abuse in suspect as well as in non-suspect cases.

* Distinguish between radiological abnormalities
suspect for child abuse and other pathologies and
normal variants.

* Evaluate whether the fracture and the underlying
trauma mechanism are compatible with the state-
ment of the child and/or parents regarding its origin.

e Date fractures within the limitations of scientific
knowledge.

Finally, one could argue that the radiologist involved
should support the Public Prosecutor in securing that
justice takes its course.

1.7 Ethical Dilemmas in Suspicion
of Child Abuse

In view of the potentially serious consequences of
physical violence, it is important that child abuse is
identified at an early stage. However, it is equally
important to prevent that child abuse is diagnosed
wrongly or on false grounds:

e Because an accident or disorder is seen as the most
plausible or even only explanation for the found
anomalies. This may lead to disruption of the fam-
ily as a result of incorrectly applied measures of
child protection or unjust legal prosecution of the
parents.

¢ Because there is a coincidence of, on the one hand,
the conclusion that an accident is the most plausible
or even only cause of the injury that was found and,
on the other hand, child abuse as the most plausible
reason for other injuries or the behaviour of the
child. In these cases, there is a risk that giving a
plausible reason for the skeletal abnormalities may
lead to the exclusion, on unjust grounds, of child
abuse as plausible reason for the other abnormali-
ties or the behaviour of the child. Consequently, the
child will not be protected against a recurrence of
the child abuse that is present.
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2.1 Introduction

Young children regularly fall, and quite often they fall
on their head. It is unknown how often this results in a
skull fracture, since it is rarely indicated to perform a
diagnostic examination, such as a radiograph or a CT
scan. When there are no neurological symptoms, a
radiograph of the skull is not clinically indicated (see
Sect. 2.5). However, from a forensic point of view, a
radiograph of the skull is indicated — especially when
the child is less than 1 year old. This also applies when
there are no neurological symptoms (see Sect. 2.6),
even though a normal X-ray of the skull does not
exclude intracranial injury.

A skull fracture seen during an operation or autopsy
is not necessarily visible on a radiograph [1]. In 16
children with an epidural haemorrhage and a skull
fracture, the skull fracture was radiologically visible in
10 children, in four children it was seen during opera-
tion and in two during autopsy [2].

2.2 Signs, Symptoms and Complications

Due to the lack of clinical symptoms or complications,
the majority of skull fractures have little or no clinical
consequences. A skull fracture is suspected based on
the anamnesis or the physical examination. Older chil-
dren may complain of a localised headache. Physical
examination may reveal local swelling, a haematoma,
a palpable fracture or indications for a basilar skull
fracture.

Skull fractures do have indicative value: their pres-
ence implies that considerable force has been exerted
on the skull [3]. However, it does not always mean that

R. A. C. Bilo et al., Forensic Aspects of Pediatric Fractures,

underlying structures such as dura, bridging veins or
brain have been damaged (see Sect. 2.5).

The injury most often seen on skull radiographs of
young children after a trauma is a fracture of the calva-
ria [4]. The incidence of skull fractures in children that
present at the emergency department for a skull trauma
ranges from 2% to 20% [5]. Most frequently it con-
cerns a fracture of the parietal bone, followed by the
occipital, frontal and temporal bones. Generally, it is a
linear fracture without dislocation, followed by
depressed fractures and basilar skull fractures. In prin-
ciple, skull fractures of the calvaria do not cause any
harm, unless they are accompanied by fragmentation
causing bone-splinter damage to brain tissue. A possi-
ble complication of a skull fracture is a ‘growing skull
fracture’. This occurs when the dura is imbedded in the
fracture and as such prevents healing (see Sect. 2.7).

2.3 Biomechanical Aspects of Fractures
of the Cranium

Accidental and non-accidental craniocerebral trauma
is the result of two kinds of impacting force: ‘static’
and ‘dynamic’ (or rapid) loading [6, 7]. In both types
of fracture the skull changes shape, this applies to chil-
dren as well as to adults. This book only discusses the
effects of static and dynamic loading on the skull, and
not the effects on the brain.

2.3.1 Static Loading

Static loading is a relatively slow impact of forces
exerted on the skull over a protracted period of time
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(>200 ms). This occurs when the skull is squeezed and
compressed, which may lead to multiple fractures. The
results of static loading can be focal and diffuse. It may
lead to a linear fracture restricted to one skull bone
(focal), but often there are multiple fractures (diffuse).
Static loading may occur during, for example, child-
birth or traffic accidents, when the head is wedged for
a period of time.

2.3.2 Dynamic Loading

Dynamic (or rapid) loading is the impact of forces over
a shorter period (<200 ms, often even less than 50 ms).
Dynamic loading can be subdivided into ‘impulse’ and
‘impact’ loading.

Impulse loading is the result of fast movements of
the head, without impact (acceleration — deceleration).
This does not lead to skull fractures.

When there are skull fractures in dynamic loading,
they are always due to impact loading (= contact=cranial
collision) [7]: blunt or penetrating trauma directly on the
skull.

There are three possible situations:

e Head stationary — Object moves
* Head moves — Object stationary
* Head moves — Object moves

When head and object both move, there are again three
options: both move in the same direction, they move in
opposite directions, or the impact is oblique. The con-
tact results in the head changing shape and there is (or
may be) damage to the skull (including the scalp) and/
or the object.

2.3.3 Possible Injuries from Dynamic
Impact Loading

Dynamic impact loading may lead to the following
injuries (in order of occurrence)

* Damage to the scalp

e Skull fractures

 Intracranial damage (contusions, epidural/subdural/
subarachnoid haemorrhages, intracranial haemor-
rhages, axonal injuries).

2.3.3.1 Damage to the Scalp

In dynamic loading, damage to one or all layers of the
scalp (epidermis, dermis, galea aponeurotica and
periosteum of the skull) is always the result of impact
loading. The skin may remain intact, in spite of dam-
age to the deeper layers. Sometimes the deeper dam-
age to the scalp is only found at autopsy of the deceased
child [8].

Injuries that may be found are: haematomas, contu-
sions, excoriations and lacerations of the (epi)dermis,
subgaleal haemorrhages or a haematoma of the skull.
Particularly in children, lacerations may be an impor-
tant cause of blood loss. They are a potential point of
entry for infection, especially with an associated skull
fracture [9].

2.3.3.2 Skull Fractures

Compared to a child’s skull, the adult skull is fairly
rigid. The adult skull can cope with some deformation;
however, when the deformation exceeds a certain point,
no recovery is possible and a fracture will occur.
Postmortem research has shown that the adult skull can
be indented a few centimetres before it resumes its orig-
inal shape with or without fracture [10, 11]. This may
lead to considerable damage of the underlying tissue.

A child’s skull is made of thin and malleable bone
tissue and does not have the rigidity and strength of the
adult skull. Moreover, the skull bones of a child are
separated by sutures that have not been fused yet.
According to Lancon et al., this makes the child’s skull
relatively resistant to fractures. In their opinion it takes
a significant trauma [8]. However, the question is
whether this position is correct. Weber maintains that a
number of sites on the immature skull have increased
susceptibility to fractures [12]; this applies in particu-
lar to the parietal bone in infants.

In relation to the adult skull, these specific proper-
ties of the infantile skull enable it to tolerate greater
deformation before it breaks. This deformation may
even lead to a depression of the cranium without incur-
ring a fracture (the so-called ping-pong deformation of
the skull = ‘celluloid fracture’, see Sect. 2.4.3.2).

The degree of deformation of the skull at the
moment that the fracture is sustained and the nature
and size of the fracture and the associated injury will
depend on a number of factors (see [13]).
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e Trauma-related
— Location of contact
— The force of the impact at the moment of
contact
* Anatomy-related
— The scalp
— The age of the child
— Shape, build, thickness and malleability of the
skull at the point of impact and other sites

2.3.3.3 Trauma-Related Factors
The Location of the Contact Trauma

The location of the contact trauma determines only to
a certain extent the location, nature and extent of the
skull fracture.

Damage to the scalp is an important indicator for
the primary site of impact. For this reason, a precise
registration of external injuries is always required, in
particular when physical violence is suspected. In 80%
of children with a skull fracture external injury is found
that indicates a skull trauma. In 84% of children frac-
tures were found ipsilateral and in 16% contralateral
from the point of impact [2]. However, the absence of
external injuries does not exclude a skull fracture.

A study of adults that had sustained a skull fracture
showed that, depending on the place of impact, differ-
ent types of skull fracture can result from equal
amounts of energy. It is not clear whether this can also
be applied to children and, if so, whether this is the
same for every age group.

A contact trauma on top of the cranium will usually
lead to a cranial fracture that may carry on into the
temporal region or the base of the skull. A blow to the
occipital region will usually lead to a linear fracture in
the posterior cranial fossa. A blow to the temporopari-
etal region may cause a fracture that runs through the
temporal bone to the base of the skull. A blow to the
forehead causes a fracture that may run into the orbit
and even into the maxilla [14].

Force of Impact at the Moment of Contact

The amount of energy released at contact is determined
by four elements (see also Sect. 2.6.3):

e The shape, weight and nature of the object. It may
be a solid object that will not give way during con-
tact (such as a hammer, concrete floor or stone) or a
more or less soft object with a surface that gives way
at contact (such as a mattress or a floor covered with
thick soft carpet). In soft and yielding objects, the
deformation of the surface will absorb a large part of
the energy released at contact. Yet, the literature has
shown that a child falling on a soft surface can also
sustain a fracture [12]. In a solid non-giving surface
hardly any energy is carried over to the object.

e The velocity resulting from the speed of the head
and the object at the moment of impact.

* A fixed or free-moving head. When the head can
move freely, it will move along in the same direc-
tion as the object. In this manner, part of the energy
at impact is absorbed by the movement.

* The size of the contact surface. If contact takes
place on a limited surface, all energy released at
contact will be concentrated at this surface. If the
site of impact is larger, the energy will spread itself
over this surface.

2.3.3.4 Anatomy-Related Factors
The Scalp

The skull is covered by five layers: skin, subcutaneous
fatty tissue, the epicranial muscles, subepicranial con-
nective tissue and the pericranium. Tedeschi showed
that when force is exerted on the skull, the skin will
protect it against fractures. Compared to when the skin
is present, the risk for a fracture increases tenfold when
no skin is present [15].

The Age of the Child

In a short-distance fall, children with open sutures and
a thinner albeit more malleable skull will generally
sustain a fracture less often than older children with
closed sutures and a more rigid skull. Yet, children up
to 1 year old can sustain a skull fracture in a relatively
small trauma, in spite of the substantial malleability of
their skull (see Sect. 2.6.3). However, this will only
rarely lead to serious intracranial injury. Life-
threatening intracranial injury has even never been
reported (see also Chap. 6).
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Shape, Build and Thickness of the Skull

The cranium is constructed of two layers of bone with a
sponge-like structure in between (diploid). The inner
layer of compact bone is the most vulnerable. On impact
this layer may be damaged, whereas the outer layer
does not suffer any damage. When the impact generates
enough energy, the outer layer will fracture too and this
may result in loose bone fragments (Fig. 2.1). Young
children do not have a diploid structure of the parietal
bone, leading to an increased risk for sustaining a frac-
ture in this bone in a short-distance fall [12].

. © bhge (o3 o§

Fig.2.1 Schematic representation of the various stages of skull
fractures in contact injuries

2.4 Types of Skull Fracture

The type of fracture that the skull sustains depends
mainly on the same trauma and anatomy-related factors
that determine whether dynamic impact loading will
result in a fracture [16]. Skull fractures can be categor-
ised into: linear, complex and depression fractures.

The most prevalent type of fracture of the cranium
is the linear fracture (Sect. 2.4.1). Here a single linear
pattern can be seen. This type of fracture is usually
restricted to one skull bone. Linear fractures may be
present bilaterally and symmetrically.

Complex fractures show multiple fracture lines and
inter-connecting fractures (Sect. 2.4.2).

In depression fractures, parts of the outer surface of
the skull bone are displaced inwards over at least the
thickness of the sponge-like bone layer (Sect. 2.4.3). A
different kind of depression fracture is the ping-pong
skull deformation in young children.

In all types, a comminuted skull fracture can be sus-
tained when there is an associated laceration of the
skin. In penetrating injuries there is not only a skull
fracture, but also a laceration of the skin and injury to
the dura. This results in a skull fracture that has an
open connection between external and intracranial
environment, presenting a considerable risk for
infection.

Also, every type of fracture may potentially develop
into a ‘growing fracture’ (see Sect. 2.7).

2.4.1 Linear Fractures

2.4.1.1 Simple Linear Fractures

Of all skull fractures in children, 74-90% are simple lin-
ear fractures (Fig. 2.2a and b) [17]. Such a fracture results
from contact with a large flat object, in which the impact
of a blunt trauma spreads over a large area. For example,
the fall from the arm of a parent/carer that results in the
head of the child banging into the floor [18]. This is a
typical example of ‘low velocity” impact [13].

When the head connects with an object with a large
flat surface, the skull curvature flattens under the influ-
ence of the contact. The skull surface bows inwards,
whereas the surrounding area bows outwards in a
wave-like manner (Fig. 2.3) [14, 18]. The outward
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Fig. 2.2 (a) Two-month-old baby who, according to the anam-
nesis, had fallen from the arms of his 7-year-old sister. The fall
had not been witnessed. The lateral view of the skull shows a

Fig. 2.3 Schematic representation of the wave pattern of skull
deformation after contact with a relatively large surface. At the
impact site there is inward deformation whereas peripherally the
skull bows outwards

parietal linear fracture (open arrows). (b) Additional CT in this
patient shows post-traumatic soft-tissue swelling (open arrow)
but no intracranial pathology

bowing of the skull may occur at a relatively large dis-
tance of the primary site of contact. Hence, the loca-
tion of a linear fracture does not have to correspond
with the place of contact [19]. After the skull has been
deformed by the impact, it will try to resume its nor-
mal shape. At the moment that the inwardly bowed
part resumes its normal shape, the fracture will spread
from its original location into the direction of the place
of impact as well as into the opposite direction. This
may result in a fracture line that reaches the original
place of contact or extents even further [13].

Although linear fractures are usually confined to
one skull bone, it is possible that the fracture extents
into the adjacent skull bone (Figs. 2.4 and 2.5a—d). In
most linear fractures, external injuries are found, such
as swelling of the overlying tissues or a haematoma.
Sometimes a subgaleal haematoma is seen. The extent
of the subgaleal haematoma may be such that it leads
to anaemia [20].

In approximately 15-30% of linear fractures intrac-
ranial injury is found [5] (see Sect. 2.5). Linear frac-
tures tend to show diastasis (see Sect. 2.7). However,
in most patients linear fractures heal without any prob-
lems (also see Sect. 2.7).



20

2 Head

Fig. 2.4 Six-week-old neonate who presented at the emergency
department for haematemesis. Since the laboratory values were
not deviant, the patient was sent home. Four days later the infant
was back at the emergency department, this time with multiple
bruises. Radiological examination revealed a linear diastatic
fracture that transgressed several sutures (open arrows)

2.4.1.2 Symmetrical Linear Fractures

In children, sometimes nearly symmetrical linear frac-
tures are found resulting from bilateral compression of
the skull between two surfaces [21]. This symmetry may
also occur when the child hits the ground with the top of
his/her head first [22] or is hit against the wall with great
force and the energy released at contact spreads sym-
metrically over, for example, the parietal skull bones.

2.4.2 Complex Fractures

2.4.2.1 Circular (Concentric) Fractures

When the skull has a high velocity impact with a solid
object, as happens in a high-energy trauma (concen-
tric) complete or incomplete circular fractures may
occur around the point of impact.

Concentric fractures are typical bowing fractures:
the circles are formed in the outer surface of the skull

at the junction of the inward and outward bowing part
of the skull, as the result of the extreme bowing at the
point of impact [13, 23].

2.4.2.2 Star-Shaped Fractures

Star-shaped fractures are formed when a flat object
comes into contact with a bowed bone at (very) high
velocity. At the point of impact the bone suffers an
impression that results into a number of fractures that
all originate from the inward-bowing point of impact
[18]. Star-shaped and circular fractures may both be
present (Fig. 2.6).

2.4.2.3 Complex Fractures with Signs
of Shattering

Complex fractures occur when there is a great deal of
violence (Fig. 2.7). This type of fracture may also
result from multiple blunt trauma to the head; for
example, when the skull is hit repeatedly with a ham-
mer. In this type of fracture the skin may or may not be
intact.

2.4.3 Depression Fractures
and Ping-Pong Deformation

2.4.3.1 Depression Fractures

Depression fractures of the skull can occur in two
ways:

*  When an object with a small surface and relatively
high kinetic energy hits the skull, for example a
hammer or the heel of a shoe.

*  When an object (irrespective of the size of the object)
hits only a small part of the skull with a large amount
of kinetic energy (see also Sect. 2.4.2.2), such as a
gun-shot wound.

In an depression fracture, there is besides the primary
point of impact hardly any deformation of the skull
(Fig. 2.8) [14, 18]. At the point of impact a fracture is
sustained, possibly with fragmentation. The impres-
sion results from the inability of the inner layer of the
skull bone to absorb the inward bowing adequately.
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Fig.2.5 (a) Two-month-old girl who, according to the anamnesis,
had fallen from the changing table (85 cm high). When presented
at the emergency department she was in deep coma. Five days later
she died from the neurological trauma. The anterior-posterior skull
view shows a bilateral linear fracture that transgressed multiple
sutures (open arrows). (b) Lateral skull view shows besides the

The impression may reflect the shape of the object.
Sometimes there is only an impression in the outer
layer, whereas the inner layer remains intact [13].

fracture in the parietal bone (open arrow) a clearly visible soft-
tissue swelling corresponding to a post-traumatic haematoma
(asterisk). (¢) The fracture is visible on the three-dimensional CT
reconstruction (open arrow); furthermore, conform the child’s age,
the sutures are still visible). (d) At autopsy the fracture in the pari-
etal bone is clearly visible (open arrow)

Sometimes the skull is perforated. A number of these
fractures have no complications. In one-third the dura
is damaged, and in one in four children damage to the
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Fig.2.6 Schematic representation of a burst fracture

Fig. 2.7 The skull radiograph of a 1-year-old girl who was
thrown from the fifth floor of an apartment building by her carer
shows a crushed skull

cerebral cortex is found [17]. A depression fracture
increases the risk for posttraumatic seizures.

In approximately 30% of children with an depres-
sion fracture, intracranial injury is found [5, 24]. The
deeper the fracture, the higher the chance that dura and
brain tissue have been damaged. Besides intracranial
haemorrhages, compression of the underlying brain
tissue, laceration of the brain parenchyma and intra-
parenchymal bone fragments may occur [24, 25].

Fig. 2.8 Schematic representation of a depression fracture

2.4.3.2 Ping-Pong Deformation

In infants (generally <6 months old), when the impact
site is small, instead of a depression fracture a ping-
pong deformation of the skull may occur (‘celluloid
fracture’) (Fig. 2.9a and b) [19]. This is due to the
larger malleability and elasticity of the immature skull.
In the differential diagnosis, one should be aware of
congenital impressions of the skull (Figs. 2.10 and
2.11a and b).

2.5 Skull Fractures and Intracranial
Injury

Skull fractures and intracranial injury are only corre-
lated to a limited degree. Skull fractures may be pres-
ent without intracranial injury. Dunning et al. mention
that a skull fracture has a relative risk of 6.13 (95% CI
3.35-11.2) for intracranial haemorrhage [26]. On the
other hand, there may be intracranial injury without a
skull fracture. This applies to accidental as well as to
non-accidental causes [13, 27].

According to Harwood-Nash, skull fractures are more
often seen with associated subdural haemorrhages in older
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Fig. 2.9 (a) Eight-month-old infant, who had an obscure clinical
history had allegedly fallen from a single bed on top of a drying rack
(that lay on the floor). The skull view shows a ping-pong deforma-

Fig. 2.10 Schematic representation of the origin of congenital
impressions

tion (open arrow) and a linear fracture of the parietal bone (arrow).
B Skull CT did not show any intracranial pathology. On the left-
hand side, a cortical deformation without fracture can be seen

children than in infants [2]. However, the location of the
skull fracture is not a good indicator for the location of
the subdural haemorrhage. The series of Harwood-Nash
showed that subdural haemorrhages were predominantly
found contralateral to the fracture [2].

It may happen that there is an epidural haematoma
that results directly from the fracture. In a fracture of
the temporal bone, the medial meningeal artery may be
damaged, which can lead to an epidural haemorrhage
in the temporoparietal area. Epidural haemorrhages
are nearly always of arterial origin. In a fracture of the
occipital bone, the venous sinus may be damaged,
leading to a venous epidural haemorrhage in the poste-
rior cranial fossa [20].

Mogby et al. carried out a retrospective study into the
relation between skull fractures, visible on radiographs,
and intracranial injury in 87 children under the age of 2
years old with a skull fracture [28]. In 67 children no neu-
rological pathology was found. In 32 of those children, the
researchers performed a CT scan to exclude intracranial
injury. In six children (19%) small focal haemorrhages
were found around the fracture. This did not result in an
intervention or change in policy. Of the 32 children in the
CT group, 29 were admitted as opposed to ten children
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Fig.2.11 (a) Three-day-old infant boy. Protracted breech presen-
tation, no traumatic delivery. At physical examination a clearly
visible impression of the skull was seen. Skull view shows an

who did not have a CT. The children in the CT group
were hospitalised longer. None of the children without
neurological symptoms developed neurological compli-
cation at a later stage. In 20 of 87 children, acute neuro-
logical pathology was found. They all had a CT scan, and
in 16 of 20 children pathology was found. Three children
had minor pathology, 13 children showed serious pathol-
ogy. In 15 children with acute neurological pathology
further examination was performed within the scope of
possible care proceedings. Based on these findings, 13 of
them where placed into care. Mogby et al. concluded that
detection of a skull fracture is more reliable using con-
ventional radiology. Furthermore, no direct correlation
was found between skull fractures and intracranial injury.
According to Mogby et al., there is no indication for a CT
scan based solely on the presence of a skull fracture. A
CT scan is indicated when there are neurological symp-
toms. Finally, they concluded that a CT scan has added
value when child abuse is seriously suspected, even when
there are no neurological symptoms and conventional
radiology shows no fractures.

impression of the right parietal bone (open arrow). (b) Follow-up
CT did not show any signs of trauma. In view of the anamnesis and
the clinical findings, this image is due to a congenital impression

Demaerel et al. found that 45% of infants under the
age of 2 years with intracranial injury did not have a
skull fracture. It was also found that 56% of children
with a skull fracture did not have any intracranial inju-
ries. Finally, Demaerel et al. concluded that it is
impossible to differentiate between accidental and
non-accidental causes based on radiological examina-
tion [29].

Gruskin and Schutzman performed a retrospect
study into the predictors of complications in skull-/
brain trauma in 278 infants under the age of 2 years,
presenting at the emergency department of an aca-
demic hospital [30]. They concluded that clinical signs
and symptoms were not suitable as predictors for skull
fractures and/or intracranial injury. Also, they found
three characteristics to identify children that are at low
risk for complications:

* A fall of less than 1 m
* No neurological symptoms in the anamnesis
* No abnormalities of the scalp at physical examination
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2.6 Skull Fractures: Differential
Diagnosis

In children, skull fractures due to dynamic impact load-
ing are regularly seen. There are three types of cause:
accidental (accident of fall, in traffic, playing sports,
around the home, etc.), non-accidental (physical vio-
lence) or medical (birth, bone diseases, etc.). Per age
group, differences are seen when categorising for cause.

Children of less than 1 year old are six times more
likely to sustain a skull fracture than older children
[31-33]. In children of this age the skull fracture is
often the result of child abuse, although one should not
dismiss accidental falls or birth trauma out of hand
(see Sects. 2.6.1. and 2.6.3). In children from approxi-
mately 1 year (if sufficiently mobile) to the age of 4,
accidental falls during play seem to be the most preva-
lent cause. In children between 4 and 14 years of age,
it is mostly traffic accidents and violence [34, 35].

2.6.1 Skull Fractures and Child Abuse

In physical violence, the fracture is the result of the
direct impact of considerable external force, such as
contact with a flat surface or a punch with a fist.
Physical violence seems to be involved in only a rela-
tively small part of skull fractures in childhood.
Johnstone et al. evaluated 409 children under the age
of 13 years; only 3% of skull fractures were due to
child abuse [36]. However, this percentage increases
dramatically as the studied population gets younger.
Hobbs came to the conclusion that 33% (29 of 89 chil-
dren) of skull fractures in children of less than 2 years
of age result from child abuse [37]. Leventhal et al.
studied 93 children under the age of 3 years with skull
fractures; 80% was less than 1 year old. In the group of
infants of less than 1 year old, 27% of fractures resulted
from child abuse [38]. Meservy et al. evaluated 134
children of less than 2 years old; in 39 infants (29%)
child abuse was the cause of the skull fracture [39].

According to Kleinman et al., 10-13% of all cases
of physical violence concern skull fractures [27].
Merten et al. found a comparable percentage, slightly
less than 10% (67 children with a skull fracture in a
total of 712 abused children) [40]. Neither Kleinman
nor Merten differentiated for age.

Loder and Bookout carried out research in abused
children of less than 16 months of age that had

sustained fractures as a consequence. In 35% of chil-
dren a skull fracture was found [41].

Reece maintains that 80% of skull fractures sus-
tained through child abuse occur in infants of less than
1 year old [42].

Of all fractures sustained by children as the result of
child abuse 7-30% are skull fractures [27]. According to
some authors, skull fractures are even the one but most
frequently occurring fracture in child abuse [31, 43, 44].

In 41% of children that die as a result of physical
violence, skull fractures are found [33].

2.6.2 Type of Skull Fracture
and Child Abuse

The most prevalent skull fracture in physical violence
is the unilaterally localised, simple linear fracture of
the parietal bone without depression. However, this is
also happens to be the most prevalent skull fracture in
accidents [19].

When the fracture is bilaterally present or when there
are multiple fractures with depression and diastasis >3
mm, one should consider child abuse as the main cause,
especially with a ambiguous patient history. Also, in
depression fractures, fractures with diastasis of the frac-
ture lines and occipital fractures, one should consider
physical violence as a possible cause [8, 39, 40, 45-47].

Kleinman even considers depression fractures of
the occipital bone as very suspect for child abuse [48].
However, the presence of the earlier-mentioned frac-
tures, taken out of context, is never evidence of physi-
cal violence [49, 50].

Finally, the literature reports regularly that fractures
that transgress the sutures (carry from one skull bone
into the other) are highly suspect for child abuse (see,
e.g. Fig. 8.46). However, this appears to be incorrect:
fractures that continue into the adjacent bone are also
found in accidental causes [51, 52].

2.6.3 Differential Diagnosis Between
Non-accidental and Accidental
Fractures

In the differential diagnosis of non-accidental skull frac-
tures, one should be aware of accidental fractures that
result from either static or dynamic impact loading.
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2.6.3.1 Static Loading: Birth Trauma

In uncomplicated deliveries, skull fractures are rare.
Rubin did a prospective study in 15,435 births and
only found one skull fracture [53]. Two other studies
showed in a total of more than 51,000 births, 11 skull
fractures (see Chap. 6) [54, 55]. In an article (letter),
Groenendaal and Hukkelhoven report in 158,035 births
1,174 fractures that were due to birth trauma [56]; this
study did not report any skull fractures.

Most skull fractures that result from birth are
uncomplicated linear fractures in the parietal bone.
This kind of fracture almost always concurs with a dif-
ficult delivery or externally applied mechanical force.
For example, skull fractures are found in 5% of chil-
dren that had had vacuum extraction [57]. The risk for
sustaining a skull fracture when vacuum extraction is
used increases considerably when the cup releases
unexpectedly and has to be re-applied, and when there
is a haematoma. The risk also increases in mature
maternal age, primigravid and macrosomia. Yet, a sim-
ple linear fracture may also occur in a normal sponta-
neous vaginal birth without specific complications or
the use of forceps or vacuum extraction [58].

Sometimes a depression fracture is the result of a
delivery [59]. Complicated skull fractures occur mainly
with forceps deliveries, but depression fractures have
also been reported with excessive manipulation during
a Caesarean section or vacuum extraction [59, 60]. A
growing skull fracture has been reported twice as
resulting from vacuum extraction [61, 62]. Rupp et al.
describe as complications of a vacuum extraction, cir-
cular fractures and/or elevation of the outer layer of the
skull, subperiosteal and intra-osseous haemorrhages,
and epidural and subdural haemorrhages [63].

A Caesarean section seldom leads to skull fractures.
Alexander et al. found 418 children with injuries in a
total of 37,110 Caesarean sections [64]. Six of them
sustained a skull fracture due to complicating factors
prior to the Caesarean section, such as complications
resulting from an earlier effort at a vaginal delivery.

There is a considerable chance that a linear fracture
is not detected directly after birth. Complex skull frac-
tures are usually visible immediately after birth and
are often accompanied by marked and acute intracrani-
cal injuries [59].

During the first months it is based only on the radio-
logical evidence of the fracture, according to Kleinman
and Barnes, generally impossible to differentiate whether

the skull fracture resulted from birth trauma or child
abuse [27]. Skull fractures in children of less than 1 year
of age tend to heal without notable sclerosis. In time, the
fracture lines fade.

The chance that the fracture results from the deliv-
ery is negligible after an uncomplicated non-traumatic
delivery, and when directly after the delivery the child
did not show any visible swelling on the head or symp-
toms pointing to intracranial injury. Of the children
with a skull haematoma, 10-25% may have a skull
fracture [65, 66].

On the whole one may assume that a complicated
linear fracture that was sustained during delivery will
not be all that well visible after 2 months, and will
have disappeared after 6 months [27].

For the incidence of skull fractures as birth trauma
in children with congenital defects, such as osteogene-
sis imperfecta or Menkes disease, we refer to Chap. 7.

2.6.3.2 Static Loading: Crush Injuries
of the Head

Crush injuries of the head are usually the result of
static loading, although in some accidents, such as
traffic accidents, there is a combination of dynamic
(e.g. head against car while being hit by a car) and
static loading (e.g. when the wheel runs over the head;
hereby the head lies more or less stationary and is
pressed against a rigid structure). As a result of static
loading, the skull is deformed relatively slowly and
there may be damage to the intracranial structures,
such as the brain [67].

Duhaime et al. report on 7 children between the age
of 15 months and 6 years that had sustained crush inju-
ries [67]. They all suffered basilar fractures, 6 had
multiple and often extensive fractures of the cranium.
The researchers did not report whether the 7th child,
who died soon after arriving at the hospital (transec-
tion of the cervicomedullary myelum), had sustained
any other fractures besides the earlier-mentioned basi-
lar fracture. Four children were victims of traffic acci-
dents, and had been run over by a reversing car. In the
three other children there was static loading when the
child climbed on a heavy object or pulled at a heavy
object that consequently dropped on the skull of the
child (solid stone front of a fireplace, 27-inch televi-
sion, 45 kg clock). However, the question is whether in
the case of these three children one can speak of static
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loading. It could also be dynamic impact loading, in
which the child falls on the floor with its head more or
less stationary on the underlying surface and the object
drops on the child (see Sect. 2.6.3 on dynamic impact
loading: crush injuries). This can be compared to the
effects of a fall from great height, which may also lead
to multiple and extensive fractures of the cranium.

According to Takeshi et al., serious crush injuries of
the head are usually fatal. They also pose that the prog-
nosis of this type of injury, either lethal or excellent,
depends on the extent in which the skull and brain have
been able to withstand the force [68]. Six of the seven
children (average age: 5.9 years) they described had
sustained skull fractures. In six children the head had
been run over by the wheel of a car. In four children
multiple linear fractures of the cranium were found
and in six children a basilar fracture.

2.6.3.3 Dynamic Impact Loading:
Accidental Falls

As mentioned earlier, uncomplicated fractures hardly
ever cause clinical symptoms. Hence, there usually is
no additional examination. On the whole, no medical
help will even be sought. Consequently, accidental
falls may result in a larger number of skull fractures
than one would deduce from data in the literature. This
can also mean, that more young children will sustain a
skull fractures after a short-distance fall than one
would be able to determine from data in the literature.

Accidental skull fractures will rarely lead to serious
or life-threatening intracranial injury. Severe trauma,
such as a car accident, may cause intracranial injuries.
However, in those cases, the patient’s history

corresponds with the injuries found, and cannot be
confused with child abuse. For a comprehensive over-
view regarding the origin of skull fractures accompa-
nied by intracranial injury and other fractures and
possible death based on accidental causes, we refer to
Chap. 6.

When a skull fracture is the result of a fall from a
bed or a changing table, it is unlikely that there will
also be other fractures, such as rib fractures or a mid-
shaft fracture of one of the extremities. In a non-acci-
dental skull fracture, for example when a parent hits
the child’s head against the wall, or at the end of his/
her wits throws the child to the floor, it will nearly
always lead to a different kind of injury, either intrac-
ranial or in other locations of the body. The overall
picture will look more like a serious accident; how-
ever, the anamnesis will not be able to explain the
injury and its location. In other words: an accidental
skull fracture can nearly always be explained based on
the anamnesis.

In addition to the anamnesis, the fracture characteris-
tics will provide limited opportunities to further differ-
entiate between accidental and non-accidental fractures.
Hobbs evaluated 89 children of less than 2 years old
with skull fractures [37]. Sixty of them had sustained
fractures due to accidental causes. The remaining 29
were victims of child abuse. Table 2.1 gives an over-
view of the differences between both groups.

2.6.3.4 Skull Fractures in Relation to the
Distance and Context of the Fall

In the medical literature there is no consensus on the
minimal distance a child must fall to sustain a skull

Table 2.1 Characteristics of accidental and non-accidental skull fractures in children of <2 years old [37]

Accidental Non-accidental

Type of fracture

Fracture width <3 mm (never >5 mm)

Location Generally, fracture in one skull bone

Mainly parietal
Rarely other locations

Intracranial injury Rare

Generally simple and linear, uncomplicated

Multiple or complex
Depression fracture
‘Growing fracture’ (see Sect. 2.7)

>3 mm

More than one skull bone
Mainly parietal and occipital

Sometimes frontal or temporal or in the anterior
cranial fossa or the medical cranial fossa

Frequently, combined with other fractures
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fracture. Some mention a distance of less than 1 m, and
emphasise at the same time that it is very rare [69].
Also, one often refers to complicating factors that are
associated with the fall at the moment the skull frac-
tures occur, such as a fall from the arms of a parent or
carer [69].

Johnson et al. carried out a study in 72 consecutive
children of <5 years old (4 months to 4 years and 9
months), who presented at the emergency department
due to skull injuries after a fall [70]. They collected
data on distance of fall in a free fall or falling down
the stairs, the surface area of the landing and the length
of the child. Distance of fall ranged from 50 cm to 3 m.
Most children fell less than 1 m. Of the 72 children, 49
fell on a hard surface and 23 on a soft surface (covered
in carpet). In 52 children the fall resulted in a visible
injury to the head (35 on hard surface, 17 on soft sur-
face — there was no significant difference). There were
visible skull injuries in all children that had fallen over
>1.5 m, and in 95% of children that had fallen over a
distance of >1 m. In 32 children (44%), a skull radio-
graph was made. In four cases a skull fracture was vis-
ible, of which three were linear. Two of the children
with a linear fracture had fallen >1 m. One child sus-
tained the fracture in a fall of 80-90 cm against the
stone edge around a fireplace. The 4th child sustained a
basilar fracture in a fall of over 3 m from a window on
the first floor. Johnson et al. concluded that children sel-
dom sustain serious injuries in accidents in and around
the home. They maintain that skull fractures are rare
and occur only in <5% of all accidents. In their opinion,
it takes a fall of at least 1 m or, in lesser distances, on a
limited surface area to cause a skull fracture.

Thomas et al. carried out a study in 112 children of
<1 year old that had experienced a skull trauma [71].
In 96 children a skull radiograph was made. According
to the parents, 32 children fell over a distance of >1 m.
Thomas et al. found six children with a skull fracture
that belonged to the group of 80 children that had
fallen over a distance of <1 m. According to the par-
ents, two children with a skull fracture had fallen from
a height of <30 cm. In four of the six children that had
sustained a fracture the physicians were sufficiently
concerned to report the incident to the child protection
service. When additional examinations were per-
formed, two of the children were found to have further
fractures. Based on the statements of the parents, it
appeared to be impossible to predict which children
had skull fractures. The presence of external injuries or

neurological symptoms appeared to be an unreliable
indicator for skull fractures. The reported distance of
the fall was also not indicative. Hence, Thomas et al.
are of the opinion that in children of <1 year of age that
present with head trauma, a skull radiograph should
routinely be made. In their study it led to the identifica-
tion of four children with a skull fracture as the result
of child abuse.

2.6.3.5 Skull Fractures in an Uncomplicated Fall

An uncomplicated fall is a short-distance free fall on a
flat surface. The fall originates from a position in which
the child stands still or lies still and is the result of the
child’s own movement patron, in accordance with its
level of development. Hereby one may think of a situ-
ation in which the child falls from a changing table
because it turns over, or when a child falls over while
standing because it loses balance.

Data on how a child sustains a skull fracture after an
uncomplicated fall have been derived from fall studies
as performed by Weber [12, 51, 72]. They can also be
derived from data of accidental falls in children as
observed by independent bystanders.

Fall Studies in Deceased Children

Nearly every young child has fallen on his/her head
from a standing position or from limited height; for
example, from a changing table or from a stroller.
Since there is a difference of opinion between several
physicians and researchers on whether children that
fall from such a height can sustain a skull fracture,
Weber did experimental research with deceased chil-
dren of <8.2 months old. In his first article he describes
three test series each with five children who he dropped
in free fall from a height of 0.82 m on several surfaces
(stone-tile surface, carpeted floor, foam-supported
linoleum floor) [51]. Hereby, the horizontally posi-
tioned body and the parieto-occipital part of the skull
hit the surface simultaneously. In all cases autopsy
showed linear skull fractures of the parietal bone. One
child sustained bilateral fractures. In three children the
fractures run across the sutures. Based on this study,
Weber concluded that skull fractures can be sustained
in a fall from a changing table. He also concluded that
when child abuse is suspected, differentiation with an



2.6 Skull Fractures: Differential Diagnosis

29

accidental fall is only possible when the whole picture
is taken into consideration. In a second article Weber
describes a follow-up study in another 35 children who
he dropped on a soft surface [72]. In 10 children a 2 cm
thick foam rubber mat was used and for the other 25 a
once folded, 8 cm-thick blanket. Weber found a skull
fracture in one child in the rubber-mat group (two lin-
ear fractures in the left parietal bone). In the other
group, he found bowing fractures in four children (lin-
ear fractures or ping-pong fractures).

In interpreting Weber’s data, one must be aware of
the fact that a living child will fall differently to a
deceased child, due to active muscle tension and, when
old enough, a fall reflex. Yet, Weber’s studies show
that it is possible to sustain a skull fracture in an
uncomplicated fall from a height of <1 m.

Uncomplicated Fall over a Short Distance
(Maximal 1-1.5 m)

The medical literature contains many articles and case
notes on the nature of skull fractures after a short-
distance fall (<1-1.5 m). Based on the earlier-men-
tioned data one may conclude that skull fractures
resulting from such a fall can occur in living children.
In the literature one sometimes comes across case
notes on severe to life-threatening injuries sustained in
a short-distance fall. In such cases, there are often
complicating factors associated with the fall (see below
and Chap. 6).

Helfer et al. described injuries in 246 children of <5
years of age [73]. The group consisted of 161 children
whose parents filled out a questionnaire when they saw
a physician for a fall over a distance of <90 cm (bed or
settee) and 85 children who had fallen from their crib/
cot or from the examination table during their stay in
hospital. Two children in the group that had fallen out-
side the hospital had sustained a skull fracture (age < 6
months). In the children who had fallen while hospita-
lised, one skull fracture was found. The majority of
children did not have any externally visible injuries.

Nimityongskul and Anderson did research into the
origin of injuries in 76 children (age ranged from neo-
nate to 16 years), who had fallen out of bed, crib/cot or
chair while hospitalised [74]; 57 children were <5
years of age and 23 children <1 year of age. Fall dis-
tance was between 30 and 100 cm. Most children had
superficial injuries (haematomas of the scalp and

Fig. 2.12 Eight-month-old boy infant with cutaneous swelling
after a fall from a bed. Radiological examination shows a linear
fracture of the skull (open arrow)

lacerations of the face). One 12-month-old child had
an uncomplicated occipital skull fracture.

Lyons and Oates described 207 children of <6 years
of age who had fallen from their crib/cot (n=124) or
bed (n=83) [75]. The distance of the fall ranged from
65 cm (lowered side rail) to 110 cm (side rail up) in a
fall from a crib or cot, and from 50 to 85 cm (including
side rails) in a fall from a bed. In 31 children there
were visible injuries, in 26 to the skull. In one child
(age 10 months), an uncomplicated linear skull frac-
ture was found after a fall from a cot (Fig. 2.12).

Tarantino et al. studied 167 children of <10 months
old (average age 5.2 months, 56% male), who fell over
a distance of less than 1.25 m and for that reason pre-
sented at the emergency department [76]. They
excluded all falls from baby walkers and car seats, falls
down the stairs and all accidents resulting from walk-
ing, running or climbing. They also excluded children
that had fallen on objects or on whom a carer had
fallen. Fifty-fife percent of children fell out of bed,
20% fell from the arms of a parent/carer (being
dropped), 16% fell from a settee and 10% fell in a dif-
ferent manner. Eighty-five percent of children had no
or minimal injuries. The remaining children (n=25)
had severe skull trauma: 16 a closed-head injury, of
whom 12 had sustained a skull fracture, two had intrac-
ranial haemorrhaging and seven had fracture of one of
the long bones. Additional examination revealed that
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the children who had sustained intracranial haemor-
rhages were victims of child abuse. After these two
children had been excluded, it appeared that the only
risk to sustain a severe injury in a fall was from the
arms of a carer.

Tarantino et al. concluded that the biomechanics of
a fall from the arms of a carer may be different from
other kinds of short-distance fall, such as a fall from a
bed, settee or changing table.

The research of Warrington and Wright also con-
firmed the findings in studies from before 1995, which
are largely based on the data of fall incidents while
hospitalised. Warrington and Wright studied accidents
in non-mobile children in the home setting [69]. By
using questionnaires that had to be filled out they
requested parents of 6-month-old children to describe
every accident since birth. They asked the parents to
describe the type of fall, the distance of the fall, the
injury and the medical help given (in case this was
sought). The number of forms returned was 11,466. In
2,554 children, 3,357 fall incidents were reported.
Fifty-three percent of children fell out of bed or from
the settee, and 12% fell from an arm while being car-
ried or when the person who carried the child fell down
while holding the child. In the remaining children a
large diversity of falls was seen: from a table, chair or
changing table, from a baby bouncer, etc. In <1% cause
of the fall was not reported. Seventy-six percent of
children fell only once, and in 5% it was thrice or more.
The number of falls increased with the age of the child.
Less than 25% occurred before the age of 4 months.
Only 14% of children sustained visible injuries, of
which 56% were haematomas. In 97% the injury was
visible on the head. Less than 1% (21 children) sus-
tained a concussion or fracture. One-hundred and
sixty-two children were taken to hospital after their
fall, and 18 children were hospitalised. In the hospital,
a skull fracture was diagnosed in three children; how-
ever, this was no reason for hospitalisation. Skull frac-
tures were never seen after a fall from a bed or settee.
None of the children suffered intracranial injuries such
as subdural or epidural haemorrhages.

2.6.3.6 Skull Fractures in a Complicated Fall
In a complicated fall, the child does not have a short-

distance free fall, landing on a flat surface. There may
be complications during:

e The initial moments of a fall: for example, the arms
of a carer, a fall from a swinging swing or a fall with
a baby walker.

e The fall itself: for example, a fall of the carer who
holds the child on his/her arm, and in which the
carer falls fully or partly on the child; a fall from a
bunk bed in which the child comes into contact with
parts of the bed while falling; or a fall with a baby
walker from the stairs.

* The landing: for example, a fall on a non-flat sur-
face or a fall on objects.

One also speaks of a complicated fall when the child
falls from great height and the complications, such as
sustaining a complex skull fracture and intracranial
injury, are mainly the result of the higher velocity at
landing.

Fall from the Arms of Parent/Carer

Warrington and Wright studied the incidence of falling
in non-mobile children in a home setting (see para-
graph 2.6.3.5) [69]. The study of Tarantino et al. also
looked into the consequences of a fall from the arms of
a parent/carer (see paragraph 2.6.3.5) [76].

Minns reports the possibility that infants, as early as
5 weeks old and when held with one hand against the
shoulder of the carer, are able to lean back in such a
manner that they fall. This usually involves a fall of
approximately 1.5 m [77]. As a result of such a fall,
they may sustain a focal haematoma and even exten-
sive skull fractures and focal contusion of the brain
(Fig. 2.13). Minns maintains that in these children
there will be no other signs of encephalopathy or any
delay in seeking medical help. A good anamnesis and
careful scrutiny of the circumstances will provide
ample information to differentiate between accidental
and non-accidental skull/brain trauma.

In 2004, Pediatrics published an article of Bechtel
et al. called ‘Characteristics that distinguish accidental
from abusive injury in hospitalised young children with
head trauma’ [78]. In 2005, a letter of Lueder was pub-
lished in response, regarding retinal haemorrhages in a
number of accidental falls [79]. In their answer to
Lueder’s letter, Bechtel et al. described a number of sit-
uations in which children had fallen, for example, from
the hands of parents/carers and consequently sustained
skull fractures and other injuries (see Table 2.2) [80].
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Fig.2.13 Six-week-old infant girl who had fallen from the arms
of her mother on a tile floor. Radiological examination shows a
linear fracture of the skull (open arrow)

Fall on an Object

Wheeler and Shope described a 7-month-old infant
who fell out of bed and sustained a ping-pong fracture
of the skull (2 x 4 x 0.5 cm in the right parietal bone)
[81]. The child appeared to have fallen over a distance
of approximately 60 cm on top of a metal toy car.

Nobody saw the fall. There were no signs of underlying
brain damage, retinal haemorrhages or other fractures.

Fall from a Perambulator or Stroller

A fall from a perambulator, in particular in children of <1
year old, is not rare. Injuries are mainly found in the
head/neck area (including intracranial injuries and
skull fractures) [82, 83]. According to Watson and
Ozanne, the risk for serious injuries is considerable,
since by far the majority of children (96% of children
in their study) that had fallen from a perambulator fell
on their head [84].

Serious cranial injury has only been described in
case reports. It concerns typical injuries that originate
from contact; for example, epidural haemorrhages [85].
This does not have to lead to a skull fracture [85].
Permanent injuries as well as death are extremely rare
[82—85]. In their review of the literature, Lee and Fong
found three children that died after their parents reported
a fall from a perambulator. In the end, two of the chil-
dren appeared to be victims of child abuse [85].

Arnholz et al. describe the origin of bilateral skull
fractures in a 6-week-old baby who had fallen from a
perambulator from a height of approximately 90 cm on
top of his/her head on concrete steps [22]. As associ-
ated injuries ‘two separate and symmetrical areas of
scalp haemorrhage’ were found. Arnholz et al. point
out that bilateral fractures are rarely the result of an
accident and for that reason should be seen as extremely
suspect for child abuse. Their findings correspond with
Weber’s experiments with deceased children (see
Sect. 2.6.3.5).

Table 2.2 Injuries in children who fell from the arms of a carer [78-80]

Distance Context

1 month 1 meter Fell from the father’s arms, +
who was lying on the bed

4 month 1 meter Fell from the arms of an older ?
child

4 month  1.25 meter  Fell from mother’s arms and hit  +
its head against the edge
of the table

8 month 60 cm Fell from mother’s arms, ?

who was lying on the settee

Witnesses?

Findings at examination

Skull fracture right side of the skull
Epidural haemorrhage
Retina bleed (one eye) in right eye

Skull fracture on the lift side
Intraretinal bleeds at the back of the left eye

Skull fracture on the right side
Intracranial haemorrhage
Intraretinal bleeds around the optical disc and arcs

Skull fracture on the left side
Epidural haemorrhage
One intraretinal bleed in the left eye
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Fall from Shopping Trolley

Smith et al. evaluated retrospectively the emergency
department data of over 75,000 shopping trolley-related
injuries in children <15 years of age [86]. Eighty-four
percent of children was <5 years. The most prevalent
injuries were head and neck injuries (74%).

In a prospective study, Smith et al. evaluated 62
children ranging in age from 4 months to 10 years
(average 2.8 years) that had presented at the emergency
department for shopping-trolley-related injuries over a
period of 15 months [87]. The majority of children had
sustained the injury by falling out of the trolley (58%),
followed by toppling over of the trolley (26%). Injury
resulting from falling out of the trolley occurred at all
ages, whereas toppling over of the trolley was mainly
responsible for injuries in children <1 year old. Forty-
nine children (79%) appeared to have sustained head
injuries, of which five had skull fractures. Smith et al.
concluded that accidents with shopping trolleys can
lead to serious and potentially life-threatening injuries,
although there were no cases of (intra)cranial injury —
in spite of falling on a solid (often concrete) surface.
No intracranial haemorrhages were found.

Fall from Bouncy Chairs, Baby Bouncers
and Car Seats

Wickham and Abrahamson studied the risk of the use
bouncy chairs (Fig. 2.14) and car seats [88]. Seventeen
of the 131 children (average age: 6.9 months) with
head injury they examined appeared to have fallen
from bouncy chairs or car seats. All falls with bouncy
chairs took place while the child was seated in his/her
chair which was placed on a high surface (such as a
table). This also seemed to be the case in two of the six
children in the car-seat group. Fourteen of 17 children
fell on a solid surface. One child had sustained a skull
fracture as a result of the fall. There were no serious or
life-threatening injuries.

A baby bouncer is a playing device (Fig. 2.15) made
for children that are well able to keep their head
upright, but are yet unable to walk (see Chap. 6). The
literature only has few case reports that point at the
risks of the use of baby bouncers [89-91]. Unfortunately,
the literature is not quite clear on the definition of a
baby bouncer, which makes it difficult to compare the
results.

Clayton describes a case of a fatal fall from a baby
bouncer [89]. A 5-month-old child had fallen after two
other children had rocked the child in the bouncer. At
the time of the fall, the head was no more than 60 cm
from the floor. Clayton is correct in pointing out that
one does not necessarily have to fall from great height
to sustain life-threatening head trauma. After the fall
the child cried loudly at the top of its lungs; 7 h later it
died. Examination showed a large epidural haemor-
rhage at the left side, without skull fracture.

Fall from a High Chair

In particular children of less than 1 year of age seem to
fall regularly with or from high chairs. The study of
Watson and Ozanne showed that 75% of children who
fell out of a high chair landed on their head [84]. The
majority of those children sustained head injuries [92,
93]. In 103 children, Mayr et al. found haematomas or
lacerations of the scalp or face (68.9%), skull fractures
(15.5) and concussion (13.6%) [93]. Powell et al.
found in 21% of children intracranial injuries [93]. In
the (albeit limited) literature, serious or even life-
threatening injuries have rarely been described. Only

Fig. 2.14 Bouncy chair
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Fig. 2.15 Baby bouncer

Watson and Ozanne mention 1 child that died from a
fall from a high chair [84].

Fall from Stairs

Many parents have experienced at some time that their
young child fell downstairs. This means that annually
the number of falls down the stairs must be very high.
Usually it results in little or no injuries. This is proba-
bly why the paediatric literature contains but a few
publications on this type of accident and the occur-
rence of skull fractures in these accidents.

In a prospective study, Joffe and Ludwig describe
363 children, ranging in age from 1 month to nearly 19
years, with injuries resulting from a fall downstairs

(average age 55 months) [94]. Fifty-four children were <1
year old. Ten children were carried by their parent/
carer. Twenty-four children were in a baby walker
when they fell downstairs. Children who had been
abused were excluded from the study. The majority of
children sustained light superficial injuries, 73% had
injuries to head and neck. Head trauma was more often
seen in children that were less than 4 years of age. Six
children had sustained a skull fracture (all <3 years
old). Four of the six skull fractures were sustained in
the ten children that fell from their parents/carers hands
while going downstairs. None of the children was in a
life-threatening situation. According to Joffe and
Ludwig, a fall downstairs is really a series of much
smaller falls. The first fall is the longest by height: the
height of the child itself plus the number of steps of the
stair.

Chiavello et al. studied the effects of a fall down-
stairs in 69 children of less than 5 years of age (average
age 2 years), including three children that had taken a
fall with their parent/carer [95]. They excluded acci-
dents with baby walkers and children suspected of
being abused. The majority of injuries were not seri-
ous. Fifteen children had sustained serious injuries
such as concussion (11 children — 16%), skull fractures
(five children — 7%), cerebral contusion (two children —
3%), subdural haemorrhages (one child — 1%) and
fracture of the second cervical vertebra (one child —
1%). The three children who had been carried by their
parent/carer who had fallen on the child against the
stairs, had sustained the most serious injuries: two
children had skull fractures. One of them also had a
small subdural haemorrhage and cerebral contusion.
This was also the child that had sustained a fracture of
the second cervical vertebra. These injuries occurred
in a fall while being carried downstairs by an adult.
Chaviello et al. concluded that head and neck injuries
are the most prevalent injuries, and that it is rare to
have injuries on more than one body part.

Chaviello as well as Joffe concluded that a free fall
causes more damage than a fall from the same height
downstairs.

Fall with a Baby Walker

Accidents with baby walkers occur regularly in young
children up to 1 year old. Injuries are caused by vari-
ous mechanisms: going head over heels, falling down
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the stairs or from an elevation, or by crushing of fin-
gers. The most prevalent location for injuries is the
head and neck area, including the face [96]. The major-
ity of the injuries concern the head or face and are rela-
tively innocent. The majority and most serious injuries
occur when falling downstairs with a baby walker [97—
101]. In this context skull fractures have been men-
tioned frequently [99, 100, 102—-104]; the fractures
may be linear but also complex fractures are seen
[105]. Mayr et al. found basilar fractures in 19 of the
172 children they evaluated [103]; 15 had suffered a
fracture of the cranium and 4 a basilar fracture.

Smith et al. studied 271 children that had been
treated for baby walker-related trauma [106]. In the 26
children in Smith’s study, a skull fracture was estab-
lished (17 parietal, eight frontal and one occipital).
They saw three children with a depressed fracture of
the skull of whom two had a second skull fracture
without depression. Three children with a skull frac-
ture also had intracranial haemorrhages, of which two
were subdural haemorrhages. The skull fractures all
occurred in the group of children that had fallen down-
stairs. Chaviello et al. found intracranial haemorrhages
in 5 of the 65 children they evaluated [104]. Death is
rarely reported. The study of Chaviello et al. reported
one deceased child (skull fracture, subdural haemor-
rhage and fracture of the cervical spine) [104].

In an advice on the use of baby walkers, the
American Academy of Pediatrics (AAP, 2001) reports
that between 1973 and 1998 they received reports on
34 children who had died from a fall with a baby
walker [107]. Due to the considerable risk for light to
very serious injuries and death, the AAP issues a nega-
tive advice regarding the use of baby walkers.

Fall from a Bunk Bed

Although one may think that a fall from a bunk bed,
besides the larger distance of the fall, is comparable to
a fall from a lower bed, it appears that, based on data
from the literature, the risk for serious injury is consid-
erably higher for a fall from a bunk bed [108]. Injuries
may be sustained by falling from the top bed or the bot-
tom bed and from the ladder. The fall may occur during
sleep, when getting out of bed or while playing.

The majority of children suffers head trauma, includ-
ing facial injuries, in particular in a fall from the top
bed [109, 110]. A fall from the top bed also often causes

more serious injuries [109]. Skull fractures are not
often reported. Mayr et al. found seven skull fractures
in a total of 218 children [111]. MacGregor did not find
any skull fractures at all, in spite of the fact that a num-
ber of children showed notable neurological symptoms:
unconsciousness, drowsiness or vomiting [110].

In spite of the high number, the severity and diver-
sity of the injuries that occur when children fall from a
bunk bed, hardly any mention of intracranial injury can
be found in the medical literature. Selbst mentions a
child with a skull fracture and a subdural haemorrhage
[109]. In none of the children MacGregor found intrac-
ranial haemorrhages, not even in complex falls; for
example, when during the fall a child hits another piece
of furniture before hitting the ground [110]. Mayr et al.
too did not find any intracranial haemorrhages [111].

In conclusion, it is remarkable that none of the ear-
lier-mentioned studies reported the death of a child
after a fall from a bunk bed.

Fall from a Great Height

The fall distance necessary to cause damage in young
children in a free fall has been a continuous subject of
discussion [112]. Williams evaluated the data of 398
consecutive victims of a fall. In the end, 106 children
were selected for further evaluation [112]. In this group
the fall had been witnessed by another person than the
carer, and the context of the fall had been documented.
In Table 2.2 Williams’ findings are specified. Williams
also evaluated the data of 53 children with an anamne-
sis that indicated a fall as the cause of the sustained
injuries, without an independent eye witness to con-
firm this cause. In this group 2 children had died after
a fall of less than 3 m (both fell over a distance of even
less than 1.5 m). In the group with the independent eye
witness, there were 44 children that had fallen over
less than 3 m. In this group, three children had sus-
tained a small depressed fracture; however, none of the
children in this group died. It appeared that the chil-
dren that sustained a depressed fracture had fallen
against a sharp edge. In the group of children whose
fall had been witnessed by an independent observer,
one child died after a fall of over 20 m (Table 2.3).

Williams concluded that ‘infants and small children
are relatively resistant to injuries from free falls, and
falls of less than 10 ft are unlikely to produce serious
or life-threatening injury’.
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Table 2.3 Injuries in falls witnessed by others than the carer
(distance fall: 0.5-20 m) [112]

Severity N <3m >3m

of injury

None 15 8 7

Mild 77 Haematomas, abrasions, simple 24 43
fractures

Serious 14 Intracranial haemorrhages, brain 3 11
oedema

Depression fractures, compound
skull fracture

The majority of injuries sustained by a child who falls
from a great height are injuries in the head-neck area
[113, 114]. The most prevalent injury, besides visible
injuries, is the skull fracture, which may be accompanied
by intracranial symptoms (subdural, subarachnoidal and
epidural) and cerebral contusions [113, 115-117]. There
may be fractures of the cranium as well as of the base of
the skull [117]. The risk for a fatal course increases with
distance of fall, for example a fall from a balcony, roof,
stairs, diving board or from an open window or tree
[115]. Hereby intracranial injuries are the main cause of
death [117].

The majority of children who fall from a great height
is less than 5 or 6 years old and fall over a distance of
3—7 m (one or two floors) in or in the direct vicinity of
the home, mostly during the warm seasons [113-115,
118]. On the whole parents do not witness the fall,
unless they are directly involved in the fall. Mayr et al.
describe three cases in which a parent is directly
involved (a mother who jumped with the child, and two
mothers threw their child out of the window) [118].

2.6.3.7 Dynamic Impact Loading: Crush Injuries
Caused by Toppling Televisions
and Other Heavy Objects

Various publications warn for the risk that a child runs
with toppling televisions. In particular wide-screen
televisions on unstable cupboards or cupboards that the
child can climb on are notorious [119-124]. Although
Duhaime et al. call the cause of the skull/brain trauma
static loading [67], this type of accident has more in
common with dynamic loading, as found in accidental
falls. It is not rare for a double impact to occur: first the
moment that the child falls on top of its head of the

cupboard and then the moment that the television and/
or the cupboard topple(s) over on the child. Both con-
tact forms lead to dynamic impact loading.

Injuries by toppling televisions are predominantly
found in children between 1 and 3 years of age (see
Table 2.4). The most common cause of death in these
children is severe skull-/brain trauma [122]. Bernard
et al. report in a retrospective study of in total 73 inci-
dents (average age 36 months) the death of 28 children
(average age 31 months). In their study population the
head was the most prevalent anatomical location for
injuries (externally visible injury, skull fractures and
intracranial injuries) (72%) [119]. In the end, they
evaluated 14 deceased children in their study. Thirteen
of the children died from skull/brain trauma, while the
remaining child died from generalised crush injuries
(injuries in which several body parts and organs are
seriously damaged and/or crushed). In their article
they do not specify why only 14 deceased children
were chosen for further evaluation.

DiScala et al. also carried out a retrospective study
in 183 children under the age of 7 [120]. In their study
68.7% had a skull-/brain trauma, and 43.7% had inju-
ries to one or more body parts or organs (see Table 2.4).
More than a quarter of children had injuries with an
injury-severity score of 10-75 (Table 2.4).

Approximately one third of the children had to be
admitted to an intensive care unit; five children died
due to massive intracranial haemorrhages.

Table 2.4 Anatomical location of injuries and ‘injury severity
score’ in toppling televisions [120]

Anatomical location of the injury N %
Skull/brain 58 317
Arms or legs 28 153
Face, abdomen, skin 17 9.3
Combination of more than two injuries: 80 43.7

skull/brain, face, chest, abdomen, arms,

legs, skin
Total head/neck area 125  68.3
Injury severity score N %
1-9 (mild) 127 694
10-15 (moderate) 32 17.5
16-24 (severe) 13 7.1
25-75 (life-threatening) 7 3.8
Unknown 4 22
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Based on their study, Scheidler et al. maintain that
the most prevalent injuries are to the head, abdomen
and arms/legs (fractures) [121]. Their study mentions
five deceased children in a total of 43, all resulting
from skull/brain trauma. Four children sustained an
abdominal trauma, and in three children surgical inter-
vention was indicated. None of the children with an
abdominal trauma died.

Ota et al. pose that the injuries sustained from top-
pling televisions are usually not serious or life-threat-
ening [124]. However, the earlier cited medical
literature shows that life-threatening injuries occur
regularly (3—>35%).

Yahya et al. indicate that when televisions topple on
children, skull/brain trauma is the most prevalent cause
of death [123]. Only the article of Bernard gives
another cause of death, namely generalised crush
injury [119]. Furthermore, earlier-mentioned literature
shows that children that die as the result of toppling
televisions instantly show clinical symptoms and are in
near immediate need of intensive care.

2.6.3.8 Dynamic Impact Loading:
Skull Fractures in Utero

In utero skull fractures due to maternal trauma have
been mentioned in the medical literature for over a
century [125]. These fractures may be accompanied by
serious injury that is sometimes incompatible with life.
Intracranial (subdural/subarachnoidal, intraventricu-
lar) haemorrhages, cerebral oedema, hypoxic ischae-
mic damage and parenchymal injuries have been
reported [126—128].

Although it is possible for fractures to occur in
every all bone of the unborn child, skull fractures
appear to be the most prevalent in in utero trauma [ 129,
130]. In utero skull fractures may be found in all skull
bones [127]. Multiple depressed skull fractures may
also occur [131].

With the increase in the number of traffic accidents,
the majority of skull fractures in utero are related to
severe maternal injuries (fractures of the pelvis). As a
result of the fracture and dislocation of the pelvic
bones, the skull is pressed with a great deal of force
against the sacrum [125]. The highest risk is during the
third trimester, when the skull has descended into the
pelvis. This is often accompanied by severe maternal
trauma, although this is not always the case. Hirtle and

Ko describe the case of a 19-year-old pregnant woman
without significant injuries who had been involved in a
traffic accident. Due to foetal distress it was decided to
perform a Caesarean section. The child was found to
have a linear fracture in the left parietal bone plus a
skull haematoma on the left side at the location of the
fracture. The authors assumed that the fracture was
caused by blunt trauma directly through the abdominal
wall during the accident [125].

Staffort et al. describe eight cases of in utero foetal
trauma (two children had sustained skull fractures with
cortical lacerations and focal contusion) that were fatal
secondary to traffic accidents [128]. In all cases, the
mother survived, usually with only limited injuries.

The incidence of trauma during pregnancy was ear-
lier estimated to be 6-7% [129-132]. The majority of
these trauma appeared to be the result of traffic acci-
dents, followed by falling and physical violence.

2.6.3.9 Anatomic Variants and Other Findings
in Differential Diagnostics

In radiological differential diagnostics one should be
aware of so-called pseudo-fractures, such as impres-
sions of blood vessels, but also different aspects of
sutures and connective tissue fissures [133]. Also,
super-positioned externally localised objects may
cause confusion. For example, this may the case with
plaids or hair bows.

2.7 Growing Fractures of the Skull

Most skull fractures sustained during childhood heal
without any complications. A growing fracture of the
skull is a relatively rare complication of a skull fracture
and is usually found in children up to the age of toddler/
small child. In a growing fracture there is progressive
diastasis of the fracture line (Fig. 2.16a and b). In 1816,
John Hopkins was the first to describe a growing fracture
in a child as a complication of head trauma (from 137).

A growing fracture is also called a leptomeningeal
cyst for the frequently present relation with a cyst-like
mass filled with cerebrospinal fluid. Other terms in use
are a.o.: cerebrocranial erosion, traumatic meningo-
cele, growing skull fracture, diastatic fracture, cranial-
burst fracture and cephalhydrocele [134, 135].
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Fig. 2.16 (a) Two-year-old girl who presented at the emergency department after a fall on the head. The skull view showed a diastatic
fracture on the left side (open arrow). (b) Follow-up view after 3 months, clearly shows the growing skull fracture (open arrow)

2.7.1 Epidemiology

The literature reports an incidence that ranges from
0.05% to 1.6% for all skull fractures. Usually, it con-
cerns children in the first 3 years of their life, with a
notable preference for the first year. A growing frac-
ture is hardly ever seen in children >8 years [136—-140].
There may be a considerable period of time between
the moment the clinical pathology is inflicted and the
moment the diagnosis is made [141, 142]. Sometimes
the diagnosis is not made until the patient is >60 years
old [143, 144]. Consequently, in certain cases it is
impossible to relate to the initial trauma.

2.7.2 Etiology

Growing fractures usually occur after serious head
trauma, most frequently after a fall, a traffic accident
or in child abuse. There are case reports on the origin
of growing fractures following the occurrence of skull
fractures in utero (this concerned a child with bilateral
parietal fractures and a one-sided leptomeningeal cyst
at birth) [145], or from a difficult delivery with vacuum
extraction [60, 61, 146, 147].

A growing fracture can also occur as complication
after neurosurgery for corrective cranial vault reshap-
ing [148].

2.7.3 Growing Skull Fractures
and Child Abuse

Hobbs evaluated 89 children under the age of 2 with
skull fractures [37]. In 60 cases he found an accidental
cause. In the remaining children, child abuse was the
cause of the fractures. In the group children with acci-
dental causes, he did not find but one growing fracture,
whereas the six abused children did have a growing
fracture (see Table 2.1).

Hobbs’s results seem to contradict the results of the
study of Donahue. He evaluated 13 children with a
growing fracture, ranging in age from 1 to 17 months
with an average age of 5.7 months. Seven children had
suffered serious injuries in traffic accidents, and five
were victims of child abuse. In one child the physi-
cians were not clear about the cause [135]. The chil-
dren in Donahue’s study were all seen when acute.
They showed a conspicuous haematoma of the scalp
and a Glasgow Coma Score of 10 points or less, indi-
cating recent serious trauma.

When the data of Hobbs and Donahue are combined
[37, 135], they show that in young children head
trauma with herniation of intracranial tissue (either in
the acute phase or at a later stage) is the result of severe
trauma. It must be possible to objectify the circum-
stances of the trauma in order to accept an accidental
cause. In other circumstances, child abuse is the most
likely cause in this group of young children.
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2.7.4 Pathogenesis

The exact pathophysiology of growing fractures is still
under discussion. It appears that skull fractures are not
inclined to show diastasis when the underlying dura is
intact. The origin of growing fractures seems to depend
on many factors. The factors involved are: head trauma
with a large fracture, the presence of a dura laceration
(Fig. 2.17a and b), damage to the parenchyma at the
location of the skull fracture and the dura laceration,
and damage sustained at the time of maximal brain
growth [134, 149].

Muhonen et al. maintain that herniation of brain tis-
sue/leptomeningeal cyst, without indications for increased
intracranial pressure, points to physiological growth and
to pulsations of the cerebrospinal fluid as the cause of
diastasis/growth of the fracture [142]. The force of the
pulsations widens the skull fracture. The pulsations also
push intracranial tissue into the fracture line. This makes
it impossible for the osteoblasts to migrate to the fracture;
hence, there is no new-bone formation and consequently
no healing. Finally, there is resorption of the adjacent
bone as a result of the continuous pressure of the tissue
herniation through the defect in the bone [149].

It seems that insufficiently closed dura lacerations
during craniotomy can also lead to growing fractures
of the skull. These findings support the idea that trau-
matic damage to the dura is the most important risk
factor in the development of a growing fracture [149].

2.7.5 Clinical Symptoms

Most growing fractures can be found in the calvaria, in
particular in the parietal bone (50%) [150]. Sometimes
they can be found at the base of the skull or in the roof
of the orbit. It is very rare for a growing fracture to be
present in the posttraumatic diastasis of a suture [149].
Generally, it concerns linear fractures. Normally, a
depressed fracture will not develop into a growing frac-
ture [151]; however, a linear fracture that originates
from a depressed fracture can develop into a growing
fracture [152]. In a fracture with a diastasis >4 mm,
there is an increased risk for the development of a grow-
ing fracture [153, 154].

Fig. 2.17 (a) One-year-old girl with a growing skull fracture.
The skull view shows a diastatic fracture on the right dorsal pari-
etal side. (b) Pre-operative MRI shows a dura defect and pro-
lapsed meninges and brain tissue in the diastatic fracture (open
arrow)
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The clinical symptoms develop gradually, unless in
the acute phase there is a cranial-burst fracture with
acute herniation of intracranial tissue through the frac-
ture towards subgaleial, or if there is a dura defect with
a high risk for herniation and development of a grow-
ing fracture. It seems that in acute situations MRI
imaging is the most reliable manner to show dura
defects [135]. The MRI images enable instant evalua-
tion of damage to the dura, and an immediate referral
of the patient for surgical correction, so as to prevent
additional damage [134].

Children may present with the following symptoms:
gradual increase of the subgaleal mass, headache and
signs of neurological pathology. Pezzotta et al. did a
retrospective study of the literature in 132 children
with a growing fracture [150]. They established that
normally the initial clinical symptoms were the devel-
opment of seizures (40%), focal neurological deficits
(43%), unconsciousness (38%) or combinations of the
afore-mentioned. Asymptomatic presentation was
more common in frontal-parietal and frontal-parietal-
occipital locations. In 50% of children, the delay
between the occurrence of the fracture and appearance
of the first symptoms ranged from a day to a year.

The externally visible lesions of a growth fracture
are a cyst-like non-firm swelling, visible some time
after the initial trauma, with an underlying palpable
bone defect (see Sect. 2.7.1) [149].

There is a proportional relation between the sever-
ity of the neurological deficits and the size and ‘grow-
ing time’ of the defect [139].

2.7.6 Complications

The severity of the underlying trauma is a risk factor to
the child. A linear fracture combined with haemor-
rhagic contusion foci in the underlying brain tissue
suggests a trauma severe enough to cause dura lacera-
tions. The presence and the severity of the associated
damage determine the risk of complications.

In a growing fracture there is nearly always under-
lying brain damage. At the place of the fracture scar
tissue may develop in brain tissue and meninges. Cyst-
like changes at the place of the fracture may be the
result of encephalomalacia. Posttraumatic aneurysms

and subdural haematomas have also been reported in
relation to growing fractures [155, 156].

In all children they examined, Muhonen et al. found
damage to the cortex at the location of the fracture;
although, without signs for increased intracranial pres-
sure [142].

Although in most children signs for damage to the
underlying brain tissue can be found, this finding is not
a prerequisite for developing a growing fracture [157].

A growing fracture of the base of the skull may
cause eye proptosis or cerebrospinal fluid leakage from
the nose or the ear. After reaching their maximal size,
growing fractures tend to remain stable for the rest of
one’s life [137].

2.7.7 Diagnostics and Treatment

The diagnostics are based on the clinical presentation and
radiological images. In order to avoid neurological com-
plications, immediate recognition and early treatment are
required [156]. Treatment is always surgical and directed
at reducing the herniated brain tissue and repair of the
damage inflicted to skull and dura. It may be necessary to
place a shunt to alleviate the cyst and to treat local dilata-
tion of the ventricles [149].

2.8 The Dating of Skull Fractures

The dating of skull fractures is not very reliable. In
principle, new fractures have sharp edges that fade
away during the healing process. The time in which
this occurs varies [158]. Skull fractures do not heal as
fast as other fractures. In a young child the healing pro-
cess is faster than in older children [159].

Cameron maintains that the first radiological signs
that point to healing (fading of the edges of the frac-
ture) are only visible after 4-6 weeks [160]. As men-
tioned earlier, an uncomplicated linear fracture,
sustained during birth, is no longer distinctly visible
after 2 months and has completely disappeared after 6
months [27]. In older children it may take as long as a
year before the fracture is no longer visible on a radio-
graph [161].
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2.9 Basilar Fractures

In 6-14% of all children with head trauma (accidental
as well as non-accidental) that require medical inter-
vention, a basilar fracture can be found [17]. Basilar
fractures seldom occur in child abuse. The fracture is
usually sustained by a blunt trauma to the back of the
head, such as a blow or a fall. A basilar fracture may
also occur as the continuation of a fracture of the cra-
nium, in a contact trauma at the top of the head or a
blow in the region of the temporoparietal bone that
resonates through the temporal bone into the base of
the skull [14]. Furthermore, these fractures can also
occur in static loading crush injuries in traffic accidents
or in dynamic loading crush injuries in a fall from great
height (>3 m) [67-69, 117]. It is possible for a growing
fracture to develop in the base of the skull [150].

A basilar fracture may lead to loss of cranial nerve
functions (such as facial paralysis, anosmia, nystag-
mus and loss of hearing) and incarceration of the cra-
nial nerves.

Clinical signs may be:

* Nausea, vomiting, general malaise
* Unconsciousness, seizures, loss of neurological
functions [17]

At physical examination, various pathognomical defects
can be found, such as:

e ‘Battle sign’

* Racoons’s eyes

e Blood behind the tympanic membrane

e Leakage of cerebrospinal fluid via ear and nose

2.9.1 ‘Battle’s sign’

‘Battle sign’ is a haematoma directly behind the ear on
the mastoid process and is an indication for a fracture
of the middle part of the base of the skull in the poste-
rior cranial fossa. In a fracture of the pars petrosa of
the temporal bone there is often deformation of the
external auditory canal which may cause a rupture of
the tympanic membrane. On inspection, the tympanic
membrane will show discolouring (haemotympanium).
With further posterior extension of the fracture, involv-
ing the sigmoid sinus, the tissue behind the ear and
over the mastoid process may assume a blue-brown

colour as a result of blood that collects underneath the
fascia. This is called ‘Battle sign’ [199-201].

Although the ‘Battle sign’ is usually visible 812 h
after the fracture is sustained, it may also take as long
as 48-72 h [202, 203].

2.9.2 ‘Racoon’s Eyes’

‘Racoon’s eyes’ or peri-orbital ecchymosis is a haemor-
rhage of the loose connective tissue around the eyes,
which causes a red to purple swollen ring around the eye,
similar to the rings around a racoon’s eyes. It is a clinical
symptom indicative for a a basilar fracture in the anterior
cranial fossa [17, 198, 204]. It occurs when blood seeps
from a fracture in the frontal cranial fossa in the loose
connective tissue of the orbit. The haemorrhage is sharply
outlined due to the connection between the periosteum
and the bony margins of the orbit. Usually, Racoon’s
eyes are bilateral, since blood seeps via the paranasal
sinus into the contralateral orbit. Irrespective of finding a
fracture on a radiograph or CT scan. Racoon’s eyes will
show within a few hours, but a time delay from 48 to 72
h has also been reported [203, 205]. There may also be
loss of cerebrospinal fluid from the nose (rhinorrhea) or
loss of smell due to damage to the terminalis filaments of
the olfactory nerve at the cribrous lamina [201, 204].
Rhinorrhea is not necessarily instantly present. It may
develop some time (days to weeks) after the fracture was
sustained [198].

Racoon’s eyes may be distinguished from an orbital
haematoma or ‘black eye’ by its sharply defined mar-
gins and the moment at which the ‘black eye’ appears.
A normal ‘black eye’ is usually instantly visible (rarely
there is a delay of a few hours at most); Racoon’s eyes
are generally visible after a few hours, possibly even
after as much as 2-3 days. Moreover, in a standard
‘black eye’, bleeding and swelling may spread to the
front and face, whereas Racoon’s eyes will be restricted
to the direct vicinity of the eye.

2.10 Facial Fractures and Dental
Damage

Various studies show that >45% of all children who suf-
fer injuries due to child abuse have orofacial injuries
[162—174]. In child abuse this area is possibly the most
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battered part of the body [175]. The face seems to be the
most vulnerable part and the least protected part of the
body when submitted to trauma. The main reason for
the high incidence of injuries in non-accidental trauma
in the head/neck area is that the head, and in particular
the face, is the defining part of the body for recognising
a person. Moreover, human behaviour and emotions are
recognised and interpreted via facial expressions. No
wonder that aggression is mainly directed to this part of
the body. In children this plays even a greater part: when
a child cries in a stressful situation, aggression may be
directed at the face in general and the mouth in particu-
lar. According to Vadiakis et al., the oral cavity is the
main target in physical violence because of its role in
feeding and communication [176].

Injuries to the head/heck area can be: haematomas,
contusions, excoriations, bites and lacerations of the
lip and frenulum, fractures of the teeth [174, 177],
loose or missing teeth [172], fractures of the orofacial
bones: upper and lower jaw [172, 177—-179], zygomatic
arch [180], orbit, nasal septum [182, 183] and the
nasomaxillary bones [183]. However, in child abuse,
orofacial fractures and dental damage are hardly ever
reported.

In 1946, Caffey was the first to report the relation
between multiple fractures of the long bones and sub-
dural haematomas [184]. He suspected the combina-
tion to be of traumatic origin. Three of the children
described by Caffey also showed injuries in the mouth.
In 1966, Cameron et al. described 29 cases of fatal
child abuse [164]. Of the children examined (average
age 14.5 months), 50% had clearly visible abrasions,
bruising and haemorrhages and bumps on the head,
face and neck (Table 2.5). The areas on the jaw and
neck that Cameron et al. describe were clearly defined
fingertip-like anomalies. These prints may be found
when a child is grabbed forcefully by the jaw or neck.
They may be present unilateral (e.g. grabbing hold of
the child) or bilateral (e.g. in a strangling attempt). It is
noteworthy that Cameron et al. found a large number
of children (45%) with damage to the frenulum. In
later studies this high percentage is no longer found.

Since the article of Cameron et al., there has been a
plethora of publications on this subject. In 44-86% of
publications, injuries to the head/neck area are dis-
cussed; however, a dentist is hardly ever consulted (see
Table 2.6) [167]. The article with the highest percent-
age (86%) is from Malecz, but in this article a dentist
was involved (see Table 2.6) [167].

Table 2.5 Injury location, irrespective of type of injury [164]

Location (n=29) Percentage

Skull 79
Neck 52
Maxilla 49
Mandible 48
Upper lip 45
Frenulum 45

Table 2.6 Location of injuries [167]

Dental fractures 32
Oral lacerations 14
Fractures of mandible or maxilla 11
Oral burns 5

Table 2.7 Injuries in head/neck area [185]

Contusions and ecchymosis 37
Benign fractures (no further specification) 15
Abrasions 13
Burns 6
Subdural haematomas 3
Dental damage 1

Based on a large number of publications, Needleman
(1999) presents a cumulative overview of orofacial and
intracranial trauma in abused children (Table 2.7)
[185].

2.10.1 Dental Trauma

Dental trauma is a regular feature in children. Widmar
provides three reasons for this fenomenon: accident,
sports and child abuse. In 1:3 children there is damage
to the deciduous teeth, while in 1:5 children over 6
years of age there is damage to the permanent teeth.
Widmar maintains that in 30% of cases of child abuse
there is trauma to the teeth [186]. It is near impossible
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to differentiate between non-accidental and accidental
dental trauma when evaluating the damage out of con-
text (patient histories from patient and others, age and
level of development of the child).

Studies of Green et al. showed that the victims of
child abuse and neglect have an 8 times higher risk for
bad permanent teeth [187].

2.10.2 Orbit and Zygomatic Arch
Fractures

The force of blunt mechanical trauma on the orbit and
surrounding tissues can lead to orbital fractures
(Figs. 2.16 and 2.17). Usually these are fractures of
the orbital floor and medial side of the maxilla [188].
In the acute phase, the externally visible signs are
abrasions of the eye lid, haematomas and oedema
[189].

At the moment that a blunt object, such as a fist or a
baseball, hits the eye and the eye ball is not ruptured,
the intra-orbital pressure is suddenly considerably
increased (a so-called ‘blow-out’ fracture). This
increase will spread equally over all orbital sides. The
weakest side, the orbital floor (thickness only 0.5-1
mm) will fracture first. This may result in herniation of
the intra-orbital tissues into the antrum, which could
result in a growing fracture of the side of the orbit
[150]. There may also be haemorrhaging into the orbit,
which will present as a nasal bleed on the side of the
fracture [189].

According to Klenk and Kovacs, blow-out fractures
of the orbital floor are rare in children under 8 years of
age [190], due to the anatomical characteristics of
growing bone at an early age [190]. Zygomatic frac-
tures often accompany a blow-out fracture of the
orbital floor. There must be a severe blunt trauma in
the anamnesis (Fig. 2.18) [189].

When there is a fracture of the orbital roof, one
must be aware of the presence of intracranial damage.
In 50% or more of the orbital fractures there is also
(intra)ocular damage [188]. It is possible for the ocular
muscles to get incarcerated in the fracture [191-194].

The anamnesis will show the impact of blunt trauma
directly unto the orbit [188]. This usually occurs as a
sports injury, physical violence or a traffic accident.
When a child presents with an orbital fracture, and the
anamnesis does not mention a blunt trauma, one

Fig. 2.18 Schematic representation of direct orbital trauma

Fig. 2.19 Three-month-old infant girl who sustained a severe
neurological trauma and presented in coma at the emergency
department. CT of the orbit showed a left basilar fracture (open
arrow). Interrogation by the police revealed that the girl had
been hit by a steel petanque ball

should, based on the earlier-mentioned data, always
consider child abuse (Fig. 2.19).
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2.10.3 Fractures of the Nasal Septum

Blunt mechanical trauma on the nose may lead to
externally visible superficial (abrasions) and deeper
(lacerations) damage to the skin, and to haematomas
and fractures of the bony or cartilage part of the nose
[206, 207]. After direct trauma, a haematoma or the
development of an abscess in the nose septum is a rare
complication.

In young children, damage to the cartilage of the nose
septum is rare, irrespective of whether it is accidental or
non-accidental. In the medical literature there are only a
few case reports on nasal septum injuries due to child
abuse [ 182, 183]. However, according to Nathanson, frac-
tures of the bones and cartilage of the nose of young chil-
dren strongly suggest a non-accidental cause [208]. This
it certainly true when there is no serious trauma in the
anamnesis. In their article, Canty and Berkowitz describe
20 children with a post-traumatic haematoma of the nasal
septum [182]. In two children, the septum haematoma
(and the consequent development of an abscess) resulted
from child abuse. Compared to children that presented
with a septum haematoma and developed an abscess after
a minor and isolated nasal trauma (14 children, 1-14
years old) and after a sports injury (four children >10
years old), the abused children were all young (<2 years
old). Moreover, the abused children had sustained severe
additional injuries in the head/neck area (face, neck, nose)
and the patient history recorded child abuse.

Child abuse injuries of the nose, and of other
inflicted injuries to the face, are often accompanied by
further extracranial injuries, such as fractures and hae-
matomas on trunk and extremities [209].
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3.1 Introduction

Due to the malleability of the thorax in (young) chil-
dren, rib fractures are seen less frequent than in adults.
The most prevalent causes in young children are child
abuse, direct severe thoracic trauma and congenital
bone disorders. In this group of children it is possibly
the most overlooked fracture, since often there are no
conspicuous clinical symptoms. Rib fractures in older
children and adults are mainly the result of accidents.
Williams and Connolly analysed ten articles from
the medical literature to arrive at a number of general
conclusions on rib fractures in young children [1]. They
summarise their conclusion in a clinical bottom line:

e The likelihood that child abuse is the cause of rib
fractures decreases as the child grows older.

e Rib fractures in children <3 years old are very sus-
pect for child abuse.

* The absence of fractures on a radiograph does not
exclude their presence. In particular, fresh paraver-
tebral-localised fractures are not always (clearly)
visible on radiographs, unless there is dislocation of
the fracture (Fig. 3.1).

3.2 Signs, Symptoms and Complications

Rib fractures rarely show symptoms or complications
and are in young children hardly ever a reason for hos-
pital referral. It is assumed that approximately 80% of
fractures do not give any complaints [2]. This means,
as mentioned earlier, that in an unknown number of
young children rib fractures are not diagnosed. When
they are found, it is an accidental finding in a child that
is examined for other reasons (Fig. 3.2), or a finding
within the scope of a full radiological examination in a

Fig. 3.1 (a) Fresh rib fractures on the left posterior side with mutual dislocation of the fracture ends. (b) (a) has been enhanced with
a photo-enhancement programme to improve the visibility of the fractures
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Fig. 3.2 The mother of an 8-month-old child lodged a complaint
for domestic violence. Shortly before, the boy had presented at the
emergency department because the father had supposedly fallen
down the stairs while carrying the child on his arm. The combina-
tion of complaint and earlier accident resulted in a full skeletal
survey. The chest radiograph showed healing anterior (open
arrow) and anterolateral rib fractures (arrow) on the left side

young child that is suspected of being abused. It has
been established that when rib fractures are found,
they are seldom the only anomaly (Fig. 3.3a—f) [3].

Complaints are only seen with pleura irritation or
when there are other injuries. This may cause pain and
lead to noticeable crying.

As a result of rib fractures the following — albeit
very rare — complications may occur:

* Rupture of intercostal vessels
* Development of a haemothorax, a pneumothorax or
subcutaneous emphysema

In case of fractures of the lower ribs, one should be
aware of simultaneous damage to the spleen, stomach
and/or bowels [4].

3.3 Biomechanical Aspects
of Rib Fractures

As mentioned before, rib fractures in infants are prob-
ably rare due to the malleability of their chest. The ribs
will rather deform than break, unless a certain level is
exceeded.

Older children and adults sustain rib fractures as a
result of accidents, such as a fall or a traffic accident.
In children below the age of 2, without congenital met-
abolic bone disease, it is rare to find another cause for
rib fractures than child abuse [5-7]. In these infants,
accidental rib fractures are rare and nearly always the
result of severe thoracic trauma in an accident [8]. Rib
fractures are seldom seen as a result of deliveries,
resuscitations and physiotherapy (see further on). Due
to the malleability of the chest, one can exclude the
possibility of rib fractures resulting from picking the
child up in normal daily interactions and care.

Rib fractures result from two different kinds of
impacting force: static loading (compression) and
dynamic impact loading (direct external forces on
the ribs).

3.3.1 Static Loading: Compression

In young children rib fractures are usually caused by
static loading resulting from compression and/or defor-
mation of the chest, as happens when the chest is cir-
cled by both hands and compressed [4, 9]. Here, the
forces released during compression may have various
effects and lead to fractures at different locations
(Figs. 3.4 and 3.5 and Table 3.1). These fractures may
be single of multiple, and are often found bilateral. The
fractures will first be sustained at the posterior side, at
the place where the mechanical forces are highest and
where there is leverage. When compression increases,
lateral and then anterior fractures will follow the pos-
terior fractures [10]. This does not necessarily leave
externally visible haematomas.

In particular posterior fractures (posterior or pos-
terolateral) are suspect for this mechanism, since at
the posterior side the ribs break when compressed
against the vertebral transverse processes. By means
of experiments, Kleinman established that there had to
be considerable leverage from the posterior end of the
rib against the transverse processes [11]. This effect
occurs when the transverse processes is compressed
in the direction of the sternum [12, 13]. This causes a
fracture in the cortex at the ventral side, possibly with
complete cortical disruption [11, 14-16].

During accidents (mostly fractures due to
dynamic impact loading) and in medical proceedings
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Fig. 3.3 (a) Three-month-
old boy admitted to the
intensive care unit with a
Glasgow coma score of 3. At
physical examination skin
lesions are found correspond-
ing with burns, possibly a
cigarette (open arrow) and a
haematoma suspect for a bite
injury (arrow). (b) Spinal
view of the skeletal survey
shows healing rib fractures
(open arrow) on the left
posterior side. (¢) Skull
shows a comminuted bilateral
skull fracture (besides the
physiologically open
sutures). (d) Doppler
ultrasound of the skull made
at the paediatric intensive
care unit shows a retrograde
flow during diastole in the
pericallosal artery. This is
congruous with intracranial
pressure in cerebral oedema.
(e) CT at admittance shows
an oedematous swollen brain
with signs of infarction. (f)
CT made 7 months after the
first day of hospitalisation
shows sever focal and diffuse
tissue loss
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(compression during, for example, resuscitation — static
loading) this leverage is seldom seen. During accidents,
this kind of fracture only occurs when the joint is sub-
ject to great force. A comprehensive anamnesis in
which detailed attention is paid to the events and actions
enables differentiation.

In front-to-back compression the sternum is pushed
inwards, this is also the case when the vertebrae are not
pushed in the direction of the sternum. Hereby the cos-
tochondral junctions are pushed inwards, which may
result in fractures [16].

Lateral compression may lead to fractures on the
posterior side of the costochondral junction.

Fig. 3.4 Anatomy of the costal arch and possible locations for
rib fractures in anterior-posterior and sideways compression. 1.
Sternum. 2. Rib cartilage. 3. Sternal end of the rib. 4. Anterior
costal arch. 5. Lateral costal arch. 6. Posterior costal arch. 7.
Costal tubercle. 8. Tubercle of the transverse process of the ver-
tebra. 9. Rib head. 10. Rib neck. 11. Costovertebral joint

Fig. 3.5 Schematic
representation of bimanual
chest compression. Fractures
locations at the:

(a) costochondral junction.
(b) Anterior costal arch.

(c¢) Lateral costal arch.

(d) Posterior costal arch.

(e) Transverse processes.

(f) Head of the rib

In summary, compression results in two kinds of
fracture:

e Resulting from stress in the rib (costochondral,
anterior, lateral, and posterior)
e Resulting from leverage (around the vertebra)

It was found that compression fractures are seldom
accompanied by bruising [8], although in the shape of
thumb and finger prints (thumb print at the anterior/
upper part of the chest and fingerprints at the posterior
side, possibly paravertebral) they may be the only clin-
ical signs for compression fractures of the ribs
(Fig. 3.6a and b) [17].

3.3.2 DynamicImpact Loading:
Direct Impact of External Force

In only a minority of cases, rib fractures will result
from directly exerted force on the chest. This is true
for accidental violence (e.g. a fall on an object or an
accident) as non-accidental violence (e.g. a blow/
punch or kick). Rib fractures can also be sustained by
sudden deceleration, when a child hits a blunt object
or wall at high speed. Independent of the nature of the
force applied, the fracture is sustained at either the
place of impact or the place where as a result of the
impact the greatest stress is exerted on the rib (Figs. 3.7
and 3.8). Often haematomas can be found at the place
of impact [18].

Rib fractures due to contact (dynamic impact load-
ing) are found mostly in mobile children of >2 years old,
whereas fractures due to compression (static loading)
are predominantly found in younger children [4].
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Table 3.1 Biomechanics of rib fractures [9]

Compression

Mechanism

Fractures located at:

Symmetrical

Anterior-posterior

Anterior-posterior/posterior-
anterior

Posterior-anterior

From the side

Asymmetrical

Combinations of anterior-
posterior and sideways
compression

Force exerted from the front (back on surface) —
sternum moved towards spine — compression on
the inside of the ribs and tension on the outside of
the ribs

Force exerted from the front as well as the back —
sternum and spine moved towards each other —
leverage of rib on transverse process

Force exerted from back (front on surface) — spine
moved towards sternum — leverage of rib on
transverse process

Force exerted from the side — lateral costal arches
moved toward each other

In the presence of leverage:
(depends on the manner of holding and compressing)

Forces exerted to different degrees from the front,
back and side— oblique — asymmetrical deforma-
tion of the ribcage in which the right or left
anterior side is pushed in the direction of,
respectively, the left or right posterior side

Anterior, lateral and posterior costal
arch
Costochondral junction (possibly)

Transverse process (leverage)
Head of the rib (costovertebral joint)

Transverse process (leverage)
Rib head (costovertebral joint)

Anterior, lateral and posterior costal
arch

Costochondral junction (possibly)
Transverse process (leverage)
Rib head (costovertebral joint)

Fractures possible at all anatomical
locations

Fig. 3.6 A Haematomas at the location of the finger prints (open arrow) on the back of the patient in Fig. 3.3. (b) Graphic represen-
tation of haematomas in the shape of finger prints on the back, resulting from compression of the chest

3.4 Rib Fractures and Child Abuse

Rib fractures are probably the most common fracture
resulting from physical violence (3.6). Of all rib frac-
tures sustained in of child abuse, 90% are found in chil-
dren <2 years of age [2, 12]. Five to 27% of all fractures
sustained by child abuse are rib fractures [13, 19]. It is
probable that rib fractures may be found even more

frequently in abused children; however, since these
fractures usually do not cause any complaints, an
unknown number will not be diagnosed. In children
that have died from physical violence, one regularly
finds fresh and healed/healing rib fractures. In autopsy
cases, Kleinman et al. found radiographic evidence of
84 rib fractures (51%) in a total number of 164 frac-
tures in 31 abused children [16].
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Fig. 3.7 Graphic representation of a rib fracture at the contact
site after blunt chest trauma

Fig. 3.8 Graphic representation of a rib fracture at the site of the
highest stress after blunt chest trauma

In aretrospective study, Barsness et al. researched the
positive predictive values (PPV) of rib fractures regard-
ing child abuse in young children [20]. Over a 6-year
period, they identified 62 children <3 years old with in
total 316 rib fractures. They established that in 51 chil-
dren (82%) the fractures were the result of physical vio-
lence. Their study showed that in children <3 years of
age the PPV of a rib fracture as indicator of child abuse
18 95%. The PPV increased to 100% at the moment that,
based on the anamnesis and clinical data, all other causes
of rib fractures, such as illness or accident, could be
excluded. Furthermore, their study showed that:

e In child abuse, multiple fractures are more preva-
lent than single fractures.

e Child abuse was likely when the fractures were
located predominantly posterior and lateral (in 78%
of children).

e Rib fractures (single or multiple) were the only
skeletal signs of child abuse in 29% of their study
population.

This corresponded with the data found by Cadzow and
Armstong [8]. It was also found that rib fractures are
often found in abused children who sustained fractures
of (one of) the extremities or had intracranial pathol-
ogy (Figs. 3.9a—c and 3.10a—e) [8].

Child abuse should be considered as the cause of
the rib fractures when [7, 21, 22]:

e Rib fractures are found after the perinatal period
(although rib fractures have been reported sporadi-
cally in complicated deliveries).

* There are no indications for bone disease.

e There is no adequate explanation for a trauma that
caused the injuries, or when parents/carers provide
no explanation at all.

e Multiple bilateral fractures are found particularly in
the lower ribs on the posterior and lateral side (com-
binations of fractures on the posterior and anterior
sides are feasible).

e Multiple fractures are found, and based on new-
bone formation it can be established that the frac-
tures differ in age (Fig. 3.11a and b).

Posterior-located rib fractures seem to be most preva-
lent between the 4th and 9th rib. Lateral rib fractures
are most prevalent in the lower part of the chest.
Damage to the anterior costochondral junction is usu-
ally found between the 2nd and 9th rib [23].

One rib can sustain fractures at different locations.
When this happens to several ribs it can lead to a
‘flail’ chest. Hereby the chest wall of the child moves
in the opposite direction when breathing: at inspira-
tion the chest wall moves inwards and at expiration
outwards. At physical examination it will be found
that the chest is no longer firm and feels less mallea-
ble. Gibson and Tobias report a 21-day-old infant
with a flail chest resulting from non-accidental trauma
[24]. They state that child abuse is the most likely
explanation for a flail chest in infants when there are
no clear indications for serious chest trauma or a met-
abolic disorder.
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Fig. 3.9 (a) Right distal metaphyseal humerus fracture in a
3-month-old boy. The healing mid-axillar rib fractures are clearly
visible on this view (open arrows), but were missed when reporting
the humerus fracture. At the age of 3—4 weeks he had already been
seen for a fracture of the left humerus. The physicians deemed the
parent’s statement that the child had been picked up awkwardly
plausible. (b) Six days after the visit for the distal metaphyseal
humerus fracture, the child presented again at the emergency
department, this time for a suspected femur fracture on the right.
The radiograph shows a transverse mid-shaft femur fracture and a
metaphyseal corner fracture of the proximal part of the left (see
inset). These findings resulted in a full skeletal survey. (¢) The chest
radiograph showed more than 30 rib fractures originating from dif-
ferent points in time and showing different stages of healing.

The reliability of the detection of rib fractures
depends on the technique used. It seems justified to use
detailed radiographs to establish these injuries in liv-
ing and deceased children (see also Chap. 8) [16].

3.4.1 Posterior Rib Fractures

Eighty percent of all non-accidental rib fractures are
posterior fractures. Often, the location of the fracture
is not visible until there is callus formation (Figs. 3.12
and 3.13a—c) [13]. Since in the acute phase the fracture
can easily be overlooked, it is recommended to make a
chest radiograph when non-accidental chest compres-
sion is suspected, at the first exanimation as well as at
2-week follow-up [4, 25]. In case of enduring doubt
regarding the presence of rib fractures in the acute
phase, one may consider to perform a bone scintigra-
phy (see Chap. 8).

3.4.2 Fractures of the First Rib

Strouse and Owings evaluated 35 children of <2 years
of age with rib fractures. Only in four children a frac-
ture of the first rib was found. One child had osteogen-
esis imperfecta (OI) and three children were victims of
child abuse. Strouse and Owings concluded that frac-
tures of the Ist rib (uni- or bilateral) are very suspect
for child abuse, since it takes a good deal of force to
fracture these ribs. Hereby one should think along the
line of direct-impact violence, compression, shaking
or acute axial loading [26].

3.4.3 Injuries to the Costochondral
Junction

In the literature there are only a limited number of
articles in which the authors draw attention to injuries
to the costochondral junction that result from child
abuse (Fig. 3.14).

Smeets et al. reported a physically battered child
with fractures of skull, ribs and long bones. An
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Fig.3.10 (a) Two-year-old boy who, according to the clinical
history, had suddenly turned floppy in the arms of his father.
CT of the skull shows a subdural haematoma (open arrow).
(b) Skull radiograph shows a high parietal linear fracture (open
arrow). (¢) Chest radiograph, part of the skeletal survey in a
case of suspected child abuse, shows a lateral rib fracture of

ultrasound showed costochondral dislocation of the
lower ribs, which could be explained by physical vio-
lence [27].

Ng and Hall describe three children, all <3 years of
age, with anterior-located rib fractures that involved
the costochondral junctions of the 6th to 9th ribs [28].
Two children suffered bilateral defects resembling
with ‘bucket-handle’ injuries of the long bones. Ng
and Hall remark that it was hard to visualise these
defects and that they heal with minimal new-bone for-
mation. These children were victims of very severe
physical violence. There were also severe intra-abdom-
inal injuries (such as rupture of the duodenum and
spleen, and transection of the pancreas) [28].

Nimkin and Kleinman maintain that fractures of or
around the costochondral junction may occur more
frequently than reported in the literature, since it is dif-
ficult to visualise fractures at this location [29].

the 6th rib on the right (see inset). (d) CT of the chest shows
the established rib fracture (open arrow). (e) CT of the chest
shows an additional rib fracture at the left dorsal side (see
inset). Callus formation is clearly visible which implies that
the fracture is older than the rib fracture on the right lateral
side

3.4.4 Rib Fractures as Indication for
Respiratory Obstruction by Chest
Compression

In 2000, two articles were published that drew atten-
tion to the risk of respiratory obstruction in anterior-
posterior compression of the chest [30, 31]. This form
of static loading may impede respiration as well as
oxygen uptake by mechanically closing the airways.
The lack of oxygen will make the child disoriented.
Face and neck will become cyanotic with petechiae/
ecchymosis on head, neck and chest. There may also
be bleeding in the subconjunctiva and retina. However,
these anomalies are not always present.

The authors of both articles draw attention to the
incidence of rib fractures in this kind of static loading,
and the potentially fatal course of this type of child
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Fig. 3.11 (a) Two-year-old girl who, according to the anamne-
sis, had allegedly fallen from a bunk bed. A chest CT (made at
presentation in the trauma unit) shows a healing left lateral rib
fracture. (b) Chest CT, a few slices lower than (a), shows a fresh
right posterior rib fracture (open arrow). On the left lateral side
a healing rib fracture can be seen (arrow)

Fig. 3.12 Four-month-old infant girl who showed at physical
examination bruises in suspect locations. The chest radiograph
showed two healing posterior rib fractures, the 7th and 8th rib on
the right side (open arrow)

Fig. 3.13 (a) Posterior rib fracture with callus formation as an
accidental find (see inset) in a 3.5-year-old boy who had been
admitted to hospital for severe abdominal pain. The step-father
maintained that the boy had fallen when playing with the dog in
the garden. (b) Abdominal CT scan showed a liver laceration
(open arrow). (¢) Abdominal CT scan confirms the presence of
a posterior rib fracture with callus formation (see inset). At fur-
ther investigation it was found that both injuries, separated by a
time interval, were the result of child abuse
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Fig.3.14 (a) Three-month-old boy. According to the anamnesis
the father had tripped over the cat while holding the infant on the
day before hospitalisation. At admittance, the infant presented
with tachycardia and decreased saturation (85%). The chest
radiograph at admittance showed anterior rib fractures on the
right (see inset, open arrow), a healed posterior rib fracture on
the left (arrow) and pneumoperitoneum (arrow point), charac-
terised by Rigler’s sign. (b) Cross table abdominal radiograph
shows again the pneumoperitoneum (asterisk)

abuse. When the child dies and few other indications
are found, rib fractures were found to be the most reli-
able indicator for the cause of this kind of asphyxia
(Fig. 3.15a—d).

Boos describes a situation in which the father con-
fessed that he had pushed several times on the chest of
the child to make it stop crying [30]. He also pushed
the legs of the child against its chest. During the last
incident, which at age 7 months resulted in the death of
the child, he wrapped the child firmly into a sheet,
which obstructed breathing. The child was found to

have old and new rib fractures (14 in total: healing
fractures anterolateral from the 4th to 10th rib on the
left and 4th to 7th rib on the right; and new fractures of
the 8th to 10th rib) and face and scalp haematomas.

3.5 Rib Fractures: Differential Diagnosis

There are distinctive differences between accidental
and non-accidental rib fractures (see Table 3.2).

Studies by Garcia et al., comprising more than
2,000 children (age 0-14 years) with blunt or penetrat-
ing trauma, conform these findings [6]. They conclude
that:

e In children, the presence of multiple rib fractures
was a clear indicator for the presence of serious
injury.

e Children with rib fractures caused by an accident or
child abuse had generally more extensive and severe
injuries than children without rib fractures.

* The mortality of children with rib fractures was
higher.

e The higher the number of rib fractures, the higher
the chance of a fatal outcome.

e The occurrence of rib fractures was more prevalent
in child abuse than in accidents.

e The combination of rib fractures and intracranial
injuries usually proved fatal.

3.5.1 Rib Fractures in Birth Trauma

Skeletal lesions may occur in otherwise normal chil-
dren as a result of a traumatic delivery, such as breech
birth [32-35]. Clavicle fractures are the most prevalent
and present in 1.7-3.5% of neonates [36].

During birth there is a great deal of force on the
ribcage during the passage through the birth canal.
Yet, it is rare to see rib fractures directly after deliv-
ery (Fig. 3.16) [21, 37]. When they are present, they
result either from trauma around the time of birth or
in utero [21], from a rigid ribcage or from congenital
disorders.

In a prospective study of 15,435 births, Rubin did
not find any rib fractures. In 43 children he found a
clavicle fracture, in seven a humerus fracture and in
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Fig. 3.15 (a) Postmortem radiograph of a 2-month-old girl
found dead in her crib. In compliance with the Dutch SIDS pro-
tocol a skeletal survey was done. The chest radiograph showed
bilaterally localised lateral rib fractures which were, when con-
sidering the callus formation, not recently sustained (see inset,
open arrow). (b) Bilateral-localised lateral rib fractures of an

one a skull fracture [38]. In another retrospective study
of over 20,000 births, no rib fractures were found [39].
Neither did Bhat et al. find any rib fractures in their
study of 34,946 live-born infants [40]. The literature
only counts a limited number of case reports on rib
fractures in new-born infants (see Table 3.3).

Rib fractures resulting from birth seem to be
unlikely in normal term birth and a normal postpartum
physical examination. All children described up to the
present day had, as far as one can evaluate from case
reports, various symptoms that pointed to a traumatic
birth: cephalic haematoma, haematomas, swelling and

older date, visible on the total-body CT scan (MIP images, open
arrow). (¢) Left clavicle fracture (open arrow). This fracture
was only visible on the CT scan and not on the radiograph, not
even retrospectively. (d) Photograph at autopsy shows callus
formation on the anterior side of the left chest wall (open
arrow)

subcutaneous crepitus. The rib fractures were multiple,
and located unilateral and posterior.

3.5.2 Rib Fractures and Resuscitation

Hoke and Chamberlain mentioned that in the medical
literature the incidence of rib fractures in adults result-
ing from conventional cardiopulmonary resuscitation
ranges from 13% to 97% [41]. They also mention that
it is rare for any rib fractures to occur during
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Table 3.2 Differences between accidental and non-accidental rib fractures [74]

Accidental Non-accidental

Primary complaint

Age child
Average 8 years and 7 months
Range 2-15 years
Number of fractures
Average 33
Range 1-8

Severe trauma with adequate anamnesis: traffic
accidents, fall from a height, shot wounds

Unexplained respiratory problems
(usually no complaints)

3 months

0.5-7 months

11.8
3-23

cardiopulmonary resuscitation in otherwise healthy
children, irrespective of whether well-trained or
untrained personnel perform the massage. Various
other studies confirm this proposition [7, 42, 43]. The
reported incidence in children ranges from 0% to 2%.
Hoke and Chamberlain maintain that child abuse
should always be considered when rib fractures are
present after resuscitation, in view of the low incidence
of rib fractures after resuscitation and that:

e The reasons for resuscitation (cardiac arrest) should
be carefully examined.

¢ The child should be screened for further abnormali-
ties that could indicate child abuse [41].

Fig. 3.16 Macrosomal neonate born at 41 weeks, birth weight
5,656 g. Vaginal delivery was complicated by shoulder dystocia.
Clinically, a fracture of the right clavicle was seen immediately
after birth. A chest radiograph at admittance shows besides the
clavicle fracture (open arrow), multiple ipsilateral posterior rib
fractures (ribs 4-9)

Feldman and Brewer examined 113 children who had to
be resuscitated [7]. This group included 41 abused chil-
dren. Twenty-nine children had rib fractures (14 of those
were caused by child abuse). Other causes for fractures
were: a traffic accident (four children), rickets/osteopo-
rosis (five children), surgical interventions (five chil-
dren) and osteogenesis imperfecta (one child). In spite
of lengthy resuscitation, no fractures could be attributed
to this procedure. Resuscitations were performed by
persons with completely different levels of expertise in
this field (parents, emergency department personnel,
other hospital personnel and combinations of the afore-
mentioned. Fractures that were the result of child abuse
were often present in multiples, were of different ages
and spread over multiple adjacent ribs. Moreover,
frequently these children also showed other physical
and radiological signs of mistreatment and neglect.
Spevak et al. performed a retrospective study of
autopsy data and postmortem radiographs of 91 infants
<1 year of old, resuscitated for other reasons than child
abuse (56 boys, 35 girls; average 2.4 months — ranging
from 26 h to 8.5 months) [42]. In none of the infants rib
fractures were found. The conclusion of Spevak et al.
was: ‘when rib fractures are encountered in an other-
wise normal child, child abuse must be considered’.
Bush et al. did a retrospective study into type, number
and severity of unexpected complications in resuscita-
tions in children [44]. They evaluated in total 211 chil-
dren under the age of 12 years (average age 19 months).
Children with anamnestic or physical signs of prior
trauma were excluded from the study. Cause of death
was: cod death (56%), drowning (8%), congenital car-
diac defects (7%) and pneumonia (4%). Average time of
resuscitation was 45 min (ranging from 5 to 80 min)
Fifteen children (7%) sustained injuries that were
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Table 3.3 Rib fractures resulting from delivery (Reprinted from [82]. With permission)

Author Birth weight (g) Dystocia
Thomas [5] Nk 5896 Nk
Rizzolo [75] Nk 3300 +
Barry [76] Nk 5020 +
Hartmann [77] F 3912 _
M 4205 _
Bulloch [78] Nk 3946 +
Durani [79] M 4309 _
Ibanez [80] M 3800 +
Landman [81] F 4400 _
M 4500 _
Van Rijn [82] F 5070 +
M 5020 +
M 4300 +
F 5656 +

Fracture location

Delivery

Forceps Right posterior ribs 5-7

Vacuum 5 Ribs posterolateral®

Normal 5 Ribs posterior*

Vacuum Right posterior ribs 4-8

Vacuum Right posterior ribs 6—8

Vacuum Right posterior ribs 4-6+right clavicle
Normal Left posterior rib 7 +left clavicle
Vacuum Right posterior ribs 7 and 8

Normal Left posterior ribs 57 +left clavicle
Normal Left posterior ribs 5-7

McRoberts Right posterior ribs 6 and 7 +right clavicle
Forceps Left posterior ribs 4-6+left clavicle
Normal Left posterior ribs 5-8 +left clavicle
Normal Right posterior ribs 4-9 +right clavicle

Nk not known
“Number known, exact location unknown

significant from a medical point of view and that could
be considered as resulting from the resuscitation: retro-
peritoneal haemorrhages (two children), pneumothorax
(one child), pulmonary haemorrhage (one child), epicar-
dial haematoma (one child) and perforation of the stom-
ach (one child). Although some children had been
resuscitated for a protracted period of time by various
persons with different levels of expertise, rib fractures at
the costochondral junction were found in only one child.
Bush et al. concluded that notable injury inflicted by
medical procedures is rare and is only seen in 3% of chil-
dren. According to Bush et al. one should, irrespective of
the resuscitation, always consider child abuse as a cause
when traumatic injury is found after resuscitation.
Furthermore, they mention that the case reports found,
only discuss rib fractures after prolonged and strenuous
resuscitation. Gunther et al. confirm the earlier-men-
tioned data [31].

Betz and Liebhardt evaluated the cause of death of
233 children between the ages of 5 days and 7 years
[43]. In 190 children death from natural causes was
proclaimed, the others died after a trauma. Ninety-four
of the children who died a natural death had been resus-
citated. Two of them had bilateral fractures in the mid-
clavicular line. In 15 of the 43 trauma-related deaths, rib
fractures were found, predominantly on the posterior
side. In this study it is remarkable that the physicians
caused more frequently or nearly exclusively notable

injuries during resuscitation. This makes the regularly
provided explanation for rib fractures in deceased chil-
dren — e.g. that they are the result of resuscitation by an
inexperienced person in panic — quite improbable.

In 2006, Maguire et al. published a comprehensive
study of the literature into the prevalence of rib frac-
tures in cardiopulmonary resuscitation (427 articles in
various languages, published between 1950 and 1
October 2005) [45]. In the end they included six stud-
ies with the data of in total 923 children. Three resus-
citated children had sustained an anterior-located rib
fracture. Two fractures were mid-clavicular and one
was located at the costochondral junction. The pres-
ence of multiple fractures has also been described [45].
Resuscitation was carried out for different periods of
time by trained medical personnel and by non-trained
non-medical personnel. Maguire et al. could not find
one well-documented posterior-localised rib fracture
that resulted from resuscitation. They remarked that in
the study they evaluated, the most modern and sensi-
tive techniques for the detection of rib fractures in
young children had not been applied.

The study of Dolinak underlines the conclusion of
Maguire et al. regarding the diagnostics of rib fractures
[46]. Dolinak evaluated the data of 70 consecutive autop-
sies in infants between 2 weeks and 8 months old that
had been resuscitated. Children with injuries (either ana-
mnestic or from examination) were excluded. After
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carefully removing the pleura from the ribs of eight chil-
dren, he found subtle anterolateral-located rib fractures.
Seven of the infants had more than one fracture (up to
ten fractures in total). Five children had bilateral rib frac-
tures. There was little or no associated blood loss around
the fracture line, and as such the fracture could easily
have been overlooked were it not for the removal of the
pleura. Dolinak maintains that the rib fractures he found
were the equivalent of rib fractures regularly found after
resuscitation in adults.

3.5.2.1 Posterior Rib Fractures in Resuscitation?

From previous data it can be concluded that rib frac-
tures in resuscitation happen rarely and that, when they
occur, they are localised at the anterior and anterolat-
eral side and (seldom or) never at the posterior side.
From a biomechanical point of view this seems correct
when the resuscitation took place in the traditional
way, ‘two-finger’ cardiac massage (‘two-finger’ infant
cardiopulmonary resuscitation). Hereby anterior-pos-
terior compression is applied, with the child supine on
a flat solid surface, and the sternum is pressed towards
the spine during cardiac massage. Pressure is exerted
exclusively on the front of the chest. In relation to the
ribs and the costochondral junction, the sternum is
moved inwards. At the same time, the spine and the
ribs are more or less stationary on the flat solid surface
(Section 3.3.1). According to Chapman, this makes it
impossible for leverage of the ribs on the vertebral pro-
cesses to take place [17]. Even if the infant lies on a
soft surface, such as a bed, it is unlikely that there will

Fig.3.17 Graphic represen-
tation of the ‘two thumbs
encircling hands chest
compression), as advised in
2006 by the International
Liaison Committee on
Resuscitation (ILCOR)

be posterior rib fractures, since the chest as a whole
and the ribs and spine on the posterior side are pressed
simultaneously into the soft surface below. Moreover,
according to Worm and Jones, the forces exerted in
two-finger cardiac massage are below the level of force
required to cause rib fractures [9].

In the international guidelines of 2000 for the
resuscitation of neonates and infants and in the revised
version of these guidelines of 2006, the ‘two-thumb-
encircling hands chest compression’ is considered to
be an effective form of cardiac massage [47, 48]. In
this manner of resuscitation, anterior-posterior com-
pression is exerted while the ribcage of the infant is
encircled by both hands (thumbs on the sternum and
fingers on the back) and sternum and spine are com-
pressed towards each other (bimanual anterior-posterior
compressions) (Fig. 3.17). This manner of encircling
the chest is similar to the earlier described manner in
non-accidental compression(Section 3.3.1).

In ‘two-thumbs resuscitation’, there are more risk
factors for sustaining rib fractures [9]. There is a risk
that the compressions during resuscitation are too deep
(more than the recommended depth of one third of the
anterior-posterior diameter of the chest) [47, 48], that
the compressions are too firm and/or that there is too
much deformation of the ribs. This increases the risk
for fractures and, due to the posterior leverage, also
the risk for posterior rib fractures. This has been con-
firmed by Clouse and Lantz [49]. They described four
infants (1 day to 3 months old), who had been admit-
ted to hospital and had died of natural causes. At
autopsy, posterior rib fractures were found in these
infants. Child abuse was considered to be ruled out.
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All children had been resuscitated by two-thumb-
encircling hands compressions. Three children showed
recent rib fractures related to the resuscitation attempts
shortly before they died. One child showed older rib
fractures with callus formation; however, this finding
could be explained by repeated resuscitation attempts.

The earlier-mentioned data show that two-thumbs
resuscitation may cause posterior rib fractures and that
in cases in which rib fractures are seen in resuscitated
infants, it is important to inquire in great detail how
and by whom the resuscitation was performed (possi-
bly more than one person).

3.5.3 Rib Fractures and Physiotherapy

Over the past few years a number of articles have been
published in which authors report rib fractures result-
ing from chest physiotherapy (CPT).

Chalumet et al. describe five children (all boys,
average age 3 months) over a period of 4 years who
appeared to have sustained a rib fracture after CPT for
bronchiolitis (four children) or pneumonia (one child)
[50]. The average number of fractures was 4 (range
1-5). The fractures were located between the 3rd and
the 8th rib, in four children lateral and in one child
posterior. The authors estimate that the prevalence of
rib fractures due to CPT is 1:1,000 in children admit-
ted for bronchiolitis or pneumonia. They consider CPT
to be a rare cause of rib fractures.

Gorincour et al. did a prospective study into rib frac-
tures in children treated for bronchiolitis [51]. They found
in total six children of less than 2 years old with lateral rib
fractures and possible remnants of rib fractures. The
authors believe that in these children no plausible grounds
for child abuse were present. The only possibility left was
CPT. Twelve of the 14 defects found were localised in the
lateral part of the chest from the 4th to the 7th rib. No
defects were found at the costochondral junctions. In 12
of 14 defects, reaction of the periosteum was seen without
a clearly visible fracture. According to the authors this
was feasible since repeated CPT causes subperiosteal hae-
morrhages rather than real fractures. Finally, Chaneliere
et al. describe two children that had sustained lateral rib
fractures after physiotherapy for bronchiolitis [52]. The
authors posed that, although rib fractures resulting from
physiotherapy are rare, physicians should be aware of the
possibility when confronted with rib fractures.

Fig. 3.18 Premature infant born after a pregnancy of 26 weeks,
and 10 weeks old at the time of the chest radiograph. As accidental
finding, left lateral rib fractures were seen (see inset). Laboratory
test did not show any indications for metabolic defects

3.5.4 Rib Fractures in Premature Infants

Compared to term neonates, premature infants are at
higher risk for fractures in day-to-day handling. Most
often these are fractures of the long bones and ribs
(Fig. 3.18). Skeletal lesions in premature infants usu-
ally cause no clinical symptoms. According to Helfer
et al., even during passive exercising a parent may
cause a fracture in a premature infant [53].

Prematurely born children and critically ill neo-
nates also run a high risk for sustaining rib fractures
during resuscitation. These are nearly always located
anterolateral (front and side) [13]. These premature
children also run an increased risk for rickets, which
may include rib fractures [54-56].

3.5.5 Rib Fractures in Serious
Coughing Fits

Various publications draw attention to rib fractures that
result from the forces released during prolonged and
forceful coughing in general and in severe coughing fits
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Fig.3.19 (a) Posterior rib fractures (open arrow) in a 7-month-old
infant with severe malnutrition. The child suffered from chronic
malabsorption resulting from a ‘short-bowel’ syndrome due to
necrotising enterocolitis, and was totally dependent on parenteral

such as in whooping cough in particular. These fractures
should be considered ‘stress fractures’ [57] and are the
result of severe coughing secondary to airway infections,
asthma or irritation of the airways [58—62]. The American
Academy of Pediatrics (AAP) and the Centers for
Disease Control (CDC) give as complications for whoop-
ing cough in adolescents and adults: fainting, sleep dis-
turbances, urine incontinence and pneumonia [63, 64].
Both also mention rib fractures in teens and adolescents.
The most critical course of whooping cough is seen in
infants <6 months old, in particular in premature and non-
vaccinated infants [63, 64]. The complications seen in
infants <1 year old are pneumonia (22%), seizures (2%),
encephalopathy (<0.5%) and death. The incidence of
death is approximately 1% in infants <2 months old and
<0.5% in infants between 2 and 11months old. The most
prevalent complication and cause of whooping cough-
related death is secondary bacterial pneumonia. Of the
children that die, 85% is <3 months old [64]. According
to the CDC, the pressure in severe coughing fits in whoop-
ing cough can lead to: pneumothorax, nose bleeds, sub-
dural haemorrhages, hernias and rectum prolapse.
Neither the AAP nor the CDC mention rib fractures
as a result of whooping cough in infants. The cases of
rib fractures in coughing fits mentioned in the litera-
ture, also in the more recent literature, are only rib

nutrition. The child had been hospitalised from birth. Additional
radiographs showed evident rickets, which was confirmed by labo-
ratory tests. (b) Figure 3.19a has been enhanced with a photo-
enhancement programme to improve visualisation of the fractures

fractures in adolescents and adults [65-68]. The young-
est child mentioned in the literature who had sustained
a rib fracture (it concerned the 1st rib) due to whoop-
ing cough was 11 years old [69]. The medical litera-
ture does not mention but one published case in
children <11 years old or in the most vulnerable group,
infants of less than 1 year old.

3.5.6 Rib Fractures from Other
Rare Causes

When a rib fracture is found in a neonate, one should
always be aware of diseases that affect bone minerali-
sation. The most common disease in this group is
osteogenesis imperfecta (OI). Generally, this diagnosis
will cause few problems, in particular when multiple
fractures are found (see Chap. 7). In the most severe
cases of OI, the foetus will die in utero or the infant
will die shortly after birth, as described by Thomas in
his case report [5].

In rare cases, serious malnutrition may cause metabolic
disturbances, and as such increase the risk for fractures. In
2006, this led to suspected child abuse in a 7-month-old
hospitalised baby with short-bowel syndrome. However,
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additional radiological examination showed an obvious
case of rickets (Fig. 3.19a and b).

Furthermore, rib fractures have been reported in neo-

nates suffering from hyperparathyroidism and hyper-
calciuric hypercalcaemia [71, 72]. Maternal factors may
also play a role in the origin of rib fractures: Kaplan
et al. report rib fractures in neonates as a result of mag-
nesium sulphate during pregnancy [73].
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Clavicles, Scapulas, Sternum, Vertebrae

and Pelvis

4.1 Clavicles

4.1.1 Introduction

The clavicle is situated at the front-/upper side of the
ribcage, between the shoulder girdle and the sternum.
For the greater part its course is clearly visible, just
underneath the skin, and easily palpable along its full
length. Fractures of the clavicle are amongst the most
frequently found fractures, in children as well as in
adults. In children it may well be the most prevalent
fracture [1].

Dependent on their location, fractures of the clavi-
cle are categorised as: fractures of the middle third, the
lateral or distal third and the medial or sternal third
(Fig. 4.1).

Fractures of the middle third (the shaft) are most
prevalent (76-85% of all clavicle fractures). Fractures
of the distal third are reported in 10-21% of cases and,
of all cases, fractures of the medial third are seen in
only 3-5% [2-6].

4.1.2 Signs, Symptoms
and Complications

Young, non-mobile children hardly ever show notice-
able signs and symptoms. Sometimes the child moves
the arm less on the affected side or cries during day-to-
day care. More often it is a chance finding, because
during day-to-day care the parents or during physical
examination a physician notices a swelling on the clav-
icle due to new-bone formation.

It is easier to recognize signs and symptoms in an
older child. Children complain of moderate to severe
pain around the fracture. They will stop using the
affected side so as to relieve the fracture (they stop
moving the arm). Most children with this type of frac-
ture are inclined to ‘look’ towards the side of the frac-
ture in order to relax the sternocleidomastoid muscle so
as to avoid this muscle pulling at the broken bone [7].

Sometimes there is pain when pressure is exerted
around the fracture, a haematoma or fluid collection.
There may be external evidence that the bone has lost

Fig. 4.1 Graphic representation of fracture of the clavicle (a) proximal; (b) mid-shaft; (c¢) distal)
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Fig. 4.2 Fracture of the clavicle due to direct trauma (see also
Fig. 3.15)

its integrity, or one of the bony ends may protrude
through the skin. In the latter case this is called a com-
pound fracture.

4.1.3 Clavicle Fractures
and Physical Violence

Clavicle fractures may result from physical violence
(Fig. 4.2). Of all fractures due to child abuse, 2-7% are
thought to be clavicle fractures [2, 8, 9]. A blow directly
on the clavicle will cause a mid-shaft fracture, as will
an accidental fracture. Traction to the arm may cause a
lateral fracture [2].

4.1.4 Clavicle Fracture:
Differential Diagnosis

Based on clinical symptoms and/or radiological char-
acteristics, it is impossible to distinguish between frac-
tures resulting from birth, accidental fractures and
fractures due to physical violence [10]. When child
abuse is suspected, a comprehensive retrospective ana-
mnesis should be taken, since this type of fracture is
often only identified by the time substantial callus has
taken place.

4.1.4.1 Clavicle Fractures Resulting
from Delivery

Fractures of the clavicle are the most prevalent post-
partum fractures (Fig. 4.3). They are reported in 13%
of all deliveries. A study by Joseph and Rosenfeld

Fig. 4.3 Fracture of the clavicle in an 8-day-old infant (duration
pregnancy: 39 weeks; birth weight: 3,550 g). During delivery
shoulder dystocia was found. Eight days postpartum a swelling
was seen around the left clavicle. The radiograph shows a clavi-
cle fracture with dislocation of the fracture ends (open arrow)

showed that most children do not show any symptoms
[11]. Forty percent of fractures were found only after
meticulous and repeated examination.

Nearly 90% of all fractures that occur during deliv-
ery are fractures of the clavicle [12—14]. Rubin carried
out a prospective study in 15,435 births and found a
clavicle fracture in 43 of 51 children that had sustained
a fracture [14]. Camus et al. found a clavicle fracture in
105 of 123 children that had sustained a fracture (in a
total of 20,409 births) [15]. Bhat et al. studied the data
of nearly 35,000 live births [16]. In total 35 fractures
were found, of which 16 children sustained a clavicle
fracture. Based on the above-mentioned studies it was
found that the risk of sustaining a clavicle fracture in
vaginal delivery was higher than in a Caesarean section
(see also Chap. 6).

It is possible to differentiate between fractures result-
ing from birth trauma and other causes by dating the
fracture. In normal circumstances, a fracture found more
that 11-14 days after delivery that does not show any
signs of healing cannot result from the delivery [2, 8].

4.1.4.2 Accidental Fractures
The incidence of clavicle fractures decreases with

increasing age [17]. It is unusual to find accidental frac-
tures of the medial or distal end of the clavicle in
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Fig. 4.4 Accidental fracture of the middle third of the right
clavicle (open arrow) in a 3-year-old child, sustained after a fall
down the stairs. The fall was seen by several eye witnesses

Fig.4.5 Pseudo-joint as a result of ‘non-union’ in a 16-year-old
boy. At the time the fracture was 5 months old and had been
sustained while playing sports. The radiograph was made for
persistent pain

children less than 3 years old [18]. This type of fracture
occurs through sudden traction to the arms of by violent
shaking [19]. They often occur combined with injuries
to the proximal humerus [20, 21]. They can be com-
pared to metaphyseal injuries of the long bones, which
can result from sudden traction to the arms and legs.

In children of preschool age, clavicle fractures are a
common occurrence (between 8% and 15% of all frac-
tures in this age category) (Fig. 4.4) [4, 22, 23].

In older children a clavicle fracture is usually the
result of an accident. Generally, it will be a mid-shaft
fracture, mostly due to a fall on the shoulder (87%)
[4, 24, 25]. A fracture may also be inflicted by the
direct impact of blunt mechanical force (7%). Finally,
a fracture may be sustained when the child falls with
the arms stretched out (indirect impact of force) [25].

Pseudarthrosis may develop after a clavicle fracture
as the result of non-union of the fracture ends (Fig. 4.5).

4.2 Sternum

4.2.1 Introduction

Sternum fractures are hardly ever found in children
[2]. At an early age, the malleability of the thorax
makes the sternum relatively resistant to deformation,
and as such against sustaining a fracture. However, it
may be possible that a number of sternum fractures are
overlooked in children, since this type of fracture is
difficult to confirm radiologically.

4.2.2 Sternum Fractures and Child Abuse

In the literature, sternum fractures are seen as highly
suspect for child abuse, especially when there is no
accident in the anamnesis [2, 27].

Kleinman poses that sternum fractures carry a high
specificity for child abuse [26]. Hechter et al. disagree:
they are of the opinion that, though sternum fractures
may be rare, they are not very specific for child abuse.
They carried out a retrospective study over a period of
11 years in 12 children with sternum fractures (four
children were 2 years or younger, the others 3 years or
older). In two children, both below the age of 2, the
researchers suspected that child abuse was the cause of
the fracture [28].

In a situation of violence, the fracture can be sus-
tained by a direct punch or blow, or by forceful com-
pression of the chest. This may result in a dislocation
of the sternomanubrial joint or along the cartilaginous
edges of the sternal ossifying nuclei [18, 29].

4.2.3 Sternum Fractures:
Differential Diagnosis

Hoke et al. report that in the medical literature the inci-
dence of sternum fractures in adults due to resuscita-
tion ranges from 1% to 43% [30]. In otherwise healthy
children, sternum fractures have never been reported
as the result of conventional resuscitation.

Wada et al. describe a 10-year-old boy with osteo-
myelitis who presented with a dislocation at the
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junction of the manubrium and the corpus [29]. Nijs en
Broos describe a 9-year-old gymnast who had suffered
a posterior sternomanubrial dislocation when doing
gymnastic exercises on the parallel bars [31]. Finally,
DeFriend and Franklin reported two children who had
sustained a sternum fracture from a fall of a swing.
They had hyperflexion of the sternum [32].

4.3 Scapula Fractures

4.3.1 Introduction

Scapula fractures are rare, due to the unique anatomy and
the protective nestling in many layers of muscle and con-
nective tissue [33-36]. Hence, a scapula fracture gener-
ally indicates a severe, high-energetic and not seldom
life-threatening trauma, in which adults as well as chil-
dren often suffer damage to other organs as well (such as
haemothorax and pneumothorax) [34, 35, 37, 38].

4.3.2 Scapula Fracture:
Differential Diagnosis

In children, accidental scapula fractures are very rare.
In older children they usually result from a clearly
identifiable trauma with considerable direct-impact
force, such as a traffic accident, a fall from great height,
a sports injury (a blow with a hockey stick or baseball
bat) or a fall on the shoulder. In case such an anamne-
sis is not present, child abuse should be considered in
every scapula fracture [2, 8, 27].

Accidental scapula fractures rarely occur in chil-
dren <2 years old. When they are found, and there is no
plausible explanation, child abuse is the most likely
cause. Kleinman states that a scapula fracture has a
high specificity for child abuse [26].

The acromion is the most prevalent location for
fractures of the scapula (Fig. 4.6); either a fracture is
found or there may be a dislocation of the acromio-
clavicular joint. Fragmentation of the acromion, avul-
sion fractures of the acromion and, less frequently,
fractures of the coracoid process or other parts of the
scapula may be found after indirect trauma. This hap-
pens, for example, when a child is shaken, when the

arms are pulled with a great deal of force, or when the
arm is turned onto the back with brute force [2, 8].
When an acromion fracture is found in an abused child,
one should always be aware of other associated frac-
tures such as clavicle, glenoid fossa, coracoid, proxi-
mal humerus or the upper ribs.

A direct blow to the scapula may lead to a non-spe-
cific linear of ‘star burst’ fracture [2, 39].

Fractures of the glenoid fossa or the corpus result-
ing from direct-impact violence are very rare in child
abuse [9]. A fracture of the glenoid fossa is usually the
result of a fall on the upper arm.

In differential diagnosis in children, one should be
aware of the accessory ossifying nucleus at the end of
the acromion, since this may mimic a fracture (Fig. 4.7)
[40, 41]. A genuine fracture will show a sharply defined

Fig. 4.6 Humerus fracture with extensive callus formation
(arrow) and acromion fracture (open arrow) in a 2-year-old
abused child (see also Fig. 3.11)

& 5

Fig.4.7 Os acromiale as normal variant in an otherwise healthy
child
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edge compared to the regular bone. Also, when heal-
ing there are signs of callus formation.

4.4 Fractures of the Vertebrae

4.4.1 Introduction

Vertebral fractures in children are rare [42]. This type of
fracture is the result of a high-energy trauma: a trauma
caused by contact in which a great deal of energy is
released with great velocity/force on a relatively small
surface. Usually, it concerns accidental trauma, such as
traffic accidents and falls from a considerable height. A
fall from a horse is also notorious [43].

Cirak et al. evaluated the data of 406 children that
had sustained traumatic injuries of the spinal column
and cord [42]. Traffic accidents/collisions were the
most prevalent cause of injury, also in children up to 2
years of age. Falls appeared to be the most prevalent
accidental cause in children between 2 and 9 years of
age, whereas sports injuries were the predominant

Fig. 4.8 (a) Accidental
fracture of the first lumbar
vertebra (open arrow) in a 15
year-old boy (sports trauma
from high jump). (b) CT scan
of the lumbar spine shows a
stabile fracture with only an
anterior component (open
arrow)

cause in children between 10 and 14 years of age
(Fig. 4.8a and b). Most vertebral fractures were in the
upper cervical spine (C1-C4). In the study of Cirak
et al., the incidence of SCIWORA (spinal cord injury
without radiological abnormality) was 6%. Traumatic
brain injury was the most prevalent associated injury
and was present in 37% of children.

When a child presents with a compression fracture,
or a fracture of another part of the vertebra, such as the
arch of the vertebra, and the anamnesis does not men-
tion any severe trauma, bone disease or an earlier
experienced osteomyelitis or tuberculosis, or when
there is a blank patient history, child abuse will be
quite likely [8, 44].

Vertebral fractures and damage to the spinal cord
due to child abuse are rare [45, 46]. The estimated inci-
dence ranges between 0% and 3% in the larger study
populations [47, 48]. According to Bode and Newton,
non-accidental damage to the vertebrae and spinal cord
occurs in less than 1% of abused children [49]. In the
literature, description is usually limited to case reports
[43, 50-55]. In general, these injuries seem to be asso-
ciated with other findings fitting child abuse, such as
fractures and damage to internal organs [2, 47, 56].
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Kleinman considers fractures of the spinous pro-
cess a highly specific sign of child abuse. According to
him, fractures and subluxations of the vertebral bodies
have an average specificity, which means that in the
absence of a plausible explanation the cause is most
likely child abuse [26]. According to Brodeur, 50% of
the vertebral injuries due to child abuse is seen in chil-
dren <1 year old [44].

Generally, vertebral fractures due to child abuse are
compression fractures of the vertebral bodies (Fig. 4.9).
These result from extreme flexion or extension in ante-
rior-posterior direction — in particular at the lower tho-
racic and higher lumbar level; for example from
direct-impact violence such as a blow or a kick, or
from alternating hyperflexion and hyperextension dur-
ing shaking [50]. For this reason multiple compression
fractures regularly occur simultaneously. Sometimes
they result from acute lateral flexion or from torque. In
lateral flexion the fractures are seen mainly at the tho-
racic level, and in torque at the cervical level.

Fractures of the upper extremities may occur at the
same time as vertebral compression fractures. This
may happen when, for example, the child is held over
a kitchen table or work top and is slammed down with
great force on its bottom [57]. In these cases, fractures
of the upper extremities may be sustained in two ways:
(1) when a child uses the fully stretched arms to catch
the bang against the table, and (2) when the maltreat-
ing person uses the arms as levers to put the child down
on the table or work top [57].

Generally, vertebral fractures in children that died
from child abuse appear to have vertebral body com-
pression of 25% or less. Of these fractures, 50% show
injuries to the anterosuperior apophyseal plate with
deformation due to compression, 30% shows only
compression fractures and 20% has a fracture of the
superior apophyseal plate, without notable compres-
sion [58].

4.4.2 Symptoms and Complications

When there is a lack of clinical symptomes, it is easy to
overlook damage to the spine when the anamnesis does
not show any indications for trauma [59]. This lack of
clinical symptoms seems to be rather the rule than the
exception. In some children, slight kyphosis is found at
physical examination, and sometimes also signs for

Fig. 4.9 Four-month-old child who’s sib was admitted with
inflicted traumatic brain injury. The skeletal survey (for guide-
line see Section 8.2.1.3) shows fractures of the vertebral bodies
at levels T12, L2 and L4

compression or contusion of the spinal cord. Damage
to the spinal cord with signs of paraplegia may be seen
in dislocation or subluxation of the vertebrae.

This probably means that a percentage of the chil-
dren with vertebral damage resulting from child abuse
is not diagnosed as such. However, the lack of clinical
symptoms does not imply that there will be no perma-
nent damage. Even years later, it is possible to find
sometimes quite serious anomalies in spinal alignment
or growth [52].

Although neurological symptoms due to vertebral
fractures from child abuse are rarely seen, a full neu-
rological examination should be performed in every
child that presents with a vertebral fracture [52]. Since
vertebral damage is usually asymptomatic, but can be
the result of extremely violent behaviour, examination
of the spinal column should be part of the routine
examination — especially in young children [60]. In
young children, damage to the spinal cord occurs more
frequently without than with an associated vertebral
fracture (SCIWORA). This is due to the relatively nar-
row spinal canal and the relatively poorer blood
supply [57, 61]. It is also possible for epidural
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haemorrhages to occur in the spinal canal without the
presence of fractures [57].

4.4.3 Injuries to the Cervical Spine

In children, most injuries to the cervical spine have an
accidental cause (fall or traffic accident) [62, 63]. In
young children, even a fall of less than 1.5 m could
result in such an injury [64]. It is also possible that the
injuries were sustained during delivery [65]. In teens
and adolescents, fractures occur in particular during
participation in sports and traffic [63, 66]. Only occa-
sionally the medical literature reports damage to the
cervical spine resulting from child abuse [50, 67, 68].

Avulsion fractures of the spinous processes of the
lower cervical and higher thoracic spine may be caused
by non-accidental hyperflexion. This type of fracture
is found predominantly in older children [54]. Oral
et al. describe a 4-year-old girl that had suffered an
avulsion fracture of the second cervical vertebra and
damage to the interspinal ligaments between the first
and second cervical vertebrae after the babysitter had
thrown the child on the bed from a distance of at most
1-2 ft [69].

Although damage to the cervical spine in non-acci-
dental acceleration-deceleration brain trauma is seldom
mentioned (shaken-baby syndrome or inflicted trau-
matic brain injury), autopsy regularly reveals injuries
to the spinal cord at the cervical level [46, 68, 70, 71].

Various authors mention the problems involved in
diagnosing fractures of the cervical spine when using
conventional radiology. In an older study, Swischuk
reports that prevertebral oedema seen on a radiograph
may be the only indication that the spine has been
damaged, since spontaneous reduction of the cervical
spine after dislocation is common [50].

Thomas et al. describe a 9-week-old boy with a spi-
nal cord injury due to a fracture of a cervical vertebra
[70]. The infant presented as a ‘floppy infant’. Routine
radiographs of the cervical spine looked normal.
However, the MRI revealed an injury in the shape of a
fracture with dislocation of part of the cartilaginous
part of the body of the third cervical vertebra into the
spinal canal.

Brown et al. evaluated the data of 103 children with
injuries to the cervical spine and spinal cord [72].
Thirty-eight percent of children had SCIWORA at the

cervical level. SCIWORA was present in 75% of chil-
dren sustaining a sports injury and in all children that
were victims of child abuse.

4.4.3.1 ‘Hangman’s Fracture’

The co-called ‘hangman’s fracture’ or traumatic spon-
dylolisthesis of the axis [73] is an often instable lethal
fracture of both pedicles of the second cervical verte-
bra (axis), and results from hyperextension of the head
in relation to the cervical spine. This may or may not
result in subluxation of the second cervical vertebra in
relation to the third. This type of fracture is typically
seen in judicial hanging, in which the body takes a fall.
This type of fracture was first described by Wood-
Jones in 1913 [74].

In adults, a ‘hangman’s fracture’ occurs mainly in
sports or traffic accidents. In suicides, this type of frac-
ture is not all that often seen, since the height of the fall
during hanging is insufficient. In these cases, asphyxia
is generally the cause of death. These fractures can
occur in children as well as in adults from extreme
hyperextension [75].

According to Van Rijn et al. the ‘hangman’s frac-
ture’, with 13 published cases, is rare in children [76].
The fracture usually occurs in children <2 years old [77,
78]. Fracture dislocations of the cervical spine as a result
of violence have been reported, but are rare [79]. When
such a fracture is found in children, child abuse should
always be considered, especially when the patient his-
tory does not offer a plausible reason for a trauma with
hyperextension [80—82]. McGrory describes an infant
with this type of fracture due to shaking, because of
alternating hyperextension/flexion [79].

4.4.4 Injuries to the Thoracic Spine

In children up to approximately 10 years old, fractures
of the thoracolumbar spine are mainly the result of
traffic accidents — either as pedestrian or as passenger
in a car — or of a fall from a height [83-86]. Fractures in
older children are usually caused by either sports or
other recreational activities, or by traffic accidents [87].

The majority of fractures of the thoracolumbar
spine result from hyperflexion plus compression [86,
91]. Furthermore, they may also be due to shearing
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forces or subluxation-dislocation. Shearing forces are
involved in injuries sustained by the impact of severe
force, such as traffic accidents in which a child is hit by
acar [92].

Irrespective of age, in damage to the thoracolumbar
spine, child abuse (physical violence) should always be
considered, in particular when there is no plausible
explanation. Most non-accidental fractures concern the
vertebral corpora [57]. They result from the combina-
tion of extreme hyperflexion and hyperextension, such
as in severe shaking or direct-impact forces. Anterior
compression fractures resulting from hyperflexion in
shaking are predominantly seen in the lower thoracic
and higher lumbar spine [19]. The movement of
extreme flexion and extension during shaking may also
cause avulsion fractures of the spinous processes and
damage to the interspinal ligaments [19, 44]. Ogden
describes multiple fractures of the spinous processes of
the thoracic and lumbar spine due to shaking [61].

Fracture dislocations of thoracolumbar vertebrae
and kyphosis due to violence have been reported, but
are rare [2, 8, 27, 50-52, 61, 79].

The literature counts a number of case reports on
subluxation and dislocation at the Th12-L1 level with
paraplegia, as the result of spanking a child [59, 93].
Bode and Newton describe an infant of 8 months old
with a fracture-dislocation at level Th12-L1 resulting
from non-accidental trauma [49]. Sieradzki and Sawark
also describe a child (14 months old) that had sustained
a fracture-dislocation at the same level, also due to
non-accidental trauma [94].

Carrion et al. describe two children that had sus-
tained a circumferential fracture of the growth plate at
the thoracolumbar level due to child abuse [95]. They
had sustained isolated fractures and showed paraplegic
symptoms due to fracture-dislocation.

According to Levin et al. fractures of the thora-
columbar spine with spondylolisthesis are rarely seen
in cases of child abuse [96]. They mention only six
earlier reports in the medical literature. In a review of
seven new cases (age from 6 months to 7 years), they
found abnormalities that ranged from a subtle spon-
dylolisthesis to overt dislocation of the vertebrae, gen-
erally at the L1-L2 level. In six children paravertebral
calcifications were found. In two children, spon-
dylolisthesis was the only confirmation found in
imaging.

4.4.5 Spinal Fractures:
Differential Diagnosis

Accidental spinal fractures in older children are rare.
They are the result of falls, traffic accidents and inju-
ries in sport and while playing [88-90].

In the literature several congenital spinal defects
can be found that were falsely indentified as resulting
from child abuse. Aronica-Pollak describes a 4-month-
old child with a radiologically reported fracture of the
third lumbar vertebra, which was assumed to be an
abusive fracture [97]. The child died 4 days after being
hospitalised. Autopsy did not show a fracture, but a
congenital defect in the construction of the vertebrae.
The cause of death was determined to be Sudden Infant
Death Syndrome.

Levin et al. draw attention to congenital defects and
tumours as possible differential diagnoses in spon-
dylolisthesis [96]. Spinal fractures can also be found in
oncological diseases, in particular in Langerhans cell
histiocytosis and leukaemia (Fig. 4.10a—c). Van Rijn
et al. describe a 5-month-old infant who had been
physically abused by one of her carers [76]. The girl
showed defects at the C2—C3 level, which led to sus-
pected ‘hangman’s fracture’ (Fig. 4.11a—c). Physical
examination did not show any soft-tissue swelling or
haematomas. Neither were there any neurological
defects; however, there was some local tenderness. In
the end, it was concluded that the girl had a congenital
defect of the arch of C2.

Finally, changes occurring during normal develop-
ment or resulting from infection in the vertebrae and
intervertebral discs may be a reason for confusion [57].

4.5 Fractures of the Pelvis

Due to the relative malleability of the pelvis, pelvic frac-
tures are sporadically seen in children. The majority of
pelvic fractures have an accidental cause and are typically
due to high-energy trauma, such as traffic accidents. Often
serious associated injuries may be found (Fig. 4.12).

In infants <1 year old, pelvic fractures hardly ever
happen. When they are found, congenital bone disor-
ders, tumours or physical violence should be part of
the differential diagnosis.
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Fig.4.10 (a) Nine-year-old
girl with Langerhans cell
histiocytosis. The conven-
tional radiograph of the
cervical spine shows a
collapsed vertebral body at
the level C4 & C6 (open
arrow). (b) Sagittal CT
reconstruction shows a
vertebra plana at the C4 level
(open arrow) and a less
severe vertebral collapse at
level C6. (c) T2-weighted
sagittal MRI view of the
earlier found (CT and
conventional radiograph)
cervical collapse at the C4
level (open arrow) and C6.
Collapsed vertebrae seen at
the thoracic level (arrows).
All fractures are consistent
with Langerhans cell
histiocytosis

Fig. 4.11 (a) Radiological examination for suspected child sclerotic margin of the arch defects (open arrow). (c) MRI of the
abuse. The cervical spine view shows anterolisthesis (>3 mm) cervical spine shows no signs of haematoma or bone oedema
and a defect in the arch of C2 (open arrow) (Reprinted from  (sub-optimal quality due to movement artefacts)

[76]. With permission). (b) CT of the cervical spine shows a
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&
Fig. 4.12 After high-energy trauma, the pelvic view of a young
patient shows diastasis of the symphysis pubis (open arrow) a

fracture of the inferior pubic ramus and the left pubic bone (arrow
point), and a transverse fracture of the right femur (arrow)

In the medical literature, pelvic fractures result-
ing from child abuse are rarely found [98-100].
Fractures of the pubic bone and ischium have been
reported [18]. Sometimes, the only sign of child
abuse may be a periosteal reaction [8]. Since it takes
a great deal of force to cause a pelvic fracture, child
abuse should be considered when the anamnesis
does not mention severe trauma [101]. Moreover, it
is not rare to find other injuries resulting from child
abuse, such as severe intracranial injuries or other
fractures [102].

In violence-induced femur fractures it is essential
that the pelvis is meticulously examined for the pres-
ence of fractures on the side of the femur fracture [44].

Extensive haematomas from physical or sexual
abuse in the area of the perineum, buttocks and thighs
may result in heterotopic calcifications in the muscles
and fatty tissue of the pelvic area and thighs [98].

Johnson et al. describe two children that sus-
tained pelvic fractures and one child with a fracture
of the femoral shaft related to sexual abuse [103]. A
3-year-old girl had suffered extensive injuries to the
soft tissue of the arms, legs and perineum. Moreover,
she showed fractures of both pubic arches and the
sacral side of the right sacroiliac joint. A 5-year-old
girl had presented with acute abdominal complaints

and pneumoperitoneum due to a rectum rupture from
sexual abuse; she also had an old healed fracture of
the pubic arch with damage to the pubic symphysis.
The last girl, 5 months old, had sustained a tear of
the hymen and a fracture of the femoral shaft without
dislocation.

References

—

. England SP, Sundberg S. Management of common pediatric
fractures. Ped Clin North Am 1996;43(5):991-1012
2. Kogutt MS, Swischuk LE, Fagan CJ. Patterns of injury and
significance of uncommon fractures in the battered child
syndrome. Am J Roentg 1974; 121(1):143-9
3. Miller DS, Boswick JA Jr. Lesions of the brachial plexus
associated with fractures of the clavicle. Clin Orthop Relat
Res 1969;64:144-9
4. Nordqvist A, Petersson C. The incidence of fractures of the
clavicle. Clin Orthop Relat Res 1994;300:127-32
5. Pyper JB. Non-union of fractures of the clavicle. Injury
1978;9(4):268-70
6. Rowe CR. An atlas of anatomy and treatment of midclavicu-
lar fractures. Clin Orthop Relat Res 1968;58:29-42
7. Goddard NJ, Stabler J, Albert JS. Atlanto-axial rotatory fixa-
tion and fracture of the clavicle: an association and classifi-
cation. J Bone Joint Surg [Br] 1990;72(1):72-5
8. Kleinman PK. Diagnostic imaging of child abuse. Williams
and Wilkins, 1987
9. Merten DF, Radkowski MA, Leonidar JC. The abused child:
a radiologic reappraisal. Radiology 1983;146(2):377-81
10. Herndon WA. Child abuse in a military population. J Pediatr
Orthop 1983;3(1):73-6
11. Joseph PR, Rosenfeld W. Clavicular fractures in neonates.
Am J Dis Child 1990;144(2):165-7
12. Cohen AW, Otto SR. Obstetric clavicular fractures: a three
year analysis. J Reprod Med 1980;25(3):119-22
13. Farkas R, Levine S. X-ray incidence of fractured clavicle in
vertex presentation. Am J Obstet Gynecol 1950;59:204—-6
14. Rubin A. Birth injuries: incidence, mechanisms, and end
results. Obstet Gynecol 1964;23:218-21
15. Camus M, Lefevre G, Veron P et al Traumatismes obstétri-
caux du nouveau-né. Enquete retrospective a propos de 20409
naissances. J Gynecol Obstet Biol Reprod 1985;14: 103344
16. Bhat BV, Kumar A, Oumachigui A. Bone injuries during
delivery. Indian J Pediatr 1994;61(4):401-5
17. Jones E. Skeletal growth and development as related to
trauma. In Green NE, Swiontkowski MF. Skeletal trauma in
children. Saunders, 1998, 2
18. Merten DF, Cooperman DR, Thompson GH. Skeletal mani-
festations of child abuse. In Reece RM. Child abuse — medi-
cal diagnosis and management. Lea & Febiger 1992,
23-53
19. Merten DF, Carpenter BC. Radiologic imaging of inflicted
injury in the child abuse syndrome. Ped Clin North Am
1990;37(4):815-37



References

77

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Johnson CF. Inflicted injury vs. accidental injury. Peds Clin
North Am 1990;379(4):791-811

Launius GD, Silberstein MJ, Luisini A et al Radiology
of child abuse. In Monteleone JA, Brodeur AE. Child
maltreatment — a clinical guide and reference. GW Medical
2nd edition 1998, 31-58

Landin LA. Fracture patterns in children. Analysis of 8,682
fractures with special reference to incidence, etiology and
secular changes in a Swedish urban population 1950-1979.
Acta Orthop Scand Suppl 1983;202:1-109

Lichtenberg RP. A study of 2532 fractures in children. Am J
Surg 1954;87:330-8

Kreisinger V. Sur le traitement des fractures de la clavicule.
Rev Chir 1927;65:396-407

Stanley D, Trowbridge EA, Norris SH. The mechanism of
clavicular fractures. A clinical and biomechanical analysis.
J Bone Joint Surg [Br] 1988;70(3):461-4

Kleinman PK. Skelet trauma: general considerations. In
Kleinman PK. Diagnostic imaging of child abuse. Mosby,
2nd ed, 1998, 8-25

Hobbs CJ,Hanks HGI, Wynne JM. Child abuse and neglect —
a clinician’s handbook. Churchill Livingstone, 1993, 57-65
Hechter S, Huyer D, Manson D. Sternal fractures as a mani-
festation of abusive injury in children. Pediatr Radiol
2002;32(12):902-6

Wada A, Fujii T, Takamura K et al Sternal segment disloca-
tion in children. J Pediatr Orthop 2002;22(6):729-31

Hoke RS, Chamberlain D. Skeletal chest injuries secondary
to cardiopulmonary resuscitation. Resuscitation 2004;63(3):
327-38

Nijs S, Broos PL. Sterno-manubrial dislocation in a 9-year-
old gymnast. Acta Chir Belg 2005;105(4):422-4

DeFriend DE, Franklin K. Isolated sternal fracture--a swing-
related injury in two children. Pediatr Radiol 2001;31(3): 200-2
Imitani R. Fractures of the scapula: a review of 53 fractures.
J Trauma 1975;15(6):473-8

Wilber MC, Evans EB. Fractures of the scapula: an analysis
of forty cases and a review of the literature. J Bone Joint
Surg 1977;59(3):358-62

McGinnis M, Denton JR. Fractures of the scapula: a retro-
spective study of 40 fractured scapulae. J Trauma 1989;29
(11):1488-93

Ada JR, Miller ME. Scapular fractures. Analysis of 113
cases. Clin Orthop Relat Res 1991;(269):174-80

McGahan JP, Rab GT, Dublin A. Fractures of the scapula.
J Trauma 1980;20(10):880-3

Thompson DA, Flynn TC, Miller PW et al The significance
of scapular fractures. J Trauma 1985;25(10):974-7
Swischuk LE. Radiographic signs of skeletal trauma. In
Ludwig S, Kornberg AE. Child Abuse - a medical reference.
Churchill Livingstone, 1992, 151-74

Kleinman PK, Spevak MR. Variations in acromial ossifica-
tion simulating infant abuse in victims of sudden infant death
syndrome. Radiology 1991;180(1):185-7

Keats TE, Anderson MW. Atlas of normal roentgen variants
which may simulate disease. Mosby Elsevier, 2006

Cirak B, Ziegfeld S, Knight VM et al Spinal injuries in chil-
dren. J Pediatr Surg 2004;39(4):607-12

Gabos PG, Tuten HR, Leet A, Stanton RP. Fracture-
dislocation of the lumbar spine in an abused child. Pediatrics
1998;101(3 Pt 1):473-7

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Brodeur AE, Monteleone JA. Child Maltreatment. A Clinical
Guide and Reference. GW Medical, 1994, 32

Vialle R, Mary P, Schmider L et al Spinal fracture through
the neurocentral synchondrosis in battered children: a report
of three cases. Spine 2006;31(11):e345-9

Ghatan S, Ellenbogen RG. Pediatric spine and spinal cord
injury after inflicted trauma. Neurosurg Clin N Am 2002;
13(2):227-33

Akbarnia BA, Torg JS, Kirkpatrick J et al Manifestations of
the battered-child syndrome. J Bone Joint Surg Am 1974;
56(6):1159-66

Galleno H, Oppenheim WL. The battered-child syndrome
revisited. Clin Orthop Relat Res 1982;(162):11-9

Bode KS, Newton PO. Pediatric nonaccidental trauma thora-
columbar fracture-dislocation: posterior spinal fusion with
pedicle screw fixation in an 8-month-old boy. Spine 2007;32
(14):E388-93

Swischuk LE. Spine and spinal cord trauma in the battered
child syndrome. Radiology 1969;92(4):733-8

Cullen JC. Spinal lesions in battered babies. J Bone Joint
Surg Br 1975;57(3):364-6

Dickson RA, Leatherman KD. Spinal injuries in child abuse:
case report. J Trauma 1078;18(12):811-2

Gosnold JK, Sivaloganathan S. Spinal cord damage in a case
of nonaccidental injury in children. Med Sci Law 1980;
20(1):54-7

Kleinman PK, Zito JL. Avulsion of the spinous processes
caused by infant abuse. Radiology 1984;151(2):389-91
Piatt JH, Steinberg M. Isolated spinal cord injury as a pre-
sentation of child abuse. Pediatrics 1995;96(4 Pt 1):780-2
King J, Diefendorf D, Apthorp J et al Analysis of 429 frac-
tures in 189 battered children. J Ped Ortho 1988;8(5):585-9
Akbarnia BA, Campbell RM. The role of the orthopedic sur-
geon in child abuse. In Morrissy RT, Winter RB. Lovell and
Winter’s Pediatric Orthopaedics. Lippincott, Williams and
Wilkins Publ, 3rd ed, 1990

Kleinman PK, Marks SC. Vertebral body fractures in child
abuse: radiologic-histopathologic correlates. Invest Radiol
1992;27(9):715-22

Diamond P, Hansen CM, Christofersen MR. Child abuse
presenting as a thoracolumbar spinal fracture dislocation: a
case report. Pediatr Emerg Care 1994;10(2):83-6

American College of Radiology. ACR Appropriateness
Criteria Suspected Physical Abuse — Child. ACR, 2005
http://www.acr.org/

Ogden JA. Skeletal injury in the child. Saunders, 2nd ed, 1990
Conry BG, Hall CM. Cervical spine fractures and rear car
seat restraints. Arch Dis Child 1987;62(12):1267-8
McGrory BJ, Klassen RA, Chao EY et al Acute fracture and
dislocations of the cervical spine in children and adoles-
cents. J Bone Joint Surg 1993;75(7):988-95

Schwartz GR, Wright SW, Fein JA et al Pediatric cervical
spine injury sustained in falls from low heights. Ann Emerg
Med 1997;30(3):249-52

Shulman ST, Madden JD, Esterly JR et al Transection of the
spinal cord. A rare obstetrical complication of cephalic
delivery. Arch Dis Child 1971;46(247):291-4

Torg B, Das M. Trampoline and minitrampoline injuries to
the cervical spine. Clin Sports Med 1985;4(1):45-60
Caffey J. The whiplash shaken infant syndrome: manual
shaking by the extremities with whiplash-induced intracranial



78

4 Clavicles, Scapulas, Sternum, Vertebrae and Pelvis

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

and intraocular bleedings, linked with residual permanent
brain damage and mental retardation. Pediatrics 1974; 54(4):
396403

Rooks J, Sisler C, Burton B. Cervical spine injury in child
abuse: report of two cases. Pediatr Radiol 1998;28(3): 193-5
Oral R, Rahhal R, Elshershari H et al Intentional avulsion
fracture of the second cervical vertebra in a hypotonic child.
Pediatr Emerg Care 2006;22(5):352—4

Thomas NH, Robinson L, Evans A et al The floppy infant: a
new manifestation of nonaccidental injury. Pediatr Neurosurg
1995;23(4):188-91

Shannon P, Smith CR, Deck J et al Axonal injury and the
neuropathology of shaken baby syndrome. Acta Neuropathol
1998;95(6):625-31

Brown RL, Brunn MA, Garcia VF. Cervical spine injuries in
children: a review of 103 patients treated consecutively at a
level 1 pediatric trauma center. J Pediatr Surg 2001;36(8):
1107-14
http://www.chirurgenwerk.eu/Afwijking_trauma_wervelko-
lom_C2_Hangman.html

Wood-Jo shows fractures of the vertebral nes F. The ideal
lesion produced by judicial hangings. Lancet 1913;1:53—4
Weiss MH, Kaufman B. Hangman’s fracture in an infant.
Am J Dis Child 1964;126(2):268-9

van Rijn RR, Kool DR, 2005. de Witt Hamer PC et al. CB.
An abused five-month-old girl: Hangman’s fracture or con-
genital arch defect?. J Emerg Med 29(1), 61-5

Pizzutillo PD, Rocha EF, D’ Astous J et al Bilateral fractures
of the pedicle of the second cervical vertebra in the young
child. J Bone Joint Surg 1986;68(6):892-6

Ruff SJ, Taylor TKF. Hangman’s fracture in an infant. J Bone
Joint Surg 1986;68(5):702-3

McGrory BE, Fenichel GM. Hangmans fracture subsequent
to shaking an infant. Ann Neurol 1977;2(1):82

Kleinman PK, Shelton YA. Hangman’s fracture in an abused
infant: imaging features. Pediatr Radiol 1997;27(9):776-7
Ranjith RK, Mullett JH, Burke TE. Hangman’s fracture
caused by suspected child abuse. A case report. J Pediatr
Orthop 2002;11(4):329-32

Gille P, Bonneville JF, Francois JY et al [Fractures of axis
pedicles in battered infant] [Article in French] Chir Pediatr
1980;21(5):343—4

Campbell J, Bonnett C. Spinal cord injury in children. Clin
Orthop Rel Res 1975;(112):114-23

Hadley MN, Zabramski JM, Browner CM et al Pediatric spi-
nal trauma. Review of 122 cases of spinal cord and vertebral
column injuries. J Neurosurg 1988;68(1):18-24

Hegenbarth R, Ebel KD. Roentgen findings in fractures of
the vertebral column in childhood: examination of 35
patients and its results. Pediatr Radiol 1976;5(1):34-9

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

103.

Horal J, Nachemson A, Scheller S. Clinical and radiological
long term follow-up of vertebral fractures in children. Acta
Orthop Scand 1972;43(6):491-503

Kewalramani LS, Krause JF, Sterling HM. Acute spinal-
cord lesions in a pediatric population: epidemiological and
clinical features. Paraplegia 1980;18(3):206-19
Kewalramani LS, Tori JA. Spinal cord trauma in children.
Neurologic patterns, radiologic features, and pathomechan-
ics of injury. Spine 1980;5(1):11-8

Paulson JA. The epidemiology of injuries in adolescents.
Pediatr Ann 1988;17(2):84-96

Sneed RC, Stover SL, Fine PR. Spinal cord injury associated
with all-terrain vehicle accidents. Pediatrics 1986;77(3):
271-4

Hubbard DD. Injuries of the spine in children and adoles-
cents. Clin Orthop Rel Res 1974;(100):56-65

Aufdermaur M. Spinal injuries in juveniles. Necropsy find-
ings in twelve cases. J Bone Joint Surg Br 1974;56B(3):
513-9

Renard M, Tridon P, Kuhnast M et al Three unusual cases of
spinal cord injury in childhood. Paraplegia 1979;16(1): 1304
Sieradzki JP, Sarwark JF. Thoracolumbar fracture-disloca-
tion in child abuse: case report, closed reduction technique
and review of the literature. Pediatr Neurosurg 2008;44(3):
253-7

Carrion WYV, Dormans JP, Drummond DS et al
Circumferential growth plate fracture of the thoracolumbar
spine from child abuse. J Pediatr Orthop 1996;16(2):210-4
Levin TL, Berdon WE, Cassell I et al Thoracolumbar frac-
ture with listhesis — an uncommon manifestation of child
abuse. Pediatr Radiol 2003;33(5):305-10

Aronica-Pollak PA, Stefan VH, McLemore J. Coronal cleft
vertebra initially suspected as an abusive fracture in an
infant. J Forensic Sci 2003;48(4):836-8

Ablin DS, Greenspan A, Reinhart MA. Pelvic injuries in
child abuse. Pediatr Radiol. 1992;22(6):454-7

Prendergast NC, deRoux SJ, Adsay NV. Non-accidental
pediatric pelvic fracture: a case report. Pediatr Radiol 1998;
28(5):344-6

. Tan TX, Gelfand MJ. Battered child syndrome. Uncommon
pelvic fractures detected by bone scintigraphy. Clin Nucl
Med 1997;22(5):321-2

Starling SP, Heller RM, Jenny C. Pelvic fractures in infants
as a sign of physical abuse. Child Abuse Negl. 2002;26(5):
475-80

Nazer H, Daradkeh T, Mohamed S et al A diagnostic
dilemma in Jordan: two child abuse case studies. Child
Abuse Negl 1988;12(4):593-9

Johnson K, Chapman S, Hall CM. Skeletal injuries associ-
ated with sexual abuse. Pediatr Radiol 2004;34(8):620-3



The Extremities

5.1 Introduction

In his original publication from 1962 on ‘The battered
child syndrome’, Kempe calls the child’s arms and
legs the handles used to inflict trauma [1]. This may
lead to fractures, in particular of the long bones.
However, in mobile children fractures of arms and legs
are also frequently caused by accidents. Depending on
the force of the impact, specific fractures will occur in
specific parts of the long bones. Sometimes their loca-
tion is an indicator for child abuse. In other cases, the
anamnesis and the level of development of the child
will make it possible to differentiate between acciden-
tal and non-accidental injuries.

5.2 Anatomy and Physiology

The bones of the human skeleton can be categorised
according to their shape:

* Long and short long bones
— Long: Femur, tibia, humerus, radius and ulna
— Short: Phalanges of hands and feet, such as the
metacarpals and metatarsals
e Short and irregular bones, such as the carpals and
tarsals

Irrespective of their anatomical location, the long as
well as the short long bones are all constructed in the
same manner (Figs. 5.1 and 5.2a—c), i.e.:

e Diaphysis: the medulla-containing middle part (the
shaft) of a long bone.
e Epiphysis: the end part of a long bone.

R. A. C. Bilo et al., Forensic Aspects of Pediatric Fractures,

* Metaphysis: the area of the long bone between the
diaphysis and the epiphysis. This part contains the
growth plate.

Longitudinal growth of the long bones takes place in
the growth plate, whereas growth in width originates
in the periosteum. The epiphyses determine the size

and form of the joint ends.
} Epiphyse

~ Metaphyse

> Diaphyse

> Metaphyse

Fig.5.1 Schematic representation of the anatomy of the long bones
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Fig. 5.2 (a) Histological
section of the distal femur of
a 3-month-old neonate,
which shows ossification of
the distal epiphysis of the
femur (asterisk).

(b) Corresponding specimen
photo of the distal femur,
showing ossification of the
epiphysis of the distal femur.
(¢) Corresponding radiograph
of the distal femur, showing
ossification of the epiphysis
of the distal femur

5.3 Shaft Fractures

5.3.1 General Aspects of Shaft Fractures

Many authors maintain that a spiral fracture of the shaft of
one of the long bones, in particular of the femur, is proof
for physical violence; however, this is incorrect. The only
conclusion one can make with any certainty when con-
fronted with such a fracture is that this fracture is based on
torque, a rotating motion along the long axis of the bone.
Torque is often seen in accidents, for example, slipping
while running [2—4]. The fracture may also occur in a fall
in which knee and hip remain stationary and the patient
rotates in relation to the stationary joints. This happens
regularly, not just in the femur, but also in the tibia.
Consequently, such a fracture can only be evaluated when
the context of its origin is also taken into consideration.
However, when such a fracture is encountered in a child
that does not yet walk, child abuse is very likely.

5.3.2 Biomechanical Aspects

In the analysis of what bone is exposed to in either
daily life or under the impact of force, a number of
aspects should be considered, such as [5]:

e The force or combination of forces exerted on the
bone in day-to-day use and when under the impact
of force: the load bearing of the bone (‘load’).

e The force of the bone to resist this load: tension
(“stress’).

* The changes in shape or size of tissue in reaction to
this stress: stretch (‘strain’). In strain, three pure
forms can be distinguished: compression, tension
and shearing. Furthermore, various combinations
may be seen, such as bowing and torque.

When a fracture is sustained, the three pure forms
(load, stress, strain) seldom occur just by themselves,
but nearly always a combination of the three is seen
(Table 5.1).
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Table 5.1 Biomechanical aspects of shaft fractures (a.o. 6)

Force/combination of forces Fracture type

) 4 5 * Oblique fracture
= )
Compression Compression
- * Transverse fracture, possibly with loose fragments on the
compression side
* Greenstick fracture
\‘< * Torus fracture
* ‘Bowing’ fracture

. = .
Compression and bowing

Tension * Transverse fracture, possibly with zigzag pattern

«_ (v

Tension Shearing

® Metaphyseal corner fracture

T

Shearing
¢ Transverse fracture, possibly with loose fragments on the
compression side
* Greenstick fracture
* Torus fracture
/ * ‘Bowing’ fracture
Bowing Bowing

?

Compression and bowing

- * Spiral fracture

Torsion Torsion
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5.3.2.1 Pressure - Compression

Compression is defined as a perpendicular force that
affects a surface in such a manner that it compresses the
object. Bone has great resistance to this kind of force.
When a fracture is caused by compression, it is usually
because the compression is not quite along the central
axis of the bone [6]. In such cases, compression will cause
the bone to bow, which results in tension on one side,
which ultimately determines the nature of the fracture.

5.3.2.2 Stress - Tension

Tension is defined as a perpendicular force that affects
a surface in such a manner that it pulls an object apart.
Bone is less resistant to tension than to compression.
In tension the bone is stretched out like a spring: it
becomes longer and thinner.

Tension exerted on a bone for a limited period of time
does not necessarily lead to a fracture. In normal cases it
will fully recover; however, as soon as the limit of the
elasticity of the bone is exceeded, damage is inflicted.
This damage is not necessarily visible on radiographs.
Only in cases with prolonged or stronger tension, a frac-
ture will become visible. The fracture line will follow the
contours of the weakest areas of the bone, which some-
times causes the fracture to have a zigzag line.

5.3.2.3 Shearing

With regard to force, shearing is physically equal to
compression and tension, but the force is exerted in
such a manner that the tissue is distorted and deformed.
Bone is not very resistant to shearing.

5.3.2.4 Bowing

Bowing is caused by a force that causes tension on one
side (the convex side) and compression on the opposite
side (the concave side). In bowing, the cortex on the
tension side will usually be damaged first. When this
happens, and the loading stops, it will result in a so-
called ‘greenstick fracture’ (Fig. 5.3). When the loading
does not stop, the fracture will spread. The most classi-
cal expression of this type of loading is the transverse
fracture. Depending on the type of bone and the addi-
tional forces exerted, other types of fractures may occur.

Fig. 5.3 Sixteen-year-old boy who had a painful wrist after
romping around with his brother. The lateral side of the distal
ulna shows a greenstick fracture (open arrow)

In immature bone, the bone may also yield on the com-
pression side first, which may lead to a buckle fracture
(torus fracture) of the compression side (Fig. 5.4).

5.3.2.5 Torque

Torque is the result of forces rotating an object along
the longitudinal axis, when the other side is stationary
or turned in the opposite direction. When the torque
forces are directed to the left, it will cause a spiral frac-
ture that turns to the right, and the other way around.

5.4 Injuries to Metaphysis and Epiphysis

The anatomy and biomechanics of the joints near the
growth plates will determine the differences between
the types of fracture in growing children and adults.
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Fig. 5.4 Three-year-old boy with a torus fracture of metatarsal I
of the right foot after taking a jump (open arrow)

Growth plates are the weakest areas in the growing
skeleton. In trauma, they do not have the same resis-
tance to injury as do tendons and ligaments.

5.4.1 Salter-Harris Classification

Trauma during childhood may result in typical frac-
tures around the growth plates, the so-called Salter-
Harris fractures (Table 5.2). These fractures often
result from accidental trauma in childhood (they are
seen in 30% of all trauma-related fractures) and in
mobile children are primarily not suspect for child

abuse [7]. The Salter-Harris type II fractures are the
most prevalent (Fig. 5.5 and Table 5.2) [8].

5.4.2 The Metaphyseal Corner Fracture

The classical metaphyseal corner fracture (classical
metaphyseal lesion — CML) is, besides rib fractures, the
most specific fracture seen in child abuse. Caffey was
the first to describe this lesion [9]. Kleinman introduced
the term ‘classical metaphyseal lesion’ [10]. When no
plausible reason is offered, this type of fracture is seen
by many as highly specific for inflicted injury [9, 11].

CMLs can be found in 39-50% of children under the
age of 18 months of whom a skeletal survey was made
because of suspected child abuse. They are almost exclu-
sively seen in children of less than 2 years of age, bilat-
eral as well as unilateral. The lesion may also be seen in
just one bone or around one joint. Hereby should be men-
tioned that in a CML of the proximal tibial metaphysis
there is often an associated avulsion fracture of the femur
(distal metaphysis). CMLs are most frequently found in
the distal femur, the proximal and distal tibia (Fig. 5.6a)
and the proximal humerus (Fig. 5.6b), the tibial metaphy-
sis being the most prevalent location for avulsion frac-
tures in young abused children [12]. However, lesions to
the elbow and wrist have also been reported (Fig. 5.6¢)
[10, 13-18]. The long-term consequences of CMLs
appear to be minimal or even absent [19].

Hymel and Spivak maintain that the violent shaking
of a child may lead to simultaneous avulsion fractures
of the distal femur and the proximal and distal tibia
accompanied by fractures of the posterior ribs and
inflicted skull/brain injuries (‘abusive head trauma’,
Fig. 5.7a-g) [18].

5.4.2.1 Radiological Aspects

A CML is composed of a series of micro-fractures right
through the metaphysis. The lesion runs parallel to the
growth plate, but does not necessarily extent over the full
circumference of the bone [ 10]. When the micro-fractures
are present over the full circumference of the bone, the
radiographs will show a growth plate that is disconnected
from the shaft, with a broad and flat centre and a wider
edge (a so-called ‘bucket-handle fracture’, Fig. 5.8a).
Sometimes the radiographs only show the wider
edge (a so-called ‘corner fracture’; Fig. 5.8b). This
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Table 5.2 Classification of meta-epiphyseal fractures according to Salter-Harris

Type

II

I

v

=&

L]
w

k

g

o=

N
?

Metaphysis
Growth plate

Epiphysis

In type I the fracture line ‘follows’ the growth plate, separating epiphysis and metaphysis. The
growth plate is still attached to the epiphysis. Usually there is no damage to the growth
plate. Type I is seen in particular in young children

The mechanism involved is shearing (see Sect. 5.3.2). Dislocation is only seen when the
periosteum has been damaged. The healing process is quick (usually within 2—-3 weeks)

An uncommon type I is a fracture of the proximal femur called slipped capital femoral
epiphysis (SCFE)

Type Il is the most common, generally in children >10 years old. The fracture runs through
the metaphysis and the growth plate

As seen in type I, the mechanism involved is a shearing force or avulsion due to an angular
force. This type of fracture usually heals quickly

Type III is rarely seen, and then mostly to the lower legs. The fracture runs through the
epiphysis and the growth plate. Although the growth zone has been damaged, hardly any
growth disturbance is seen after a type IlI fracture

In type IV the fracture runs across the epiphysis, growth plate and metaphysis. In the long run
this fracture may lead to deformation of the joint as a result of the bony bridging of the
growth plate which may impede local growth

Type V is a compression fracture of the growth plate due to axial loading. This type is
commonly seen in the knee and ankle

type of fracture usually shows no periosteal reaction. 5.4.2.2 Biomechanical Aspects

Callus formation is limited or lacking. The lesions

(‘corner fracture’ and ‘bucket-handle fracture’) are The direction of the lesion is perpendicular to the axis
different radiographic projections of the same of the bone. This shows clearly that a shearing force

lesion.

has been exerted on the end of the bone. The calcium-
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Fig. 5.5 Twelve-year-old girl (with unknown trauma) with a
Salter-Harris type II fracture of the distal tibia (open arrow). The
fracture through the growth plate can be identified by the ante-
rior diastasis (arrow)

containing areas of the metaphysis tear away from the
adjacent cartilaginous part of the growth plate. This
type of force is the result of horizontal movement right
through the metaphysis, which is not present in a fall
or blunt trauma [20, 21]. However, such movement
does occur when shaking a child while holding on to
the hands or feet, or shaking a child who is held around
the chest while the extremities hang down freely and
move from back to front with great speed [10].
Consequently, this is seen mainly in children under 2
years of age: they are small enough to be shaken vio-
lently and unable to control or compensate for the
resulting movements [21, 22].

5.4.2.3 Metaphyseal Corner Fracture:
Differential Diagnosis

CMLs have been described in the treatment of clubfeet
in children [23]. In this publication of Grayev et al., 7
children were considered not to be victims of child

Fig. 5.6 (a) Severely abused 4-month-old girl. The skeletal sur-
vey shows healing metaphyseal corner fractures of the distal
femurs and the proximal and distal tibias. Reactive sub-periosteal
new-bone formation is visible along the greater part of the right
tibia shaft. (b) Metaphyseal corner fracture of the right proximal
humerus (see inset). (¢) Metaphyseal corner fracture of the left
distal radius (open arrow) and a distal metaphyseal humerus
fracture (arrow)
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Fig. 5.7 (a) Graphic representation of a shaking incident. (b)
Two-month-old boy with inflicted traumatic brain injury. The
radiograph of the skeletal survey shows a metaphyseal corner
fracture of the right distal femur (open arrow). (¢) Four-month-
old girl with inflicted traumatic brain injury. The skeletal survey
shows a healing posterior fracture of the 9th right rib (see inset)
Furthermore, there is an already healed rib fracture visible of the

abuse. One child was abused, in this case the skeletal
survey also showed 24 rib fractures.

CMLs have also been reported after delivery (Fig. 5.9a
and b). Lysack and Soboleski report a CML of the proxi-
mal tibia and distal femur in a healthy neonate; in this
case, due to a breech presentation, it had been decided to
turn the foetus externally. This did not turn out success-
fully and resulted in an emergency Caesarean section
[24]. In a retrospective analysis over a period of 22 years,

5th right rib (open arrow). (d) MRI (T2 FLAIR) of this girl (c)
shows a bilateral subdural haematoma (asterisk). (e) Cranial
ultrasonography of this girl (¢) shows the bilateral subdural hae-
matoma (asterisk). Displacement of the arachnoid membrane
(open arrow) is distinctly visible. (f) Normal view of the retina of
a normal right eye at fundoscopy. (g) Diffuse retinal bleed in a
left eye at fundoscopy resulting from inflicted skull/brain injury

O’ Connell and Donohue mention three cases of CML of
the distal femur after Caesarean section [25].

Buonuomo et al. describe a neonate with multiple
fractures, among which a metaphyseal fracture of the
femur, ultimately resulting in the diagnosis infantile
myofibromatosis [26].

Lesions similar to CML can also be found in diseases such
as rickets, osteomyelitis, spondylometaphyseal dysplasia
‘corner fracture type’ and Jeune’s disease (see Chap. 7).
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Fig. 5.8 (a) Two-month-old
girl who died when
‘co-sleeping’. Radiological
examination within the scope
of the Dutch cot-death
protocol shows a bucket-
handle fracture of the distal
left tibia (open arrow). (b)
Radiograph of the same tibia
from a different angle shows
a corner fracture (see inset)

Fig. 5.9 (a) Term neonate,
born at 39 weeks. Physical
examination shows abnormal
alignment of the left knee
after uncomplicated delivery.
A radiograph of the knee
shows a metaphyseal corner
fracture of the distal femur
and the proximal tibia (see
inset). (b) Term neonate
shows post partum a swollen
right knee after a complicated
breech delivery. A radiograph
of the knee shows a
metaphyseal corner fracture
of the proximal tibia (see
inset) and a Salter-Harris
type II fracture of the distal
femur

5.5 Humerus

5.5.1 General Aspects of Humerus
Fractures

Of all fractures in children, less than 10% are fractures
of the humerus shaft. Of all fractures found in children
of less than 16 years of age, 3—5% consists of fractures

of the proximal humerus. Supracondylar fractures are
thought to occur in <3% of children [27-31].
Humerus fractures are most frequently seen in chil-
dren of <3 years and >12 years old. According to Caviglia
et al., one should be aware that each age group has its
own differential diagnosis. In neonates, humerus frac-
tures are seen mainly within the scope of birth trauma in
macrosomal children (Fig. 5.10). In children <3 years of
age, child abuse should always be considered. In
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Fig. 5.10 Birth-related humerus fracture after a complicated
delivery due to shoulder dystocia

children >10 years, humerus fractures are often the result
of direct or indirect trauma (Fig. 5.11) [32].

5.5.2 Humerus Fractures in Child Abuse

Some authors maintain that humerus fractures (including
fractures at locations other than the shaft) are the most
frequently seen fractures in abused children [33, 34].
Others report that most humerus fractures (46-81%, five
different studies) in children outside the neonatal period

Fig.5.11 Subcapital humerus fracture in a 4-year-old girl who
fell from a swing

and <3 years old result from child abuse. In children <15
months old, the reported percentage ranges from 67% to
100% [3, 4, 35-37].

The most frequently seen locations are mid-shaft
and metaphyseal [33, 34]. Transverse fractures are
caused by direct-impact force (Fig. 5.11), spiral/oblique
fractures result from torque and twisting (Fig. 5.12).

Williams and Hardcastle published a ‘best evidence
topic report’ on the relation between humerus-shaft
fractures and non-accidental injuries in children [38].
Their study comprised 44 articles, of which two were
able to provide an indication regarding the formulated
query: “What is the specificity of an isolated proximal
humerus fracture in children who are suspected of
being abused” [34, 39]. Their analysis provided the
following ‘clinical bottom line’: although a humerus
fracture cannot be seen as pathognomonic for child
abuse, such a fracture in a young child should always
be followed up with a closer look into its origin
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Fig. 5.12 One-month-old infant girl who, according to the
parents, had fallen from a bed. The spiral fracture of the
humerus does not correspond with the trauma description

(Fig. 5.13). Williams and Hardcastle maintain that
both included studies tried to define the specificity of
the various types of humerus fracture in relation to
child abuse, but that in both studies there is no ‘golden
standard’. Consequently, it is well feasible that in both
studies children have been overlooked or that it was
falsely concluded that child abuse was involved. Yet, it
appears that the incidence of child abuse in this type of
fracture is high. In particular in children <3 years old,
spiral and oblique fractures are more often the result of
violence than of anything else.

Shaw et al. carried out a retrospective study in 34
children of <3 years old that had sustained a humerus
shaft fracture [39]. They excluded children with a

humerus fracture at a different place (supracondylar,
epicondylar, condylar, proximal epiphyseal and meta-
physeal). From a revision of the clinical data and data
from the society for the protection of children they
established whether or not the child had been the victim
of child abuse. They did not use any standard criteria.
However, they did arrive at six factors essential in estab-
lishing whether child abuse was the most likely cause:

* The presence of simultaneous or older injuries
(Fig. 5.14).

e Delay in seeking medical treatment.

» Differences in or contradicting stories regarding the
incident.

e The child is accompanied by a person other than the
one present at the incident.

e The lack of metabolic or genetic bone diseases.

e The parent shows lack of involvement or unusual
behaviour.

Shaw et al. concluded that most humeral-shaft frac-
tures are accidental. Before a report of child abuse is
made, a full evaluation must take place. In general, it
could be argued that a strong notion of child abuse is
justified in children <15 months old, and that it should
lead to a full skeletal survey. Salter-Harris fractures of
the humerus are seen less frequently than fractures of
the distal humerus (see Sect. 5.4.1). In general it is
assumed that it takes greater force to sustain this type
of fracture than a distal humerus fracture [40, 41].

5.5.3 Humerus Fractures:
Differential Diagnosis

5.5.3.1 Fractures of the Proximal Humerus

Accidental fractures of the humerus can originate from
birth trauma, directly or indirectly inflicted force, or as
a complication of underlying diseases.

In a birth trauma the fracture results from hyperex-
tension or rotation of the arm during passage through
the birth canal [42-44]. The risk of fractures of the
proximal humerus is highest in large infants during a
vaginal delivery (although fractures have also been
reported in smaller infants) or during a breech presen-
tation (irrespective of the size of the child) [45, 46].

In older children the most frequent cause is acciden-
tal trauma. This may be either direct-impact blunt force
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Fig.5.13 (a) Seven-month-
old girl suspected of being
abused. Slightly abnormal
alignment of the upper arm is
visible (open arrow).

(b) Radiograph shows a
distal oblique humerus
fracture

Fig. 5.14 Right distal metaphyseal humerus fracture in a
3-month-old boy. The mid-axillar rib fractures on the right are
clearly visible in this view (open arrows), see also Fig. 3.9

against the shoulder or a fall on the posterolateral part
of the shoulder. Indirect forces may also be involved,
such as a fall (backwards) on the extended arm (hand
in dorsiflexion and elbow in hyperextension). There
fractures often occur during traffic accidents, sports

(contact sports, horse riding, gymnastics) and during
play (Fig. 5.11) [28, 47].

Proximal humerus fractures may result from compli-
cations of underlying diseases such as tumours, meta-
bolic diseases and secondary neuropathies [28, 48-50].

5.5.3.2 Fractures of the Humerus Shaft

Accidental humerus-shaft fractures may result from
birth trauma (Fig. 5.10), direct-impact force on the
shaft or indirect force from a fall on the extended arm.
Shaft fractures are often seen as birth trauma in infants
that had a breech birth [51].

Direct-impact forces to the shaft may cause trans-
verse fractures. In older children these occur as the
result of a direct blow to the upper arm; for example, in
a traffic accident or a fall. In contact sports, there is
also a possibility of impact force, directly (such as a
karate blow) or indirectly (such as a fall during a judo
throw). Accidental shaft fractures occur more
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Fig.5.15 Ten-year-old girl with a supracondylar humerus frac-
ture after a fall

frequently in children that have been victims of a seri-
ous accident [52].

5.5.3.3 Supracondylar Fractures

Supracondylar fractures and dislocations are nearly
always the result of an accident (Fig. 5.15) and rarely
from child abuse [53]. The anamnesis usually shows
that the (mobile) child fell on the extended arm (hand
in dorsiflexion and elbow in hyperextension) or directly
on the bend elbow [4, 53].

However, Strait et al. found in their study that in
20% of children of <15 months old, a supracondylar
fracture resulted from child abuse. In these children
the anamnesis and the moment that medical help was
sought were conclusive [54].

5.5.3.4 Fractures of the Distal Humeral
Epiphysis

When birth trauma can be excluded, fractures of the
distal epiphysis in children are nearly always the result

Fig. 5.16 Ossification of the elbow follows a set sequence that
is described in the acronym CRITOE (see Table 5.3).

of child abuse. On plain radiographs, distal fractures
may be confused with supracondylar fractures or dis-
location of the elbow joint. When evaluating the distal
humerus, the ossification of the growth centers should
be taken into account. These growth centers ossify
according to a set order (Fig. 5.16 and Table 5.3).
Avulsion fractures of a growth centers have been found
after accidental trauma (Fig. 5.17).

5.6 Radius and Ulna

5.6.1 General Aspects of Fractures
of the Lower Arm

In children, fractures of the lower arm are the most
prevalent fractures of the long bones (in total 40%, irre-
spective of type or location) [28, 53, 55]. Of all frac-
tures in childhood, 3—6% are shaft fractures of the lower
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Table 5.3 Ossification sequence of the elbow according to
CRITOE

Structure Age (years)

Capitulum 1
Radius head 3
Internal epicondyle 5
Trochlea 7
Olecranon 9
External epicondyle 11

arm. In mobile children, fractures of the radius and ulna
are usually the result of accidental trauma [28, 29].
Accidental fractures of the shaft of the radius and ulna
are sustained in a fall, as are most fractures of the arm,
especially by the application of indirect forces to the

Fig. 5.17 Avulsion fracture of the medial epicondyle of the
humerus (open arrow) in a 9-year-old girl who had fallen from a
skateboard. There is considerable soft-tissue swelling present
(arterisk)

lower arm, as the child tries to break his/her fall by out
stretching the arm and hand. As soon as the child lands on
the extended arm, the main deforming force is transferred
to the radius. Consequently, a fracture in the lower arm
may occur first in the radius, and then in the ulna. Often
these are greenstick or torus fractures. Generally, this type
of fracture is not suspect for child abuse. In minors, the
distal part of the radius and ulna is the most prevalent
location for fractures of the lower arm (Fig. 5.18) [28, 35,
56-58]. Although distally located fractures may occur at
any age, they are predominantly seen during the growth
spurt in puberty [59]. Mid-shaft fractures are more fre-
quently seen in young children [60].

The metaphyseal corner fracture in the lower arm is
also regularly seen in young children (see Sect. 5.4.2)
[55]. Due to the strength of the cortical bone, it often
takes greater force to cause a shaft fracture than a

Fig. 5.18 Distal fracture of the radius and ulna in a 6-year-old
girl after a fall



5.6 Radius and Ulna

93

Fig.5.19 Bilateral
Salter-Harris type II fracture
(a and b) of the distal radius
in a 13-year-old boy after a
fall while skating

metaphyseal fracture. Most metaphyseal/epiphyseal
injuries of the distal radius and ulna present as meta-
physeal fractures [61]. Fractures of the distal radial and
ulnar growth plate are often Salter-Harris I or II frac-
tures (Fig. 5.19a and b). Just like shaft fractures, these
fractures may have an accidental or a non-accidental
cause.

The clinical signs of a lower-arm fracture, and in
particular a shaft fracture, are: pain, pain at pressure,
swelling, crunching (crepitus), restricted movement in
wrist and hand, and possibly an aberrant alignment or
the arm. This is seen mainly in complete fractures. In
‘bowing’ fractures and minimal greenstick fractures an
aberrant position is seen (may be minimal), there is
sensitivity when touched and restricted movement of
the lower arm. Pain and swelling may be minimal,
while crepitus may not be present at all [62].

5.6.2 Fractures of the Radial
and/or Ulnar Shaft in Child Abuse

Of all bone injuries due to child abuse, 10-20% are shaft
fractures of the radius and ulna. Usually these are trans-
verse fractures [61]. The manner in which age and level
of development relate to the anamnesis are important
indicators for determining the cause of the fractures.
One could say: the younger the child, the more likely
the fractures were caused by child abuse [60, 63].

Leventhal et al. concluded that fractures in chil-
dren of <3 years old were usually caused by child
abuse when the child showed a change in behaviour,
the parents/carers did not report a fall or accident or
just a moderate fall, and when the injury is more
severe than one would expect from a moderate fall.
They also concluded that fractures of the radius and/
or ulna, tibia and/or fibula, femur and mid-shaft or
metaphyseal fractures of the humerus in children of
less than 1 year old are usually the result of child
abuse [3].

In shaft fractures of the radius, one should be aware
of a possible dislocation in the proximal radio-ulnar
joint (Monteggia fracture, Fig. 5.20) or a dislocation of
the distal radio-ulnar joint (Galeazzi fracture) [64—66].
Both fractures are relatively rare and have no predic-
tive value for child abuse.

5.6.3 ‘Nursemaid’s EIbow’

‘Nursemaids elbow’, or pulled elbow syndrome, is the
popular name for a subluxation of the head of the
radius. These subluxations are regularly seen in chil-
dren; generally children in the age of 2-3 years old. An
infant of 2 months is the youngest child with a sublux-
ation known in the literature. Subluxations of the head
of the radius are also seen in older children, although
seldom in children over the age of 7 years [67].
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Fig. 5.20 Monteggia fracture, with the characteristic mid-shaft
fracture of the ulna and dislocation of the head of the radius
(open arrow), in a 2-year-old child after a fall from the couch
(Courtesy of J. Davis, fellow Chadwick Center for Children and
Families, San Diego, CA, USA)

When someone pulls the child’s arm with great
force, and there is traction along the longitudinal axis
of the arm while the lower arm is pronated, it may result
in a subluxation. This arm-pulling may be part of the
child abuse of the child. However, the majority of cases
is caused by an accident. Recurrences may occur.

The radiological examination, which is usually not
required due to the obvious anamnesis, generally
shows no dislocation. When the radiograph is taken,
positioning of the arm by the radiographer will usually
reduce the arm.

5.7 Femur

5.7.1 General Aspects of Femoral-Shaft
Fractures

In children, less than 2% of all fractures are fractures
of the femoral shaft, this includes subtrochanteric and
supracondylar fractures (fractures of the upper and
lower third of the shaft) [68]. Boys are more at risk
than girls (2.6:1) [28, 69].

Two peak periods can be distinguished: in children
of <4 years old (in particular around 2 years old) and in
young children >12 years old [70]. Regional differ-
ences can also be seen: in the United States (Maryland)
an incidence of 1:5,000 in minors [70], in Switzerland
the incidence in minors is 1:2,000 [71].

5.7.2 Aetiology and Pathogenesis

Children can sustain a femoral-shaft fracture due to traf-
fic accidents, falls and child abuse [72]. Furthermore, it
appears that there is an increased risk for femoral-shaft
fractures in diseases that negavitively influence bone
formation. The aetiology of femoral-shaft fractures in
children depends on age and level of development.

5.7.2.1 Spiral Fractures of the Femoral Shaft

It is often maintained that a spiral fracture of the shaft of
one of the long bones, and in particular the femur, is
evidence of child abuse. This is incorrect [3, 72, 73]. It is
only possible to evaluate such a fracture when the con-
text of the origin of the fracture is also considered [12].

The only conclusion that can be made with certainty
when a spiral fracture of the femur is encountered is that
the fracture is the result or applied torque (rotation
along the longitudinal axis of the bone). Torque may
occur in child abuse (Figs. 5.21 and 5.22). In particular in
non-mobile children child abuse should be considered.

In mobile children torque can take place in acci-
dents, such as slipping and falling while running, in
which the foot takes a more or less stationary position
[2—4, 12, 53, 74]. The fracture may also occur in a fall
in which knee and hip are more or less stationary, and
the child turns the lower leg in relation to the stationary
joints. This happens regularly, not just to the femur but
also to, for example, the tibia, as in the ‘toddlers’ frac-
ture’ (see Sect. 5.8.2).

5.7.2.2 Transverse and Oblique Fractures

In a transverse fracture, the fracture line is more or less
perpendicular to the long axis of the bone. In an oblique
fracture the fracture line is at an angle of 30—40 degrees
to the long axis of the bone. Transverse and oblique
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fractures may occur due to compression, tension,
shearing and bowing, or a combination of the afore-
mentioned (Table 5.1).

Transverse and oblique fractures are frequently
seen in accidental and non-accidental situations [72].
In an accidental cause, such a fracture may occur as a
result of direct-impact forces on the bone, for example
when an object hits the bone directly (mostly based on
bowing or shearing, Fig. 5.23), or by indirect impact,
such as when a child falls from significant height and

Fig. 5.21 Healing spiral fracture of the left femur (open arrow)
in a 3-week-old infant who, according to the parents, had fallen
from the couch. The fracture does not correspond with the
described biomechanics

Fig. 5.22 Graphic representation of the possible origin of a Fig. 5.23 Oblique femur fracture (open arrow) in a 3-year-old
non-accidental femur fracture boy who had toppled a television (witnessed trauma)
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Fig. 5.24 Four-week-old girl who had sustained a proximal
femur fracture after a fall from the arm of her mother who
tripped over the family dog

lands on a knee (usually based on compression and/or
bowing). It may also happen when a parent falls down
the stairs while holding the child on an arm and the
child lands on the femur (Fig. 5.24) [75]. This is often
a high-energy trauma [75].

In child abuse, particularly bowing and shearing
are involved. A child may have received a blow or a
kick to the upper leg, and the bone bows past the point
at which recovery is still possible without a fracture.
In younger children, indirectly applied forces may
also be involved; for example, when a person vio-
lently grabs and manipulates the leg, swings the child
to and fro, or hits or throws the child against some
object [12]. In such situations bowing and shearing
can take place.

Oblique fractures are usually the result of a combi-
nation of various forms of loading, such as compres-
sion with some torque, or compression with bowing
[75]. By using conventional radiology, it is not always

possible to distinguish between an oblique fracture and
a spiral fracture.

5.7.3 Differentiation Based on Age
and Level of Development

Research has shown that age and level of development
of the child are important factors when differentiating
between accidental and non-accidental femoral-shaft
fractures. In the literature, percentages up to 80% are
found for child abuse being the cause in non-mobile
children [2, 76, 77]. In children of <4 years old, per-
centages up to 30% are found [68]. Research by
Thomas et al. has shown that 60% of femoral-shaft
fractures in children <1 year old are due to physical
violence. In children between 2 and 3 years old, this
appeared to be the case in 20% [4, 33]. In mobile chil-
dren the rule of thumb is that transverse or spiral frac-
tures are the result of accidents, but only when a
plausible explanation has been provided [4].

The study of Rex and Kay also shows that age is an
important indication [78]. Thirteen of 14 children that
had sustained a fracture due to child abuse appeared to
be <1 year old. Rex and Kay compared the group
abused children with a group of 33 children with an
accidental femoral fracture. They found that accidental
and non-accidental shaft fractures cannot be differenti-
ated solely on basis of location [78].

In young children, an unusual accidental femur
fracture may be sustained when a parent falls on the
child while the child is carried on the hip of the parent.
This can cause a greenstick fracture of the medial dis-
tal metaphysis of the femur (Fig. 5.25a and b) due to
bowing of the thigh bone, which leads to compression
damage to the medial cortex [68].

According to Schwend et al., femoral-shaft frac-
tures in children under 4 years of age are seldom the
result of child abuse [74]. However, their study also
shows that in children besides age the level of motor
development is an important indicator. The strongest
indicator for child abuse appeared to be whether or not
the child could walk. In their study it appeared that in
42% of non-walking children the fractures were the
result of child abuse, whereas in the walking children
it was 2.6%. In particular when oblique and spiral frac-
tures are seen in non-mobile children, child abuse
should always be excluded. In their opinion, child
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Fig. 5.25 (a) Five-month-old
girl who had sustained a
greenstick fracture of the
distal femur (open arrow,
A-P view). (b) Lateral view
of the femur shows a cortical
defect (open arrow)

abuse in mobile children is highly unlikely when there
are no additional signs such as an inconsistent story,
haematomas or other fractures. When a non-mobile
child presents with a fracture of the femur, it is an
important indication for child abuse.

Blake et al. evaluated 42 children in the age of 1-5
years that presented with a shaft fracture. Thirty-four of
them had fallen [79]. In 14 children the anamnesis led
to suspected child abuse, but only in one child there
was proof. Yet, Blakemore et al. maintain that when a
young child presents with a femoral-shaft fracture,
child abuse should always be considered when the
patient history mentions a fall and there are no eye-
witnesses to confirm either the fall or its context. The
distance of the fall may also provide an indication
towards the cause. In case the anamnesis shows that the
fracture is caused by a fall of less than 1 m in height,
this is an unlikely statement [80]. The force required to
cause a mid-shaft fracture is considerable and requires
a substantial acceleration-deceleration trauma.

In children of 5 years and older and adolescents, a
shaft fracture is hardly ever the result of child abuse.
The most likely cause is a high-energy trauma, such as
a traffic accident. In this age group, in 90% of cases the
cause is a traffic accident [69, 81, 82]. In the United
States, shot wounds are increasingly a cause for shaft
fractures [68].

Only occasionally fractures are caused by sexual
abuse. In 5% of a group of sexually abused children,
Johnson et al. found fractures as a sign of child abuse.

According to the authors, these fractures are seldom or
never the result of sexual acts. In three children they
did find fractures resulting from sexual acts. A
5-month-old girl sustained a femoral fracture without
dislocation as the result of abuse [83].

5.7.3.1 Birth Trauma-Related Femoral-Shaft
Fractures

A birth trauma may lead to femoral fractures (Fig. 5.26a
and b). However, this happens rarely (see Chap. 6).
Morris et al. recorded an incidence of 0.13 in 1,000
live births (seven neonates with in total eight fractures
in 55,296 live births) [84]. Spiral fractures of the prox-
imal part of the femur were most commonly seen and
have been reported in breech birth, forceps births, twin
births, premature births and Caesarean sections.

Not all fractures are immediately identified after
birth. A study by Morris et al. even showed that in the
majority of children there was a delay in diagnosis. In
only two children the fracture was established immedi-
ately post partum. In the other children there was a
delay of 2-21 days, even when hospitalised [84]. Such
a delay may unjustly lead to suspected child abuse. Up
to a certain extent it is possible to differentiate between
birth and other trauma by evaluating the formation of
callus. Cumming mentions that callus can be found as
early as 7 days post partum [85]. When a fracture is
found in an unusual location, or when there is no callus
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Fig.5.26 (a) One-day-old neonate (birth weight 2,215 g) with a
femur fracture after a complicated delivery with transverse pre-
sentation. (b) After 4 months the fracture has healed practically
seamless

visible 11 days after birth, child abuse must be consid-
ered as possible cause.

5.7.3.2 Disease-Related Fractures

In differential diagnoses one should be aware of disease-
related fractures, in particular when there is a ‘blank’
anamnesis. In children, pathological fractures are rela-
tively rare, but may be seen in children with generalised
osteopenia, such as osteoporosis imperfecta (OI). When
a femur-shaft fracture is found in a child, and there are no
signs of violence or significant trauma, OI must be con-
sidered [3]. Other causes of generalised osteopenia in
which a minor trauma may cause a fracture of the femo-
ral shaft are neurological diseases such as cerebral palsy
or meningomyocele [86-89]. Pathological fractures may
be seen in patients with neoplasms. Usually these are
benign lesions such as eosinophylic granuloma and bone
cysts. Pathological femur fractures are seldom seen in
patients suffering from osteosarcoma or a Ewing sar-
coma (see Chap. 7) [68].

5.8 Tibia and Fibula

5.8.1 General Aspects of Fractures
of the Lower Leg

In young children, fractures of the tibial shaft are
very suspect for child abuse. Direct-impact force on
the shaft may lead to transverse or oblique fractures.
Grabbing hold of the leg and turning with great force
may lead to spiral and oblique fractures. The fracture
lines are not always visible; however, a reaction of
the periosteum with callus formation is regularly
found.

Metaphyseal corner fractures of the tibia are a regu-
lar occurring phenomenon [33, 90]. In these cases the
proximal growth plate is affected more often than the
distal growth plate (see Sect. 5.4.2) [16]. Accidental
spiral fractures or oblique fractures are often seen in
mobile children of 3—4 years old [91, 92].

Fibula fractures are rarely seen in child abuse.
When they do occur, they result from direct- impact
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Fig. 5.27 Distal fracture of tibia and fibula in a 4-year-old boy
after high-energy trauma, car vs pedestrian (radiograph was
taken in a vacuum splint)

force to the shaft. Usually a simultaneous fracture of
the tibia is seen.

Simultaneous fractures of the tibia and fibula are
often seen in accidents (Fig. 5.27). Fractures of tibia
and fibula may also occur when the child is seated on
the backseat of a bike (usually a bike of one of the par-
ents) and the foot gets caught between the frame and
the spokes of the wheel (Figs. 5.28 and 5.29) [93, 94].

Fig. 5.28 Graphic representation of a spoke injury

These easily avoidable injuries are known as ‘spokes’
injuries and unfortunately, at least in the Netherlands
with many cycling parents, these are seen on a regular
basis.

5.8.2 Isolated (Spiral) Fracture
of the Tibia

Mellick at al. pose that isolated spiral fractures of the
tibia are often seen in children <8 years old, usually as
the result of an accident. In their study, they found that
95% of all fractures were seen in the lower two thirds
of the tibia. They seldom noticed alignment abnormal-
ities based on the mutual dislocation of the ends of the
fracture. They suggested that when these fractures are
caused by an accident, they should no longer be called
‘toddler’s fracture’, but accidental spiral fractures of
the tibia (CAST — Childhood Accidental Spiral Tibia
fractures, Fig. 5.30) [95].
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Fig.5.29 Spoke injury in a 4-month-old girl who was seated at
the back of her mother’s bike. The trauma resulted in an oblique
fracture of the tibia (open arrow) and a Salter-Harris type II frac-
ture of the fibula (arrow)

5.9 Shaft Fractures of the Lower
Extremities

In 2005, Coffey et al. published an article that supports
the earlier-mentioned data on shaft fractures in the
upper and lower leg [96]. In this study, fractures of the
lower extremities and their possible relation to child
abuse were retrospectively evaluated. The study com-
prised data of 5,497 trauma patients. Of this popula-
tion, 4,942 children were >18 months old. One hundred
and four (2%) children appeared to have been abused.
In the group of 555 children of <18 months old, 175
children (32%) were found to have fallen victim to
child abuse.

Looking at fractures in all extremities, it appeared
that in children of >18 months old, injuries to the

Fig. 5.30 Childhood accidental spiral tibia fracture in a
22-month-old boy

extremities (n=1186) were in 1% (n=16) of cases
due to child abuse, whereas this was 67% (n=44) in
children of <18 months old (n=66). When only the
injuries of the lower extremities were considered, 41
(75%) of the 55 fractures in the younger group were
the result of child abuse. In this group, 134 (27%) of
500 other injuries were also found to be the result of
physical violence. In 22 cases a femur fracture was
seen and in 14 cases a tibia fracture. Coffey et al.
concluded:

e In children of >18 months old, child abuse is an
unusual cause for injuries to the legs.

* In children of <18 months old, injuries to the legs,
and in particular fractures, are an evident indica-
tion for child abuse: ‘Clinicians must thoroughly
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investigate lower extremity injuries in this age
group’.

5.10 Hands and Feet

In child abuse, fractures of the hands and feet are
unusual. In older children they are usually the result of
accidents (Figs. 5.31 and 5.32a—c) [21]. When fractures
due to child abuse are found in older children, they may
be metaphyseal/epiphyseal and diaphyseal fractures,
mostly located in the metacarpals (Fig. 5.33) or metatar-
sals. It often concerns multiple fingers and/or toes [61].

In children <1 year old, fractures of the hands and
feet are suspect for child abuse (Fig. 5.34a and b).
Nimkin et al. evaluated 11 fractures of hands and feet

Fig. 5.31 Fracture of the proximal phalanx (open arrow) of a
4-year-old girl who had a television topple on her hand

in infants of <10 months old. They found predomi-
nantly torus fractures, either of the metacarpals or the
proximal phalanges of the hands, and comparable frac-
tures of the first metatarsals of the feet. Only one child
showed clinical symptoms [97].

The lesions are the result of direct-impact force,
either by being hit with an object or by punching [61].
Fractures may also be caused by hyperflexion or
hyperextension.

5.11 Subperiosteal Haemorrhages/
Calcifications

Subperiosteal haemorrhages may be caused by fric-
tion trauma, in which the perpetrator makes a rotating
movement while holding on to the upper arms, or from
a blunt trauma. These haemorrhages are not immedi-
ately visible on a radiograph. A 2-week follow-up of
the radiograph is indicated. When a subperiosteal hae-
morrhage is present, a double contour is seen due to
‘lifting” of the periosteum.

Subperiosteal haemorrhages/calcifications must be
distinguished from physiological periosteal thicken-
ing of the long bones (femur, tibia, humerus) in neo-
nates and infants, and from skeletal lesions seen in
vitamin-C deficiency, vitamin-A intoxication, infan-
tile cortical hyperostosis, osteomyelitis, malignancies
(such as leukaemia) and congenital syphilis (see
Chap. 7).

5.12 Growth-Retardation Lines

5.12.1 General Aspects
of Growth-Retardation Lines

Metaphyseal growth-retardation lines are formed in
periods when growth is delayed or has ceased and may
remain visible for months [98]. They are evidence of a
disturbance in longitudinal growth, which takes place
in the metaphyses. These lines have been reported in a
multitude of childhood diseases in which a disturbance
(a delay or even a temporary cessation) in growth is
seen; causes of ‘organic failure to thrive’. This phe-
nomenon may occur in every disease with a severe
course of illness.
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Fig.5.32 (a) Two-year-old
girl who had a drawer fall on
her hand while playing.
Radiological examination
revealed a fracture of the
capitate bone (Reprinted
from Obdeijn MC, van Vliet
C, van Rijn RR. Capitate and
hamate fracture in a child:
the value of MRI imaging
Emerg Radiol. 2009 May 26.
[Epub ahead of print] DOI
10.1007/s10140-009-0815-9.
With permission.)

(b) Postero-anterior view of
the hand shows the fracture
of the capitate bone. (c)
Coronal STIR-weighted MRI
shows bone oedema at the
location of earlier-mentioned
capitate fracture (open
arrow); however, also of the
hamate bone (arrow)

The documented causes include: malnourishment
[99], infections [99], hypothyroidism [100], parahypo-
thyroidism [101], Cushing’s syndrome [102], chronic
diseases, chronic juvenile arthritis [103], and chemo-
therapy in children with malignancies and other medi-
cations (Fig. 5.35) [104-106]. The lines were also
found in children that had been immobilised after
orthopaedic surgery [107].

5.12.2 Growth-Retardation Lines
and Non-organic Failure to Thrive

Growth disturbances are not just caused by diseases.
In the Western world, the most common cause of
growth and development retardation — in other words,
the most common cause for ‘failure to thrive’ — is
neglect and understimulation. In neglect, the child is
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Fig. 5.33 Sclerotic aspect of the base of metacarpal 3 of the
right hand (open arrow), suspect for a healed fracture

Fig. 5.34 (a) One and a half-month-old girl found dead in her
crib. Radiological examination of the hands revealed a torus
fracture at the base of the proximal phalanx of the third finger of

offered insufficient calories (malnourishment) and/or
insufficient affective stimulation. As early as 1967,
Patton and Gardner mentioned metaphyseal growth-
retardation lines in their book on maternal deprivation
[108]. Maternal deprivation stands for a serious dis-
turbance in the relation between parent (mother) and
child, and a lack of bonding between parent (mother)
and child. The deprivation consists of neglect, rejec-
tion and isolation of the child. Maternal deprivation
syndrome leads to serious growth retardation, delayed
skeletal maturation and retarded motor and intellec-
tual development [109]. This multitude of physical
symptoms is nowadays summarised in the term ‘non-
organic failure to thrive’. Khadilkar et al. confirm the
observation of Patton and Gardner that the origin of
these lines may involve psychological factors [110].

Animal tests suggest that the lines are formed after
an initial retardation or cessation in growth, followed
by resumed growth [99, 107]. According to Khadilkar
et al., in children they seem to occur in similar circum-
stances [110]. In case the process is cyclic (repeated
periods of delayed growth interspersed with periods of
resumed growth) a large number of lines may be found.
These lines will always remain visible, up to and
including puberty.

When multiple growth-retardation lines are found
in a child, non-organic failure to thrive will be, after

the right hand (see inset). (b) Radiograph of the finger, sampled
at autopsy. The radiograph has been taken with a mammography
system, because of its high resolution
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Fig.
treatment with intravenous bisphosphates, due to fibrous dyspla-
sia in the left maxillary sinus

5.35 Growth retardation lines in a 5-year-old girl after

exclusion of other (organic) causes, the most probable
cause [110].
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Accidental Trauma

6.1 Introduction

In children fractures are a regular occurring feature
(see section 1.2). When a physician finds a fracture in
a child, he can draw up a comprehensive differential
diagnosis. In this chapter accidental childhood frac-
tures are discussed.

6.2 Fractures Resulting from Birth
Trauma

6.2.1 General Aspects of Birth
Trauma-Related Fractures

In older children, pain is often an indicator for the
presence of a fracture. However, in neonates it is dif-
ficult to establish pain. Often the presence of a frac-
ture can only be established by behaviour, muscle
tone, heart beat and symptoms such as nausea and
vomiting or limited use of a body part [1]. Fractures
resulting from birth are not always diagnosed immedi-
ately post-partum, unless there are obvious symptoms,
such as a clearly visible swelling and/or abnormal
position. It is quite likely that physicians will com-
pletely overlook some fractures due to the lack of
obvious symptoms. Research by Morris et al. showed
that there was a delay in diagnosis in the majority of
children that had sustained a post-partum femur frac-
ture (section 5.7.3.1) [2]. When there are no clinical
symptoms, skull fractures are also frequently over-
looked, even after vacuum extraction, unless a routine
radiograph was made [3]. In this study Simonson et al.
found a 5% incidence of skull fractures in children
born by vacuum extraction. Clavicle fractures too are

R. A. C. Bilo et al., Forensic Aspects of Pediatric Fractures,

often diagnosed as late as several weeks after birth,
due to the then present callus formation [4].

This delay in diagnosis can lead to wrongfully sus-
pected child maltreatment. To a certain extent it is pos-
sible to differentiate between birth trauma and other
trauma by evaluating the presence of callus formation.
Cumming reports that callus may be visible as early as
7 days after birth [5]. When a fracture is found at an
unusual location, or when 11 days after birth there is
no callus visible, child abuse should be considered a
possible cause.

6.2.2 Incidence and Prevalence
of Fractures Resulting from Birth

In the medical literature a great number of studies can
be found on the origin of fractures during delivery
(Table 6.1) [6-8]. Based on these publications it has
been established that the clavicle fracture is most prev-
alent (Fig. 6.1), followed by fractures of the humerus
(Fig. 6.2), femur (Fig. 6.3) and skull. Rib fractures are
only reported in exceptional situations (see paragraph
3.5.1). Jaarsma considers the incidence of post-partum
fractures to be 0.1-3.5%; however, this is an underes-
timation (see Sect. 6.2.1) [1].

Many of the fractures that can be caused by vio-
lence have also been reported post-partum; usually in
case reports. Hence, it is essential that in the immedi-
ate post-partum period, a thorough obstetric anamnesis
is taken. In their research population, Bhat et al. found
a higher incidence of bone defects in cases without
prenatal care, after a complicated delivery or after a
Caesarean section [8].

In 2007, Groenendaal and Hukkelhoven drew atten-
tion in the Netherlands Journal of Medicine to the
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Table 6.1 Fractures resulting from delivery

Authors
Rubin A [6]

Babies (n)
15,435

Camus M, Lefevre G, Veron P, et al. [7] 20,409

Bhat BV, Kumar A, Oumachigui A [8] 34,946

Groenendaal, Hukkelhoven [9] 158,035

Fractures (n (%))

51 (0.35%) =

123 (0.6%) .

35(0.1%) o

1174 (0.74%) .

Location (n)

Clavicle (43)
* Humerus (7)
e Skull (1)

Clavicle (105)

* Humerus (7)

e Skull (7)

* Femoral shaft (2)
¢ Epiphysis (2)

Clavicle (16)

¢ Humerus (7)

* Femur (5)

e Skull (4)

* Orbit (1)

¢ Epiphysis distal femur (1)
* Dislocation elbow (1)

Clavicle?

* Humerus

* Femur

* No other fractures were mentioned

2 Number of fractures not available

Fig. 6.1 One-day-old infant boy (birth weight 3,400 g) after
uncomplicated delivery. At physical examination a swelling was
seen at the site of the right clavicle. Radiograph showed a mid-
clavicular fracture

prevalence of fractures in term births [9]. They used
data from Perinatal Registration Netherlands which
contains data on term neonates <28 days old
(n=158.035).In 1,174 children (0.74%) fractures were
found. In 19% (n=227) of cases, the cause of the frac-
ture was not known: the vaginal birth had been either
physiological and non-traumatic or there had been an
uncomplicated Caesarean section; after the delivery
there had been no cause for resuscitation and further
diagnostics showed no indications for congenital bone
diseases such as osteogenesis imperfecta or osteope-
nia. Twelve children had sustained a humerus fracture
without known cause, and 3 a femur fracture. The
remaining 212 children had sustained a fracture of the

Fig. 6.2 One-day-old infant girl (birth weight 3,350 g) after
vacuum extraction with shoulder dystocia. Radiograph showed a
mid-shaft humerus fracture
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Fig. 6.3 One-day-old infant girl (birth weight 2,125 g) after pri-
mary Caesarean section for transverse presentation. At physical
examination a swelling on the left femur was seen. Radiograph
showed an oblique fracture of the proximal femur

clavicle. Groenendaal and Hukkelhoven suspect that
the number of fractures in term neonates in The
Netherlands is higher.

6.3 Accidental Fractures

6.3.1 Introduction

Physicians are expected to be able to distinguish
between accidental and non-accidental injuries.
However, this is not always easy. After regular diag-
nostic methods have established the nature and extent
of the injury, physicians have four important aids to
their disposal:

1. The anamnesis (the statement given by the parents/
carers regarding the origin of the injury)

2. The level of development of the child

3. The theoretical interpretation of the skeletal injury
based on biomechanical principles) see Chaps.
1-5)

4. Data from the scientific literature on the probability
of injuries in specific accidents and falls

6.3.2 Anamnesis

In order to explain a particular injury, parents may
mention an accident, whereas the physician is able to
establish based on the level of development of the child
and the scientific data that it is highly unlikely or even
impossible for the sustained injury to result from the
reported accident.

In an accidental injury, the anamnesis nearly always
provides a conclusive explanation for the origin of the
injury. Often, the patient history is supported by state-
ments from witnesses. The presence of undisclosed
congenital disorder such as osteogenesis imperfecta is
the exception to this rule. Due to such diseases, frac-
tures may be sustained in only minor trauma (see also
paragraph 1.5.2).

6.3.3 The Level of Development
of the Child

Based on a number of key ages, Table 6.2 provides a
global overview of motor development in children up to
5 years of age. Key ages are a selection from many age
levels and the most suitable frame of reference for diag-
nostic purposes. Every age mentioned in these fields of
development are ‘p50 aged’. This means that 50% of all
children have reached that specific level of functioning
at that age, and masters these functions at a more or less
adult level. The table does not claim to be complete and
only provides an indication of the general level of motor
development of a child at a given age [10].

In non-mobile or partly mobile children it regularly
occurs that the anamnesis reports that the child itself was
responsible for the sustained fracture: for example, when
it fell from the dressing table or out of bed. The question
the physician should answer in these cases is whether at
the moment of the reported incident, the child had the
motor skills to fall in the manner described. This calls
for careful assessment of the level of development of the
child. This can take place based on the one hand on data
in the anamnesis, and on the other hand on data from
the infant welfare centre. When these data are not avail-
able, than a theoretical assessment of the motor skills
can be made, based on scientific data. Hereby an impor-
tant element is the moment at which a child can turn
and crawl, since this creates the movement potential that
makes falling feasible. Tables 6.3a—c and 6.4 provide an
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Table 6.2 Overview key ages and their general motor development [10]
Skill

Age
4 weeks

16 weeks

28 weeks

40 weeks

52 weeks

18 months

24 months

36 months

48 months

60 months

Control muscles of the eye

Balance head

Grip and manual manipulation

Control trunk and fingers: sitting,
crawling and picking

Control of legs and feet: the child stands
erect and starts exploring

Control of larynx function: words

and word combinations

Control of bladder and bowel functions
Speaks in sentences

Understands numbers and shapes

Child ready for school and prepared
to play with other children

General motor development

Positive head lag

Stabile head balance
Symmetric posture

Sits and leans forward supported on the hands
Stable stance when supported
Asymmetric neck reflex disappears (22—-26 weeks)

Sits without support

Crawls

Pulls up to stance

Grip reflex at the feet disappears (40 weeks—18 months)

Walks holding on to one hand
Walks along an object (such as coffee table or settee)

Walks independently
Able to sit up independently

Is capable of running
Can play football

Can stand on one leg
Jumps from the bottom step of the stairs

Hops well on one leg
Jumps forward on both legs

Hops equally well on either leg

Table 6.3a Overview of the reference values for supine-prone

rotation [11]
Author

Bayley

BOS 2-30

D.O.S.

Gesell
Helbriigge
Illingworth

Schlesinger

P value Age (weeks)
50 28
95 43
5 19
50 28
95 41
50 19
90 38
50 24
- 30
- 28
10 17
50 24
90 32
99 39

100 41

Table 6.3b Overview of the reference values of turning prone-
supine [11]

Author P value Age (weeks)
Illingworth - 24
Schlesinger 10 14

50 23

90 32

Table 6.3c Overview reference values for supine-prone and
prone-supine rotation [11]

Author P value Age (weeks)
Schlesinger 10 22
50 28
90 36
Sheridan - 26
Touwen 80 29-32
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Table 6.4 Overview
reference values for crawling

Author

Similar characteristic

P value

Age (weeks)

along (abdomen touching the Bayley Pre-walking locomotion 50 31
surface) [11] 95 47
Gesell Pulling self along on abdomen 50 <40
Helbriigge Prone crawl position - 39
Illingworth ~ Prone crawl position - 40
Crawls by pulling self forward with hands
Schlesinger  Crawls forwards, stomach touching the floor 10 28
50 36
90 46
95 51
98 53
100 55
Sheridan Attempts to crawl; sometimes succeeds = 39
Touwen Moves forward on stomach by using arms and legs 80 4548

overview of reference values regarding the age at which
such skills are present [11]. Based on these data it is pos-
sible to excluded that during the first few months of life
a child is able to turn or crawl consciously (voluntary).

e Turning over from supine to prone is impossible as
long as the asymmetrical tonic neck reflex (ATNR)
is present. This reflex can be provoked by lying the
child down on its back and from a symmetrical
position turn the head to one side. The child will
react by stretching the arm and the leg on the side
towards which the head is turned, and will bend the
arm and leg on the other side, as a result of this
posture it is also known as the ‘fencing reflex’.
From the 4th to 5th month onwards, it is not all that
easy to provoke the ATNR. From around the 6th
month onwards, it is impossible to provoke the
reflex in normal children. This reflex prevents the
child from turning around from supine to prone.

* During the first months it is impossible for an infant
to turn from a prone to a supine position. And if this
happens in sporadic cases, it is not due to any con-
scious behaviour of the child. Children who show
this behaviour are either very active or hypertonic.
When the child lifts its head up high when lying
prone and then turns its head around, it provokes an
instable prone situation, which is followed by rota-
tion (falling over).

e A change in position from lying sideways is possible
in active children that end up in a opisthotonic posi-
tion. In children that are inclined to be hypertonic,

this opisthotonic position may be a reflex caused by
stimulation of the back of the head when lying on
one side. This may also be the case in children with
gastro-oesophageal reflux.

e Purposeful locomotion during the first few months is
impossible. However, this does not imply that dur-
ing that period the child cannot move forwards based
on reflexes and involuntary movements. Children up
to approximately 4 months of age have a Bauer
reflex that may be provoked by pressing the soles of
the feet when the child is lying prone (and hips and
knees are bent). As a reaction the child moves for-
ward with alternating movements (left-right).
Sometimes the reflex occurs involuntary. It is prob-
ably due to the Bauer reflex that a child that has been
laid down prone in the middle of his/her bed is found
some time later transverse at the head the bed.

6.3.4 Data from the Literature

It appears that in their first year of life, approximately
50% of children will experience a fall over a limited
distance [12]. This type of fall often necessitates a visit
to the emergency department (approximately 1 in 100
children <1 year of age) [13]. Approximately 1 in
1,000 children will be hospitalised for such a fall, and
approximately 1 in 250,000 children <1 year of age
will die from such a fall [14].
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In earlier articles, the authors describe the differ-
ences between accidental and other injuries [12—14].
Consequently, based on scientific data the following
questions can be answered:

*  Which skeletal injuries can be sustained in an acci-
dent/fall?

*  Which injuries are less or not plausible in an acci-
dent/fall?

In retrospective studies, the following accidents were
found after an accident/fall:

 Haematomas, contusions, excoriations and lacera-
tions on the head and the rest of the body

* Fractures of the skull, clavicles and long bones

* Brain damage, such as concussion, contusion and
intracranial haemorrhages

Studies showed that severe brain damage and death
after a short-distance fall are improbable. When brain
damage was found after such a fall it generally was
focal instead of diffuse. Furthermore, none of the chil-
dren died as a consequence of a fall from cot or crib.
Due to complicating factors in falls from a bunk bed or
shopping trolley, the risk for more serious injuries and
death increased slightly.

Based on earlier-mentioned studies, the following
variables that affect the occurrence of fractures, seri-
ous injuries and/or death could be indicated:

e The distance of the fall.

e The velocity of the fall or (rather) the initial veloc-
ity at the start of the fall.

e Free or complicated fall (for instance on an object).

* Properties of the landing surface (for instance a
concrete surface as opposed to a surface covered in
foam-supported carpet).

e The manner in which the energy is spread when land-
ing (percentage of body surface, possible fractures).

6.4 Short-Distance Fall

6.4.1 Introduction

One of the most prevalent explanations for sustained
fractures is that the child allegedly fell over a relatively
short distance (<1.5 m). In the literature one may come

across case reports on relatively serious accidental
injuries in such a fall. Often there are complicating
factors involved in the fall. Wheeler and Shope describe
a 7-month-old child who fell out of bed and conse-
quently sustained an depression fracture of the skull
[15]. The child appeared to have fallen on a toy car. No
serious underlying brain injuries, other fractures and
retinal haemorrhages were found.

6.4.2 Data from the Literature

From 1977 onwards, various articles have been pub-
lished in which the authors investigated whether chil-
dren will sustain injuries in a fall and, if so, what type
of injury. Helfer et al. reported injuries in 246 chil-
dren <5 years old [16]. The group consisted of:

* One hundred and sixty-one children whose parents
had filled out a questionnaire when they visited
their physician because their child had fallen over a
distance of <100 cm (bed or couch) outside the
hospital. Due to the fall, 3 children sustained a clav-
icle fracture (age ranged between 6 months and 5
years), two children a skull fracture (age <6
months), and one child a humerus fracture (age <6
months). According to the parents, 80% of children
did not sustain any injuries, irrespective of the dis-
tance of the fall.

* Eighty-five children who had fallen from cots or
examination tables while hospitalised (the so-called
hospital incident reports). In 57 children no injuries
were found, in 17 children there was superficial dam-
age to the skin such as abrasions, 20 children suffered
bruises and one child sustained a skull fracture.

Helfer et al. concluded that in this group there were no
serious head injuries after a short-distance fall, but that
it was possible to sustain fractures.

Nimityongskul and Anderson looked into the occur-
rence of injuries in 76 children (age range: from neo-
nate to 16 years old) who had fallen out of their bed,
crib/cot or chair while hospitalised [17]. Fifty-seven
children were <5 years old, 23 children <1 year old
and falling distance was 30-100 cm. Most children
sustained superficial injuries (haematomas of the scalp
and lacerations of the face). One child (12 months old)
sustained an occipital skull fracture, another child
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(with osteogenesis imperfecta) a fracture of the tibia.
No rib fractures were found. Fourteen children had
sustained facial bruising or bruising on the scalp.
Nimityongskul and Anderson did not find any serious
injuries to the head, neck, spine and extremities. They
considered the statement of the parents that their child
had fallen over a short distance only suspect for child
abuse when serious injuries were found.

Lyons and Oates report on 207 children <6 years of
age who had fallen from crib/cot (n=124) or bed
(n=83) while hospitalised [18]. The distance of the
fall ranged from 65 cm (bed rail down) to 110 cm (bed
rail up) in a fall from crib or cot, and from 50 to 85 cm
(including bed rail) in a fall from a bed. In 31 children
injuries were found.

e Twenty-nine children suffered contusions of little
consequence and small lacerations.

* One child suffered a linear skull fracture (age 10
months, fall from cot).

* One child sustained a clavicle fracture (age 21
months, fall from cot, bed rail up).

In 26 of 31 children the injury was located on the head.
None of the children had serious, multiple or life-
threatening injuries. Lyons and Oates concluded that
serious head injuries are unlikely in a short-distance
fall.

Tarantina et al. report on 167 children of less than
10 months old (average age 5.2 months, 56% boys)
that had experienced a fall of less than 1.25 m and con-
sequently presented at the emergency department [19].
Tarantina et al. excluded children that had experienced
a complicated fall, such as a fall from a baby walker, a
fall down the stairs or a fall on an object. They also
excluded situations in which the carer fell on the child
during the fall. Of the included children, 55% fell out
of bed, 20% from the arms of a carer, 16% fell from a
bed/couch and 10% fell from other objects. Of the 167
included children 10% was hospitalised. However, the
majority of children had few or no injuries. Twenty-
five children sustained serious head injuries: 16 closed
skull trauma (of whom 12 a skull fracture), two an
intracranial haemorrhage and 7 a fracture of one of the
long bones (Fig. 6.4). Additional examination showed
that the 2 children with an intracranial haemorrhage
had been victims of child abuse. After these two chil-
dren were excluded, it appeared that the risk for seri-
ous injury was only present in a fall from the arms of
the carer. Tarantino et al. advise always to look into the

Fig.6.4 Two-year-old boy who had fallen out of bed. Radiograph
showed a supracondylar humerus fracture (open arrow)

possibility of child abuse in children with intracranial
injury and/or multiple injuries, when the parents men-
tion a short-distance fall. Bechtel et al. draw attention
to the risks of a fall from the arms of a carer [20, 21].
They also point out that such a fall may lead to intrac-
ranial haemorrhages (see paragraph 2.6.3.6.1).

As part of the Avon Longitudinal Study of Parents
and Children (ALSPAC), Warrington and Wright
researched the prevalence of accidents in non-mobile
children around the home [22]. ALSPAC included
13,822 mothers/sets of parents. Via written question-
naires, Warrington and Wright asked the parents of
6-month-old children to describe every accident since
birth. They asked them to describe: type of fall, dis-
tance, injuries sustained and the medical help provided
(if sought). 11,466 forms were returned. The parents
reported 3,357 fall accidents in 2,554 children. Fifty-
three percent of children fell out of a bed or from the
couch. Twelve percent either fell from an arm while
being carried or the person that carried the child fell
holding the child. In less than 1% of cases the cause of
the accident was omitted. In the other 34% there was



114

6 Accidental Trauma

great diversity in types of fall, o.a.: a fall from a table,
chair, changing table or from a baby bouncer. Of all
children, 76% of children experienced one fall, 5% had
three falls or more. The number of falls increased with
the age of the child. Less than 25% took place before
the age of 4 months. In only 14% of children there
were visible injuries, of which 56% were haematomas.
In 97% there was a visible injury to the head. In less
than 1% (21 children) concussion or a fracture was
found. One hundred and sixty-two children were taken
to hospital after the fall, 18 were hospitalised. In three
children the hospital physicians found a skull fracture;
however, this was no reason for hospitalisation. No
skull fractures were seen after a fall from a bed or
couch. One child sustained a clavicle fracture after a
fall from a bed. Warrington et al. concluded that chil-
dren <6 months old regularly take a fall, but that this
seldom leads to injuries. Serious injuries (here defined
as concussion or a fracture) are very rare: it occurs in
less than 1% of children. None of the children had
intracranial injuries such as subdural or epidural
haematomas.

Hennrikus et al. evaluated 115 young patients with
orthopaedic injuries, according to the parents sustained
at home after a fall from a piece of furniture [23]. One
hundred and thirteen children sustained fractures or
dislocations. Two children suffered penetrating inju-
ries (pen, needle). In 6 children the physicians reported
child abuse: two (out of four) children were <1 year
old, four (of 83 children) were 1-5 years old. Hennrikus
et al. concluded that orthopaedic injuries sustained
around the home are usually the result of a fall (from
bed or couch), unless the child is less than 1 year old.

Johnson et al. evaluated type and nature of the head
injuries in 72 children of <5 years old (4 months to 4
years and 9 months) of whom it had been irrevocably
established that they had fallen as the result of an acci-
dent [24]. The distance of the fall ranged from <50 cm
to >3 m; most children fell over a distance of less than
1 m. Forty-nine children fell on a hard surface and 23 on
a soft surface. Fifty-two children sustained visible inju-
ries: 35 of them fell on a hard surface and 17 on a soft
surface. The surface area of the fall did not seem to lead
to significant differences in the injuries that were found;
however, the distance of the fall did make a difference.
All children who fell over a distance of >1.5 m had sus-
tained visible injuries to the head. This was also true for
95% of children that fell over a distance of >1 m.
In 32 children a radiograph of the skull was made. Four

children had sustained a skull fracture: three linear frac-
tures (twice from a fall of >1 m and once by a fall of
80-90 cm against the stone surround of a fireplace). The
4th child sustained a basilar fracture after a fall over 3 m
from a window on the first floor. Johnson et al. con-
cluded that in the majority of children most common or
garden accidents do not cause noticeable injuries in the
majority of children. Skull fractures occur probably in
less than 5% of children. It requires a fall of at least 1 m,
or a fall on an object that results in a ‘small-area
impact’.

Monson et al. describe 14 neonates (in a total num-
ber of 88.774 births over a period of 3 years) who had
fallen shortly after birth while hospitalised [25]. Seven
children fell to the floor when the parent was lying on
the bed or seated in a chair and fell asleep holding the
infant. In four children the fall took place in the deliv-
ery room, two children fell out of their bassinette when
wheeled down the hall and one child fell from an infant
swing. Thirteen infants had a normal external exami-
nation when discharged from hospital. One child had a
large haematoma on the forehead, which was still vis-
ible at discharge. Another child had to be transferred to
the regional hospital due to a depressed skull fracture.
The fracture, sustained after a fall of 50—70 cm occurred
immediately after the child was delivered, did not
cause any notable clinical symptoms. There was no
indication for neurosurgical intervention. After 2 days
the child could be safely discharged from hospital.
Only in one child a CT was performed, which did not
show any intracranial lesions. If one of the other chil-
dren incurred intracranial lesions as a result from the
fall, they did not result in any noticeable clinical
symptoms.

6.4.3 Conclusions

Based on the literature it can be argued that a short-
distance fall will seldom or never result in serious or
life-threatening injuries such as intracranial haemor-
rhages or other intracranial damage. Fractures of the
skull, clavicle or long bones are regularly seen,
although less often than one would expect. Skull frac-
tures are never seen after a fall from a couch. Serious
multiple non-life-threatening injuries of the head,
neck, spine and extremities were also not found. Only
when there are complicating factors involved during
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the fall, more serious injuries can be sustained, such as
a depression fracture of the skull.

6.5 Fall with a Baby Walker

6.5.1 Introduction

Many parents use baby walkers for their infants. The lit-
erature shows that baby walker-related injuries happen
regularly. In the United stated, the number of reported
accidents has increased since the eighties [26, 27]. Based
on an evaluation of nearly 28,000 children up to 4 years
of age who presented at the emergency department due
to accidents with baby walkers, Trinkoff and Parks con-
cluded that the majority of these accidents could have
been avoided [26].

6.5.2 Data from the Literature

In 1982, Fazen and Felizberto performed a study into
the use of baby walkers and the frequency and severity
of the injuries that resulted from accidents with baby
walkers [28]. For this purpose they approached the par-
ents of 49 children 8-14 months of age. Most parents
(86%; n=42) appeared to have baby walkers. Their
children were put in the baby walker for the first time
when they were 4 months old. Approximately 50% of
the children had experienced an accident with the baby
walkers at some time: a tip over, a fall down the stairs
or entrapment of fingers. In two children medical assis-
tance was required. Both sustained head and neck inju-
ries after a fall down the stairs in their baby walker.
Fazen and Felizberto concluded that injuries from acci-
dents with baby walker are a regular occurrence, but
were not as severe as had been reported up to then.
Their study revealed that particularly children <7
months old fell down the stairs, whereas tipping over
happened more often in children >8 months.
Kavanagh and Banco evaluated the data of 195 chil-
dren of 5—15 months of age [29]. A hundred and fifty
children (77%) had been put in a baby walker by their
parents. In 47 children (31%) the accident caused vis-
ible injuries: bruises/contusions and abrasions in 38
children, head trauma (including skull fractures) in five
children, lip lacerations in two children, perforation of

the palate in one child and a dental avulsion, also in
one child. Thirty-eight children tipped over, 15 chil-
dren fell down the stairs, and two children had been
pushed over by their sibling. One 7-month-old child
had a large haematoma fronto-parietal and multiple
skull fractures (two left frontal, of which one impres-
sion fracture and one fracture to the left parietal bone)
after a fall down the stairs. The child remained con-
scious and the neurological examination showed no
defects.

Wellmann and Paulson studied children that pre-
sented at a large emergency department over a period
of 23 months for baby walker-related accidents [30].
They reported that 97% of the children had sustained
head and facial injuries. Sixty-eight percent of the chil-
dren had fallen down the stairs. In 22% of injuries it
was necessary to get a surgical of dental evaluation in
addition to the paediatric examination.

Stoffman et al. investigated the relation between
head injuries and the use of baby walkers in 52 chil-
dren of <24 months old [31]. In children of <1 year
old, it was shown that 42% of head injuries were
caused by accidents with baby walkers. In children
aged 12-24 months, baby walkers were not at all
involved in sustaining head injuries. In all baby walker-
related head injuries the child had fallen down the
stairs. Three children sustained a skull fracture.

Rieder et al. carried out a prospective study into the
mechanisms and patterns of baby walker-related inju-
ries [32]. The study was initiated by the death of a
6-month-old infant who had fallen down a 14 step
staircase onto a concrete floor and had received fatal
injuries. Over a period of 1 year, Rieder et al. saw 139
children of 4-15 months old that had sustained inju-
ries. Twenty-nine of them had sustained a fracture, and
123 children had fallen down the stairs (89%). Ten
children had fallen from a baby walker. Three children
had sustained burns and 3 others had pulled an object
on top themselves. Ninety-three children sustained a
skull fracture, of whom two a depression fracture.
Furthermore, in three children a fracture of the lower
arm was found and in two children a clavicle fracture.
One child suffered a fracture of the nasal septum. There
also were lacerations (n=6), abrasions (n=3) and burns
(=3). In six children dental injuries were found. The
most serious injuries were seen in falls down the stairs;
all fractures but one resulted from falls down the stairs.
Approximately 90% of children that had sustained a
closed head injury had also fallen down the stairs.
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Partington et al. studied the relation between the
origin of head injuries (except for facial injuries) and
the use of baby walkers in children <24 months [33].
Over a period of 3 years, they saw 129 that had suf-
fered a head injury. In 19 of the children (14.7%) the
injuries were caused by an accident with a baby walker.
The average age of these children was 8.7 months.
Eighteen children had fallen down the stairs, of which
nine had sustained a skull fracture (six linear, two mul-
tiple linear and one complex). None of the children
required surgical intervention.

Coats and Allen carried out a retrospective study in
children <24 months that presented at the emergency
department because of an accident with a baby walker
[34]; in a total of 1049 visits, 22 children. The most
serious injuries seen in these children were skull frac-
tures (n=3). The majority of injuries were caused by a
fall down the stairs.

Chiavielo et al. carried out a 44-month prospective
study into the incidence and severity of baby walker-
related injuries in children of 3—17 months old (n=65)
[35]. Of these children 95% was <1 year old. The
researchers excluded all children suspected of being
abused. The injuries were sustained by a fall down the
stairs (71%, n=46), tipping over (21%, n=14), a fall
from the porch (3%, n=2) and burns (5%, n=3). Most
injuries were found on the head and in the face (97%).
Furthermore, injuries were found on the extremities
(6%) and the trunk (3%). Most of the injuries were
light, although 19 children had suffered severe inju-
ries: skull fracture (15%, n=10), concussion (12%,
n=38), intracranial haemorrhages (8%, n=35, third-
degree burns (3%, n=2) and a fracture of the cervical
spine (2%, n=1). One child in the study died, after sus-
taining a skull fracture, a subdural haemorrhage and a
fracture of a cervical vertebra. When the burn-patients
were excluded, severe injuries were only seen in chil-
dren that fell down the stairs.

Mayr et al. studied retrospectively the data of 172
children of 7-14 months of age that had sustained baby
walker-related injuries over a period of 3.5 years [36].
They found the following injuries: skull fracture
(n=19), concussion (n=23), contusions and lacerations
to the head (n=125), including dental luxations) and
fractures or distortions of the upper extremities (n=3).

The study of Petridou et al. in 49 children with baby
walker-related injuries confirms the earlier-mentioned
data [37]. The majority of injuries are sustained around
the age of 9-10 months. The most prevalent cause of

injury was a fall down the stairs, in particular in the
younger children. The majority of injuries were light.
Three children sustained fractures.

Smith et al. investigated baby walker-related inju-
ries in 271 children that presented at the emergency
department over a period of 3 years [38]. Their age
ranged from 4 to 36 months (average age 9.2 months,
62% boys). Sixty-nine percent of children had sus-
tained the injury by a fall down the stairs. The risk for
skull fractures and the necessity of being hospitalised
increased with the number of steps the child had fallen
down. One hundred and fifty-nine children (58.6%)
sustained skin injuries (contusion, haematoma, abra-
sion), 35 (12.9%) had a concussion and/or head inju-
ries and 33 (12.2%) had lacerations. Twenty-six
children (9.6%) sustained a skull fracture (17 parietal,
8 frontal and 1 occipital) and 4 (1.5%) showed other
fractures (three clavicle and one radius and ulna). Nine
children (3.3%) had sustained a nose bleed, four (1.5%)
a dental avulsion and one (0.4%) a burn. In three chil-
dren a depression fracture of the skull was found, two
of those also had a second skull fracture without
depression. Three children that had suffered a skull
fracture also had intracranial haemorrhages, of which
twice a subdural haemorrhage. The skull fractures
occurred only in the group that had fallen down the
stairs. Ten children (3.7%) were hospitalised; they all
had a skull fracture. Smith concluded that fractures of
the extremities are rare in baby walker-related falls.

In 2001, the American Academy of Pediatrics
(AAP) issued an advice on baby walkers [27]. Accord-
ing to the AAP, in 1999 approximately 8800 children
<15 months were treated in emergency departments
for baby walker-related injuries. The majority of inju-
ries were caused by falls down the stairs and head inju-
ries were seen frequently. Between 1973 and 1998,
physicians reported 34 children that had died as a result
from a fall with a baby walker. The AAP discourages
the use of baby walkers due to the considerable risk for
light to very severe injuries and death. Since there are
no positive indications for its use, their advice is to
prohibit the production and sale of baby walkers.

6.5.3 Conclusions

After a fall with a baby walker, the majority of injuries
seen are to the head or the face and are relatively
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harmless. Skull fractures occur very regularly, whereas
fractures of the extremities are rarely seen. In 2-3% of
the reported children, intracranial haemorrhages are
seen. Also, fatalities are reported regularly [27].

6.6 Baby Bouncer-Related Injuries

6.6.1 Introduction

The baby bouncer is a recreational device for children
who are well able to keep their head upright, but cannot
walk yet [39]. The baby is seated in a chair made of soft
cloth that is hung from the ceiling or the door opening
by a spring. By pressing his/her toes against the floor,
the infant can push up him-/herself up, and in this man-
ner can move up and down. A baby bouncer is not made
for swinging. According to the Consumers and Safety
Council its use is not without risks. When incorrectly
hung or attached, the bouncer may come loose.

6.6.2 Data from the Literature

Clayton discusses a case of a fatal fall from a baby
bouncer by a child <1 year old (Fig. 6.5) [40]. The
author mentions with good reason that to sustain life-
threatening head trauma, it is not necessary for the
child to fall from any great height. The head of the child
in question was no more than 60 cm from the floor. The
child landed on its head on thick carpet.

In their article, Farmakakis et al. report on 181 chil-
dren that sustained injuries by a fall with a baby
bouncer [41]. Although Farmakakis et al. use Clayton’s
article to underline the danger of such devices, the
authors of either article seem to use a different defini-
tion of baby bouncer. Farmakakis et al. seem to use the
term for a kind of child’s seat (Fig. 6.6). This makes it
impossible to evaluate and compare the two articles.

6.6.3 Conclusions

The literature comprises only a few case reports
regarding baby bouncers [40—42]. Unfortunately, the
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Fig. 6.5 Baby bouncer

definition of the play device is not uniform, which
makes comparison impossible.

6.7 Fall from Bunk Bed

6.7.1 Introduction

At face value one may be inclined to think that a fall
from a bunk bed, barring the greater distance of the
fall, can be compared with a fall from a low bed.
However, data from the literature show that the risk for
serious injury is considerable higher in a fall from a
bunk bed (Fig. 6.7a and b).



118

6 Accidental Trauma

Fig. 6.6 Bouncy chair

Fig. 6.7 (a) Thirteen-year-
old boy who had fallen out of
a bunk bed on top of a drum
set. Endoscopic retrograde
pancreaticography (ERCP)
shows extravasate (open
arrow) from an intrahepatic
bile duct from a liver
laceration. (b) Abdominal
radiograph after ERCP shows
a stent in the common bile
duct (open arrow), contrast in
the liver laceration (arrow)
and gallbladder (asterisk).
Because of ascites, pig-tail
catheters were positioned
(arrow point)

6.7.2 Data from the Literature

Selbst et al. compared a group of children with injuries
resulting from a fall from a bunk bed (n=68) with a
control group of children that had presented at the
emergency department for other reasons, but did sleep
in a bunk bed (n=54) [43]. The average age in the
injury group was 5.1 year against 6.2 years in the con-
trol group. Seventy percent of the injury group and
48% of the control group was <6 years old. The inju-
ries were sustained by a fall from the upper bed (58%),
a fall from the ladder (11%) or a fall from the lower
bed (12%). The moment that the injury was sustained
varied. In 29% it happened while sleeping (n=19; 12
children <6 years), in 20% while climbing in or out of
the upper bed, and in 43% during play in and around
the bed. Fifty-two percent of the children showed head
injuries, 12% facial injuries, 13% injuries of the lower
extremities and 10% of the upper extremities. Lacer-
ations (40%) and contusions (19%) were seen most
frequently. Twelve percent of the children had a con-
cussion and 10% suffered fractures. Six children (9%)
had to be hospitalised: four with a concussion, one
with a skull fracture with subdural haemorrhage and
one with a laceration close to the eye. The authors




6.7 Fall from Bunk Bed

119

concluded that injuries are frequently sustained in a
fall from a bunk bed and may be serious. In a fall from
the upper bed, injuries to the head and face were most
likely. Also, the more severe injuries were sustained by
a fall from the upper bed.

MacGregor carried out a prospective study into the
severity of injuries resulting from falling from bunk
beds (upper and lower bed) and cribs [44]. The study
comprised 85 children in the age of 5 months or more
(43 boys and 42 girls). Fifty-seven children fell from a
crib or the lower bed, 28 children fell from the upper
bed. Seventy-eight percent of children (n=72) was <6
years old (lower bed and crib, n=52; upper bed, n=20).
The article is not very specific on which injury occurred
in which fall (upper or lower bed, crib). However,
MacGregor describes head trauma in 27 children, of
which seven showed noticeable neurological symp-
toms such as: unconsciousness, lethargy or vomiting.
It was remarkable to see that there were no skull frac-
tures or intracranial haemorrhages in any of the chil-
dren, not even in complicated falls when while falling
the child hits, for example, other pieces of furniture
before hitting the floor. The remaining 20 children that
had sustained head injuries did not show any neuro-
logical problems. Twelve children had a laceration of
the scalp or face. Since MacGregor does not clearly
distinguish between a fall from the upper and lower
bed and a crib, only limited interpretation of the data is
possible. Only the intracranial injuries and skull frac-
tures can be compared to other studies. Also, the author
does not indicate how he eliminated child abuse as
cause for the injury.

A retrospective study of Mayr et al. confirms the
data from earlier studies on this subject [45]. They
analysed 218 bunk-bed accidents in children. Of the
children in the study, 23.8% was <3 years old. The
main causes for injury were a fall from the upper bed
while asleep (31.5%) or during play (34.4%) or a fall
down the ladder (23.2%). Serious injury was found in
91 children (41.7%): multiple injuries (n=3), skull
fractures (n=7), concussion (n=44), fractures of the
long bones (n=33), Lisfranc’s tarsometatarsal disloca-
tions (n=2) and lacerations of the spleen (n = 2)
(Figs. 6.8 and 6.9). Sixty percent of children had less
severe injuries, such as fractures in other locations than
the skull or long bones (n=18), contusions and sprains
(n=89), lacerations of the skin (n=18) and dental frac-
tures (n=2). The authors concluded: ‘There is only
one recommendation: no bunk beds’. Remarkable in

Fig. 6.8 Two-year-old girl who fell from a bunk bed refusing to
bear weight on her leg. Radiograph shows a distal tibia and fib-
ula fracture (open arrow)

this study is that again there are no serious intracranial
injuries. In none of the children in this study intracra-
nial haemorrhages were found, in spite of the large
number and diversity of injuries after a fall from a
bunk bed. Anyway, Johnson is of the opinion that
Lisfranc’s metatarsal dislocations should be consid-
ered typical ‘bunk-bed’ fractures [46]. Belechri et al.
compared the injuries sustained by children up to 14
years of age from a fall from a bunk bed (n=197) and
a normal bed (n = 1,684) [47]. In 8% of the 197 falls
from a bunk bed, the child fell of the ladder. A fall
from a bunk-bed occurs mainly during sleep. In these
cases there were usually more serious injuries than in
a fall from a regular bed: concussions, fractures, mul-
tiple injuries and other injuries that resulted in
hospitalisation.

6.7.3 Conclusions

In spite of the large number, severity and diversity of
the injuries that are sustained by children that fall
from a bunk bed, intracranial injuries are almost
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Fig. 6.9 A 4-year-old girl who fell from a bunk bed indicated
pain in her hand. Radiograph shows an intra-articular fracture of
the middle phalanx of the 5th finger

totally absent. Only the article by Selbst mentions a
child that sustained a skull fracture and subdural hae-
morrhage. It is also remarkable that the studies did not
report but even one child that died after a fall from a
bunk bed [43].

6.8 Fall from a Perambulator

6.8.1 Introduction

From an early age onwards, children have been car-
ried in perambulators. Especially the more mobile
children regularly fall from perambulators, and in such
cases there is very likely that the child will fall on its
head.

6.8.2 Data from the Literature

Watson and Ozanne evaluated the relation between
accidents related to children’s furniture and perambu-
lators and the prevention of injuries [48]. Just over 6%
of the injuries in children up to 3 years old and 19% of
children up to 1 year old resulted from such an acci-
dent. The majority of injuries related to perambulators
and high chairs appeared to be due to a fall (respec-
tively, 75% and 83%). Watson and Ozanne consider
the risk for sustaining serious injuries as high, since
96% of children who had fallen from a perambulator
and 75% of children that had fallen from a high chair
landed on their head. From 1985 to 1988, in Victoria
(Australia), 1 child died from a fall from a perambula-
tor and 1 from a fall from a high chair.

Couper et al. performed a retrospective study into
accidents with perambulators (n=149) [49]. Seventy
percent of children were between 9 and 15 months old.
Sixty percent suffered injuries to the head, face and/or
teeth and/or had a concussion. Eleven children (7.4%)
had to be hospitalised. The article did not mention any
children that had died from the fall.

Lee and Fong describe a 10-month-old girl that suf-
fered an epidural haemorrhage after a fall from a per-
ambulator [50]. She did not sustain a skull fracture and
post-operative made a full recovery. Moreover, Lee
and Fong report that a review of the literature of simi-
lar situations showed that a fall from a perambulator
seldom results in serious and/or life-threatening inju-
ries, but does cause head injuries. Three children died
after a fall from a perambulator that had been reported
by the parents. In the end it was found that two chil-
dren were victims of child abuse.

Powell et al. executed the most comprehensive (ret-
rospective) study into perambulator-related injuries in
children up to 3 years old (n=64.373, over a period of
5 years) [51]. The average age of the children was 11
months. Purpose of the study was a report on the inci-
dence of this type of accident, the circumstances and
the types of injury. Seventy-six percent of the injuries
resulted from a fall from the perambulator, particularly
on the head (44%) or to the face (43%). The injuries
were: contusions and abrasions (38%), lacerations
(24%), intracranial injuries (22%) and fractures of the
extremities (3%). Two percent of children was hospita-
lised; 70% of the hospitalisations were for head inju-
ries. The article does not mention any children that
died from the fall.
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Fig. 6.10 Ten-year-old boy who fell out of his travel bassinet
down the stairs (14 steps). After the fall he was drowsy, a radio-
graph of the skull showed soft-tissue swelling (arrow) and a lin-
ear biparietal fracture (open arrow)

Arnholz et al. describe bilateral skull fractures in a
6-week-old infant who fell from a distance of about 90
cm from a perambulator and landed with the top of the
head on concrete stairs (Fig. 6.10) [52]. Two symmet-
rically located haemorrhages on the scalp were found
as associated injuries.

6.8.3 Conclusions

A fall from a perambulator, in particular in children
<1 year old, is not an unusual occurrence. Often chil-
dren will fall on their head. Serious intracranial inju-
ries (a typical impact injury: epidural haemorrhages)
are only reported in case reports. Lasting damage is
rare, as is death.

6.9 Fall from a High Chair

6.9.1 Introduction

From the moment that children are well able to sit up
and eat solid food, parents/carers will usually place

them in a high chair at the dining-room table. In spite
of the straps in these chairs, children regularly fall out
of them.

6.9.2 Data from the Literature

Watson and Ozanne evaluated the relation between
accidents resulting from children’s furniture and per-
ambulators and the occurrence of injuries (see para-
graph 6.8.2) [48].

By means of a questionnaire directed to the parents,
Mayr et al. evaluated 103 children that had fallen from
a high chair and presented at the emergency depart-
ment [53]. Fifty percent of children wanted to stand up
in the chair before they fell down, and 14% of acci-
dents occurred because the high chair toppled over.
Most children had suffered head injuries: contusions
or haematomas on the head or lacerations of the scalp
or face (68.9%), skull fractures (15.5%) and concus-
sions (13.6%). The article does not mention any chil-
dren that died as a result of the fall or ended up in a
life-threatening situation.

Powell et al. carried out the most comprehensive
(retrospective) study into injuries in children up to
the age of 3 years old, related to a fall from a high
chair (n=40,650, average age 10 months, over a
period of 5 years) [54]. The purpose of the study was
compile a report on the incidence of this type of acci-
dent, the circumstances and the types of injury. Over
5,000 children (13%) fell from a booster seat and
over 4,000 children fell from a youth -chair.
Predominantly head (44%) and facial (39%) injuries
were found: contusions and abrasions (36%), lacera-
tions (25%), intracranial injuries (21%) and fractures
(8%). Two percent of the children were hospitalised.
The article does not mention any children that died as
a result of the fall.

6.9.3 Conclusions

Children, in particular those <1 year old, regularly fall
from high chairs. The (albeit limited) literature hardly
ever mentions serious or even life-threatening injuries.
Only the article of Watson mentions one child that died
as a result of a fall from a high chair [48].
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6.10 Fall from a Staircase

6.10.1 Introduction

Almost all parents have experienced that a child fell
down the stairs. Consequently, the number of annual
falls of this type should be high. Yet, the paediatric
literature has but a few publications on this subject and
on the injuries that may be sustained.

6.10.2 Data from the Literature

In a prospective study, Joffe and Ludwig describe 363
children from 1 month to nearly 19 years old with inju-
ries resulting from a fall down the stairs (average age:
55 months) [55]. Fifty-four children were <1 year old.
Ten children were being carried by their parent/carer.
Twenty-four were in a baby walker when they fell
down the stairs. Children who were victims of child
abuse were excluded from the study.

The majority of children had superficial injuries,
73% sustained injuries to head and neck. Head injuries
were more frequently seen in children <4 years of age.
In 28%, injuries of the extremities were found, in par-
ticular distally. Only in 2% of children injuries to the
trunk were seen, and 6% of children (n=22) had sus-
tained fractures. Sixteen children had suffered a frac-
ture of one of the extremities (15 of them were >4
years old). Six children had suffered a skull fracture
(all <3 years old). Four of the six skull fractures were
sustained in ten children who fell on the stairways
from the hands of their parents/carers. None of the
children showed rib, spinal, pelvic or hip fractures.

The group of children of 6—12 months old counted
40 injuries in total. Twenty-four of those injuries were
seen in the 24 children that had fallen in their baby
walker (see paragraph 6.5). Only 2.7% of children had
sustained injuries to more than one body part.

Children who had fallen more than four steps down
the stairs did not sustain more injuries than children
who had fallen less than four steps down the stairs,
irrespective of their age. Also, the injuries were of
similar severity. Three percent was admitted. None of
the children experienced a life-threatening situation.
Also, none of the children was admitted to the inten-
sive care unit, no intracranial haemorrhages or brain

contusions were found, and none of the children
died.

Joffe and Ludwig concluded that there was no rela-
tion between the number of steps a child falls down
and the severity of the injury, and that a fall from a
staircase is less serious than a free fall from the same
height. When a child presents with multiple and severe
injuries to the trunk or extremities, and according to
the clinical history he/she has fallen down the stairs,
then other causes should be considered (Fig. 6.11).

Chiaviello et al. also studied the effects of a fall down
the stairs in 69 children of <5 years of age (average age

Fig. 6.11 Five and a half-year-old boy who sustained a spiral
fracture after a fall down the stairs. The anamnesis showed that he
had climbed over the stair barrier holding a toy in his hand, caught
is leg in the railing and lost his balance. A police investigation at
the site of the accident confirmed the clinical history.
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2 years), including three children who had fallen together
with their parent/carer [56]. Unlike Joffe, they excluded
accidents with baby walkers. They also excluded chil-
dren suspected to be victim of child abuse.

The majority of the injuries were not serious. Fifteen
children had sustained serious injuries, such as: con-
cussion (11 children, 16%), skull fracture (five chil-
dren, 7%), brain contusion (two children, 3%), subdural
haemorrhages (one child, 1%) and a fracture of the
second cervical vertebra (one child, 1%). The three
children that had been carried by their parent/carer
who fell on the child against the staircase sustained the
most serious injuries: two children suffered a skull
fracture, and one of the children showed a small sub-
dural haemorrhage and contusion. This was also the
child who had sustained the fracture of the second cer-
vical vertebra.

Chaviello et al. concluded that in the majority of
falls there were no serious injuries. Injuries of head
and neck prevailed. The incidence of an injury to more
than one body part is rare.

6.10.3 Conclusions

Children fall regularly down the stairs. Usually there
are few or no injuries. However, when injuries are sus-
tained, they are usually seen to the head, neck and dis-
tal extremities (Fig. 6.12). Compared to the study of
Joffe and Ludwig, the study of Chaviello et al. showed
more severe injuries [55, 56]. Whether this difference
is realistic or the result of a different use of diagnostic
devices is not clear. Chaviello as well as Joffe conclude
that a free fall inflicts more damage than a fall of the
same height down the stairs.

6.11 Fall from a Shopping Trolley

6.11.1 Introduction

Children are often placed in shopping trolleys; in the
designated seats as well as in the trolley itself.

A fall from a shopping trolley is a regular occur-
rence, possibly due to diminished attention of the par-
ents while shopping.

Fig.6.12 Fourteen-month-old boy after witnessed fall down the
stairs. The proximal tibia shows a torus fracture (open arrow)

6.11.2 Data from the Literature

Smith et al. evaluated retrospectively the emergency
department data of over 75,000 shopping trolley-
related injuries in children of 15 years old and younger
(84% <5 years old) [57]. Head and neck injuries were
most prevalent (74%). Of the children that had sus-
tained injuries, 2.7% had to be hospitalised (93% <4
years old), mostly due to fractures (45%), followed by
internal injuries (22%) and concussion (17%).

In another prospective study, Smith et al. evaluated 62
children from 4 months to 10 years old (average age 2.8
years), who had presented at the emergency department
due to shopping trolley-related injuries over a period of
15 months [58]. Twelve children presented by ambu-
lance. Forty-nine children (79%) were found to have sus-
tained a head injury. Fractures were found in 11 children
(18%: 5 skull fractures, two femur fractures, a metatarsal
fracture, a clavicle fracture and a radius and ulna
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fracture). Nine children (14%) had sustained lacerations
and 30 children (48%) had suffered superficial injuries.
Most children sustained the injuries by falling from the
trolley (58%), followed by toppling over of the trolley
(26%). Injuries resulting from a fall out of the trolley
occurred in all age groups, toppling over of the trolley
was mostly seen in children <1 year old.

Smith et al. concluded that accidents with shopping
trolleys may lead to serious and potentially life-threat-
ening injuries, although there were no cases of serious
(intra)cranial injury — in spite of a fall on a solid (often
concrete) surface. No intracranial haemorrhages were
found.

Parry et al. evaluated retrospectively 282 hospitali-
sations of children up to 15 years of age over a period
of 10 years as the result of shopping trolley-related
injuries [59]. Of the hospitalised children, 92% was
less than 5 years old, 65% was less than 2 years old.
Ninety percent of the injuries resulted from a fall out
of the trolley. Eighty-four percent of the injuries were
seen to the head or face. The physicians considered
22% of the injuries to be serious. None of the children
died from the fall.

6.11.3 Conclusions

Although Smith et al. maintain that a fall from a shop-
ping trolley may lead to life-threatening injuries, there
are up to the present day no reports on children that
died as a consequence of such a fall [57]. In the (albeit
very limited) literature, there are also no reports on
intracranial haemorrhages.

6.12 Fall from a Trampoline

6.12.1 Introduction

Most children who sustain injuries during trampoline
jumping are older than the children that belong to the
most vulnerable group for non-accidental injuries.
However, there is an overlap between the youngest
group of children with trampoline-related injuries (<5
years old) and the oldest victims with severe non-acci-
dental injuries (2-5 years). Besides, here applies, the
younger the child is that gets injured while trampoline

jumping, the more serious the injuries. In 2003, The
American Academy of Orthopedic Surgeons counted
211,646 trampoline accidents in children of less than
19 years of age [60].

6.12.2 Data from the Literature

Woodward et al. report on 114 children with injuries
due to trampoline accidents [61]. The average age was
8 years. The youngest children ran the highest risk for
injuries. In 55% of children injuries of the extremities
were found (Fig. 6.13). Head and neck injuries were
seen in 37% of children. Seventy-five percent was
X-rayed, 23% was hospitalised and 17% had to have
an operation.

Chalmers et al. evaluated 2,098 hospitalisations and
two deaths related to the use of trampolines over a
period of 10 years [62]. Eighty percent of children fell
from the trampoline on the ground. Fractures were the
most prevalent injuries (68%). The arms were the most

Fig. 6.13 Nearly 7-year-old girl who has fallen from the tram-
poline at the day-care centre. A radiograph of the right wrist
shows a torus fracture (see inset)
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commonly involved body part. The study did not show
that serious head and neck injuries were seen on a reg-
ular basis.

Larson and Davis reported on 217 children and
adults that had sustained trampoline injuries [63].
Their ages ranged from 18 months to 45 years of age
(average age 10 years). Forty-three percent was
between 5 and 9 years old. The following injuries were
found: fractures (39%), sprains and strains (25%), lac-
erations (21%) and contusions (16%). The patients had
sustained injuries to: elbow or lower arm (26%), head
and neck (21%), ankle or foot (18%), knee or leg
(15%), trunk or back (9%), shoulder or arm (6%) and
wrist or hand (4%). None of the patients sustained last-
ing neurological damage.

McDermott et al. described retrospectively 88 chil-
dren (33 boys and 55 girls, average age 8.6 years) who
had presented over a period of 6 months at their local
hospital with a fracture due to a trampoline accident
[64]. Most fractures were located in the upper extremi-
ties (69%). Thirty-six children (41%) had to have a
surgical intervention; the others could be treated con-
servatively. In 40% of cases, playing on the trampoline
was supervised by a parent/carer.

The earlier-mentioned data were more or less con-
firmed by Hume et al. [65]. In the 114 cases they exam-
ined (95%, age <20 years) sprains and strains (40%)
were the most frequently seen injuries. The legs were
the most common place of injury.

Smith carried out a retrospective analysis in approx-
imately 249,000 children of <18 years old who had
been treated between 1990 and 1995 for a trampoline
accident [66]. Well over 70% of injuries were found in
the extremities. Smith found several age-specific injury
patterns:

e There is an inversely proportional relation between
the age of the child and the relative frequency of
injuries to the upper extremities, fractures and
dislocations.

e There is a proportional relation between the age of
the child and the occurrence of skin lesions (hae-
matomas, contusions) and injuries to the lower
extremities.

* There is an inversely proportional relation between
the age of the child and face, head and neck injuries
and lacerations.

Hospitalisations were indicated in 3.3% of children.
Main reasons for hospitalisation were fractures and

dislocations (83%). Children who could go home after
their visit to the emergency department had sustained
predominantly skin lesions (53%), fractures and dislo-
cations (30%) and lacerations (14%). Smith concludes
that trampoline injuries are an important cause of
(lethal) injuries.

Smith and Shield carried out a prospective study
into trampoline accidents in 214 children from 1 to16
years of age (average age: 9.4 years) [67]. Most inju-
ries were found in the lower extremities (36%), fol-
lowed by the upper extremities (31.8%), the head
(14.5%), the trunk (9.8%) and the neck (7.9%). Most
frequently seen were skin lesions (haematomas and
contusions) (51.9%), followed by fractures (34.6%)
and lacerations (11.7%). Fractures of the extremities
were most often seen in the upper extremities. Skin
lesions were seen predominantly in the lower extremi-
ties. Lacerations were most prevalent to the head and
the face, especially in children <6 years of age. This
was also the group with the largest number of skin
lesions.

6.12.3 Conclusions

Most trampoline accidents do not result in life-threat-
ening injuries. On average the age of children with
trampoline injuries is higher than the age of children
who are victims of non-accidental serious injuries.

6.13 Fall from a Considerable Height

6.13.1 Introduction

Most children that fall from a considerable height are
<6 years old. They fall over a distance of 3—7 m (one to
two floors), in or in the vicinity of their home, more
often during the warm seasons [68—71].

6.13.2 Data from the Literature
and Conclusions

As described in Chap. 2, a child who falls from a con-
siderable height will in particular sustain injuries to the
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head and neck area [68, 70]. The most prevalent inju-
ries are (in order of occurrence):

1. External and visible injuries [68—74]

2. Skull fractures, of the cranium as well as the base of
the skull, possibly with intracranial abnormalities
[68, 69, 72, 73]

3. Fractures of the extremities [68—70]

4. Fractures of the spine [69]

Only occasionally more than one body part is injured
[68, 69].

A remarkable discovery in the study of Wang et al.
is that orthopaedic and thoracic injuries (fractures of
the extremities, lung contusion and pneumothorax)
are more frequently seen in falls over a distance of
more than 4-5 m, and that abdominal injuries (liver
lacerations, visceral and spleen injuries) are more
frequently seen in a fall of less than 4-5 m [74].

Although this type of fall carries a high morbidity,
it seldom leads to lasting defects or death [68, 69].
Morbidity increases with fall distance, although a fall
distance of less than 5 m can also be lethal [69, 72].
Hereby intracranial injuries are the main cause of death
(Fig. 6.14a and b) [72].

6.14 Fractures Resulting from Daily
Care and Medical Procedures

6.14.1 Introduction

In normal circumstances a child will not sustain inju-
ries during daily care and due to medical treatments.
However, in this section we present a number of cases
in which this took place.

6.14.2 Daily Care

In the literature there are case reports on fractures
that have allegedly been sustained in the day-to-day
care of children. Hymel and Jenny describe a case in
which a humerus fracture was sustained by an infant
when the parents turned the child over from prone to
supine (Fig. 6.15). The incident was recorded on
video, which supports the plausibility of the story
[75].

Fig.6.14 (a) Twenty-two-month-old boy who had fallen from a
4 m high window. The skull CT shows a fracture of the parietal
bone (open arrow). (b) CT at soft-tissue setting shows a small,

probably epidural, haematoma (open arrow) and a soft-tissue
haematoma (asterisk)
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Fig. 6.15 Graphic representation of the mechanism of fractures as described by Hymel and Jenny

6.14.3 Medical Procedures

6.14.3.1 Use of Intra-Osseous Vascular Access
Needles

Harty and Kao describe two children that presented at
the emergency department for bone abnormalities [76].
According to the physicians, the abnormalities had
possibly been caused by child abuse. In both children
cortical bone defects were found in the proximal tibiae,
which were thought to be healing fractures. In the end
it appeared that in both children intra-osseous vascular
access needles had been used.

Bowley describes a case of a 2-year-old child that
had sustained an iatrogenic tibia fracture after the use
of an intra-osseous vascular access needle [77]. In the
discussion of their case they mention two more chil-
dren that had sustained an iatrogenic fracture after a
bone needle had been placed.

6.14.3.2 Physical Examination

The medical literature does not report any cases in
which a fracture was sustained in a physical examina-
tion. However, the authors of this book have been con-
fronted with a 3-day-old neonate that had sustained a
mid-shaft femur fracture (Fig. 6.16). According to the
mother the child showed pain when she changed the
diaper. Patient history and follow-up examination did
not show any signs of child abuse. Post-partum there
were no indications for a fracture. On day 3, the paedi-
atric resident performed an examination according to
Ortolani. The resident wrote in the dossier that a little
snap was heard and that the Ortolani was positive.

Fig. 6.16 Femur fracture in a neonate after incorrectly pre-
formed Ortolani

After this examination the infant showed pain when
the diaper was changed. A radiograph of the leg showed
a mid-shaft oblique femur fracture. The successively
made skeletal survey did not show any other fractures.
The combined facts led to the conclusion that the femur
fracture had to be the result of the examination accord-
ing to Ortolani.

6.14.3.3 Physiotherapy

A number of articles refers to fractures sustained dur-
ing physiotherapy [78—84]. There can only be confu-
sion with fractures resulting from child abuse when the
physiotherapy takes place outside the hospital and/or
by the parents [79, 80].

Pickett et al. describe an ex-premature infant
(pregnancy 33 weeks) in whom multiple defects to
both legs were found at age 4 weeks: periosteal reac-
tions around the knees combines with ‘bucket-handle’
fractures of both proximal tibiae, bilateral diaphyses
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and metaphyseal new-bone formation metaphyseal
fragmentation of the tibiae, diaphyseal new-bone for-
mation at the distal end of the left femur and meta-
physeal corner fractures of the medial proximal part
of both femurs [78]. The defect appeared to be lim-
ited to the joints treated for contractures by a
physiotherapist.

Helfer et al. describe four children of <1 year old
(three ex-prematures and one term infant) who, in their
opinion, sustained serious bone damage due to passive
exercises [79]. In the three ex-premature infants, the
parents/carers executed the exercises advised by the
hospital. The fourth child was started on the exercises
on the initiative of the babysitter. Due to the results of
the radiological examination, the physicians suspected
these children to be abused.

Helfer et al. draw attention to the risk of this type
of exercise for infants. It appeared that in all cases the
parents executed the exercises far more strenuously
than was intended. The context, as described by
Helfer et al., does not always completely exclude
child abuse. In one case, the father abused alcohol
while in charge of the child. Only in one case the
authors state specifically that after extensive investi-
gation child abuse was excluded. In a letter, as reac-
tion to this article London et al. emphasise the danger
of including potentially maltreating families in (what
is more or less) medical treatment such as passive
exercises or physiotherapy in already vulnerable chil-
dren [80].

Simonian and Staheli draw attention to fractures
inflicted around the knee joint in passive exercising for
contractures around the knee joint [81].

The occurrence of rib fractures resulting from phys-
iotherapy has also been reported (see also paragraph
3.5.3). Chalumeau et al. describe five boy infants (aver-
age age 3 months) within a period of 4 years who were
shown to have sustained a rib fracture after physiother-
apy [82]. In a prospective study of Gorincour et al.,
there were six children of less than 2 years old that had
sustained either lateral rib fractures or possibly had
remains of rib fractures as a result of physiotherapy
[83]. The authors maintain that in these children child
abuse could be ruled out based on plausible grounds.
Chaneliere et al. described two children with lateral rib
fractures after they had received physiotherapy for
bronchiolitis [84].

6.15 Sports Fractures

6.15.1 Introduction

Over the last few decennia, the number of children
who are engaged in sports has increased. The incidence
of sports injuries in children of school age has been
estimated to be 3—11%, in which the majority of sports
injuries (such as distortions and contusions) is not seri-
ous and will heal quickly. Serious sports injuries are
fractures and ruptures.

6.15.2 Data from the Literature

Fractures sustained while playing sports can be divided
in acute and chronic injuries (overuse). [85, 86].

6.15.2.1 Acute Fractures

Fractures sustained while playing sports are of the
same nature and severity as ‘normal’ accidental frac-
tures, such as Salter-Harris fractures and shaft frac-
tures, since the biomechanics are often the same.
Possibly Salter-Harris fractures of the distal femur and
fractures of the patella are more frequently seen in
sports-related trauma.

Fractures sustained while playing sports are seldom
suspect for non-accidental injuries, due to an adequate
anamnesis and age. Moreover, often the trauma has
been witnessed by a large number of people.

6.15.2.2 Chronic Osseous Injuries
(Stress Injuries)

The radiological image of stress injuries may sug-
gest non-accidental injury, especially when the ana-
mnesis does not immediately point into the direction
of overuse. One will find stress fractures and chronic
avulsion fractures that are accompanied by ample
callus formation, sclerosis and sometimes bone
resorption.
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Fig. 6.17 Multiple fracture lines, cortical widening and sclero-
sis in the tibia shaft of a young kick-boxer, corresponding to
stress fractures (see inset). After plaster immobilisation the
abnormalities disappeared

Stress fractures are often seen in the feet (metatarsals
2 and 3), tibia and fibula (Figs. 6.17 and 6.18); chronic
avulsion fractures are seen a.o. in the pelvis at the level
where the muscles are attached to the anterior inferior and
superior iliac spinous process and the ischial tuberosity.

Fig. 6.18 Stress fracture of metatarsal 4 (March fracture).
Extensive callus formation (see inset). Status after stapled talo-
calcaneal arthrodesis (open arrow)
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Normal Variants, Congenital
and Acquired Disorders

7.1 Introduction

Although in the differential diagnosis of fractures sus-
tained in childhood one should be particularly aware of
accidental trauma, it was found that congenital and
acquired defects regularly give rise to suspicions of
child abuse (see Table 7.1). Based on a combination of
patient history, laboratory tests and radiological exam-
ination, it is usually possible to reach the correct diag-
nosis. In this chapter we discuss the most important
disorders of which the radiological images could fit the
criteria for child abuse.

7.2 Normal Variants

When evaluating radiographs of children, there are a
number of normal variants that may cause confusion,
and even lead to a false accusation of child abuse.
At a very young age, subperiosteal new-bone forma-
tion around the shaft of the femur, tibia and humerus
may be seen in normal, healthy neonates and infants
(Fig. 7.1). This newly formed bone, which may radio-
logically be mistaken for a healing fracture, is most
prominently present in children from 1 to 6 months
old. Subperiosteal newly formed bone is usually seen
bilaterally [1]; however, it may be more prominently
present unilaterally [2]. Generally, the most distinct
signs will disappear around the age of 8§ months [3]. In
physiological, subperiosteal newly formed bone, there
is no obvious uptake of isotopes in a bone scan [4].
Neither should normal metaphyseal variants be mis-
taken for child abuse. This category comprises thick-
ened edges of the metaphyses (collar, step off) exactly
where the epiphyseal plate is attached (Fig. 7.2a—c).

R. A. C. Bilo et al., Forensic Aspects of Pediatric Fractures,

This collar is usually present in the proximal tibia,
proximal fibula, distal femur, distal radius and distal
ulna, and is regularly seen bilaterally [5]. In young
children pointed metaphyseal ‘spurs’ can also be
found, which to the untrained eye of a radiologist may
look very similar to CMLs. This spur is made of cor-
tical bone that grows under the perichondrial ring of
the epiphyseal plate. Spurs may be seen in the distal
femur (Figs. 7.1 and 7.2b), the lateral aspect of the dis-
tal radius, the medial aspect of the distal ulna and the
metacarpals (Fig. 7.3) and metatarsals. In 25% of cases
this image is seen bilaterally. Finally, the metaphysis
may show medial widening, especially in the proximal
tibia and the humerus (Fig. 7.4).

In 4% of children a cortical irregularity is seen on
the medial side of the proximal tibia. In 25% of these
children this is present in both legs [5]. This irregular-
ity may look like a healing fracture and consequently
lead to an incorrect diagnosis.

One of the most important properties of the child-
hood skeleton is growth. Besides the normal growth
centers, accessory centers may be seen (Fig. 7.5a and b)
[6], which may be interpreted erroneously as fractures,
and as such lead to confusion. The sutures of the skull,
where normal variants may be found (Fig. 7.6), may
also lead to an erroneous diagnosis of skull fracture [7].

7.3 Osteogenesis Imperfecta

7.3.1 Introduction

Together with child abuse osteogenesis imperfecta
(OI) is the most common cause for the presence of
multiple fractures, often at various stages of healing,
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Table 7.1 Differential diagnosis in disease-related fractures in

infancy and childhood [162, 165, 166]

Fractures

Disorders related to
collagen production

Congenital mineralisa-
tion disorders

Acquired mineralisation
disorders

Other increased-risk
disorders

Periosteal reactions

Radiological differential
diagnosis in the
absence of fractures

Osteogenesis imperfecta
Copper deficiency
Menkes syndrome
Bruck syndrome

Prematurity: metabolic bone
disease of prematurity

Neuromuscular disorders

Vitamin-D-resistant rickets
(or hypophosphatemic
rickets)

X-linked hypophosphatemia

Liver abnormalities, such as
Alagille syndrome

Malabsorption

Familiar osteoporosis

Osteopetrosis

Cole Carpenter syndrome

Congenital CMV infection

Vitamin-D-deficiency based on
malnutrition: rickets

Use of diuretics, glucocorticoids
and methotrexate

Intoxications, such as lead

Cerebral paresis and spasticity

Congenital pain insensitivity
disorders:

¢ Spina bifida

¢ Congenital pain insensitivity

Muscular dystrophy

Normal variants:

¢ Such as: physiological
thickening of the long bones
(femur, tibia, humerus) in
neonates and infants

Congenital syphilis

Osteomyelitis

Septic arthritis

Osteoid osteoma and other
tumours

Leukaemia

Vitamin-C deficiency: scurvy

Caffey’s disease: infantile
cortical hyperostosis

Hurler disease: mucopolysaccha-
ridosis type I

Sickle-cell anaemia

Vitamin use-related disorders

* hypervitaminosis A

¢ vitamin-E therapy

Prostaglandin-E treatment

Metastases of a neuroblastoma

The use of intra-osseous vascular
access needles

Fig. 7.1 Femur of a neonate, showing physiological subpe-
riosteal new-bone formation (arrow) and metaphyseal spur
(open arrow)

and without a plausible explanation (Fig. 7.7a and b).
Hereby one should be well aware that OI is consider-
ably less prevalent than child abuse.

7.3.2 Clinical Presentation

In OI there is a defect in the synthesis of type I colla-
gen production. Type I collagen is an important protein
in the extracellular matrix of many tissues. The disease
is equally distributed between boys and girls, and is
often seen in other family members, although sponta-
neous mutations do occur.
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Fig.7.2 (a) Physiological
metaphyseal collar in the
distal radius (open arrow).
(b) Physiological metaphy-
seal collar (open arrow) and
metaphyseal spur (arrow) in
the distal femur metaphysis.
(c) Physiological metaphy-
seal collar (open arrow) at
the medial side of the istal
fibula

In the bones, a defect in the synthesis of type I col-
lagen will lead to osteoporosis, which makes it possi-
ble for minimal trauma to cause multiple fractures
(Fig. 7.8a—c). The protein is also present in ligaments,
teeth, sclera and blood vessels. Consequently, the
symptoms can occur to a higher or lesser degree in all
these systems. Besides the defect in the synthesis of
collagen type I, two more mutations have been
reported; a mutation of the CRTAP gene, which causes
a mild to severe recessive rhizomal form of OI [8].
Furthermore, mutations have been reported in CRTAP
together with LEPREI1, which leads to an autosomal
recessive form of OI [9, 10].

Sillence et al. provide a classification in four sub-
types (see Table 7.2a) [11], based on the age at which

the fractures occur, other physical symptoms and the
way it is inherited. The incidence figures provided are
based on research in Australian children. In 2004,
Rauch and Glorieux published an overview in the
Lancet in which they widened the Sillence classifica-
tion to seven subtypes (see Table 7.2b) [12].

In 85% of children that have OI, fractures will heal
at the same speed and in the same manner as in chil-
dren without OI [13]. Children with OI types I and II
(80% of all patients) usually present no diagnostic
problem (Figs. 7.9a and b, 7.10a and b).

Young children without OI may also have blue
sclerae [14]. Consequently, in abused children there
may be the erroneous impression that they have patho-
logical bone fragility that fits OI. The presence of
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Fig. 7.4 Medial extension of the proximal metaphysis of the
humerus (open arrow)

Fig. 7.3 Metaphyseal spur on the base of metacarpal 1 of the
right hand (open arrow)

Fig. 7.5 (a) Accessory
ossicle at the base of
metatarsal 5 (open arrow).
When one is not familiar
with this phenomenon, it may
be mistaken for an avulsion
fracture. (b) Accessory
ossicle at the base of
metatarsal 5 (arrow). There
is also a ‘Jones fracture’
visible at the base of
metatarsal 5 (open arrow)
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aberrant teeth (dentogenesis imperfecta) may either
support or confirm the suspected OI. Rib fractures are
frequently seen in all types, as is bowing of the lower
extremities. Metaphyseal corner fractures may also be

Fig. 7.6 Skull view showing multiple normal variants: suture
mendosa (open arrow) and os inca (asterisk). There is also a
sutura metopica visible (arrow)

Fig. 7.7 (a) One-year-old
boy who presented with a
femur fracture after falling of
the counter, in the presence
of multiple witnesses. The
chest radiograph shows old
rib fractures (open arrows)
and multiple collapsed
vertebrae (arrow). (b) Skull
view of the same patient
shows multiple wormian
bones (see inset).
Osteogenesis perfecta was
genetically

seen in children with OI [13, 15]. Astley described
metaphyseal corner fractures in seven children of a
group of 41 children with OI [15]. He deems it impos-
sible that one could erroneously suspect abuse in these
children, because of the other noticeable signs fitting
OI. On the other hand, Albin et al. are convinced that
the presence of metaphyseal defects is pathognomic
for child abuse, and that for this reason it is possible to
differentiate between osteogenesis imperfecta and
child abuse [16].

7.3.3 Additional Examinations

To experienced radiologists, the diagnosis OI will gen-
erally, in view of its characteristic lesions, not present
many problems. When OI is suspected, radiological
examination is essential. In prenatal ultrasound it is
also possible to find characteristic defects, in those
cases it often concerns type II.

In atypical cases, the biochemical analysis of the
synthesis and structure of collagen may be used [17].
In order to differentiate with child abuse, a skin biopsy
for the purpose of a fibroblast culture is not indicated.
Steiner et al. concluded that based on clinical and
radiological data, OI can be diagnosed in nearly all
children. According to Steiner et al., biochemical
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Fig. 7.8 (a) One-week-old girl with swollen painful left arm.
Radiograph shows a fresh mid-shaft oblique humerus fracture
(open arrow). An additional skeletal survey was made. (b) The
right arm also shows a mid-shaft fracture of the humerus (open

collagen analysis should be restricted to the very rare
situation in which there is continued diagnostic doubt
regarding child abuse [18].

In his book ‘Diagnostic Imaging of Child Abuse’,
Kleinman presents an scheme that may support a cli-
nician who is confronted with a child with fractures,
and the question arises whether the child has OI
(Table 7.3) [19].

arrow), which is difficult to date. (¢) Pelvic view shows bilat-
eral bowing of the femurs and sclerosis, an image correspond-
ing with healing fractures. Osteogenesis imperfect was
genetically

7.3.4 Osteogenesis Imperfecta
and Child Abuse

In most cases, the differential diagnosis between OI and
child abuse is based on (family) history, physical exam-
ination and radiological imaging. In most cases it con-
cerns children with type 1. The blue sclerae, the skull
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Table 7.2 (a) Categorisation of osteogenesis imperfecta according to Sillence et al. [11]

Type Severity

I Mild non-
deforming

11 Perinatal
lethal

1T Severely
deforming

v Moderately
deforming

Clinical findings

1:28,500

Autosomal dominant inherited — positive familial anamnesis

Usually fractures occur at the age of infant/toddler. As soon as the child reaches puberty, the risk for
fractures generally decreases. Radiological examination of the long bones may show normal
density. Wormian bones are often absent [151]. However, radiologically the bones show
characteristics of osteopenia with increases trabeculation. The cortex is thin, and the bones have
a fragile aspect. Often, only few simultaneous fractures are present. Also, deformation of the
bones is seldom seen, resulting in normal stature.

Always blue sclerae [167].

Hearing problems may occur, usually from puberty onwards.

Compared to the rest of the population, life expectancy may be slightly shorter.

1:62,500

Autosomal dominant inherited — positive familial anamnesis, possibly spontaneous mutations,

which can be inherited autosomal recessive as well as dominant.

Severe bone abnormalities and osteopenia. Sometimes the long bones are shortened, and multiple
fractures may be present, which results in abnormal stature.

1:68,800

Progressive form. Most fractures occur before the age of 2 years. Wormian bones are always present
[151]. There may a gradual increase in bone deformities. The long bones may be shortened, and
there are multiple fractures present.

Usually there are no blue sclerae. There may have been blue sclerae at birth, which disappeared
gradually with the start of puberty [168].

Dentinogenesis imperfecta may be present.

During the first decade of life there is an increased risk of death; after which life expectancy
improves considerably.

1-3:1,000,000 of 1:1 to 3,000,000 [169] — no reliable incidence figures available.

In 30% of children fractures are found at birth. Fractures are usually seen before the age of 4 years.
Radiographs of the long bones may show normal density. Wormian bones are often absent [151]

No blue sclerae

Mild dentinogenesis imperfecta may be present

Table 7.2 (b) Addition to Sillence’s classificatie by Rauch and Glorieux [12]

Type Severity
\% Mildly
deforming
VI Mildly
to severely
deforming
VII Mildly
deforming

Clinical findings

Mild to moderate growth retardation

Dislocation of the radius head, mineralised inter-osseous membranes, hyperplastic callus
White sclerae

No dentinogenesis imperfecta

Moderate growth retardation

Scoliosis

(Microscopic: accumulation of osteoid in bone tissue, fish-scale pattern of deformed lamellar bone)
White sclerae

No dentinogenesis imperfecta

Mild growth retardation

Shortened humerus en shortened femur, coxa vara
White sclerae

No dentinogenesis imperfecta

defects (‘wormian’ bones) and the family history will
soon clarify matters. Wormian bones and occasionally
blue sclerae are also present in children with type III.
However, wormian bones are certainly not exclusive to

OI (Table 7.4).

In type IV no blue sclerae or skull lesions are seen.
Theoretically, it complicates the differentiation; how-
ever, this type occurs so rarely that only in exceptional
cases it may invite mistakes. The chance that a child of
less than 1 year old will be diagnosed with type IV
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Fig.7.9 (a) Stillborn female
neonate whose skeleton
shows innumerable healing
fractures of nearly every
bone. The calvaria have
evidently not yet sufficiently
ossified with regard to the
pregnancy term.
Osteogenesis imperfect type
IIA was genetically
confirmed. (b) Lateral view
of the same neonate

(without a positive anamnesis, a normal skull radiograph
and normal teeth) is estimated to be 3:1,000,000 [20].

One should be aware that child abuse most certainly
happens in children with OI. Even if this disorder pro-
vides a plausible explanation for the fractures and
bruises that correspond with the minimal trauma
recorded in the anamnesis, one should still consider
abuse.

Knight and Bennett describe a child with OI in
whom child abuse could only be confirmed after the
attending physicians had found facial abnormalities
that proved that the child had been beaten [21].

7.4 Rickets

7.4.1 Introduction

Rickets is a disturbance in phosphorus-calcium processing
in children, caused by a lack of vitamin D. As a result of
the disturbance, the ossification of the cartilaginous tissue
is too slow which leads to irregularities in the metaphyses
(Fig. 7.11a and b). The clinical symptoms of rickets are
presented in Table 7.5 (see also Figs. 7.12 and 7.13).
Rickets can be subdivided into 11 subtypes (Table 7.6).
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Fig. 7.10 (a) Specimen,
dating from approxi-
mately 1850, from the
Vrolik collection of the
Academic Medical Centre
Amsterdam. Gerardus
Vrolik (1,775-1,859)
described this specimen,
which is considered to be
one of the first reported
cases of Ol. A very wide
sagittal suture can be
seen, the ribs are fragile
but intact. Both tibias
show signs of healing
fractures (Courtesy of
R.J. Oostra, conservator
of the Vrolik museum).
(b) Lateral view of the
specimen shows multiple
wormian bones in the
skull

7.4.2 Rickets

On a radiograph rickets can be identified by a widening
and fading of the metaphyses [22]. Sometimes pseudo-
fractures are present. As a rule, periosteal reactions and
the new-bone formation are abundantly present.

Since the radiographical lesions are symmetrically
present through the whole body, in extreme cases and
in the presence of fractures it will be no problem to
differentiate with child abuse (Fig. 7.14). In milder
cases, the metaphyseal lesions may strongly resemble
CMLs (Fig. 7.15). In these cases, comprehensive labo-
ratory tests and repeating the tests at 2-week follow-up
will provide valuable information. When the disease is
more protracted, bowing of the long bones may occur,
in particular of the legs.

7.4.3 Vitamin-D-Deficient Rickets

From a medical point of view there is increased interest in
vitamin-D-deficient rickets. One even speaks of a ‘third wave’
of this disease [24]. The first wave of rickets occurred during
the industrial revolution in the Western world, when the smog
in the cities caused a lack of sunlight. The discovery of cod-
liver oil was an effective remedy for this problem. The second
wave of rickets was the result of breastfeeding by women
who did not get enough exposure to sunlight because their
religious believes prescribed nearly full body coverage [25].
In a review article Holick established that, based on
the literature, vitamin-D deficiency is present in 52% of
Latin-American and African-American adolescents in
Boston and in 48% of pre-adolescent white girls from
Maine [26-28]. Gordon et al. examined 380 young
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Table 7.3 Flow chart for
diagnosing osteogenesis

Bone density

imperfecta (Reprinted of [19].

With permission)

v

Normal

No Ol

4

Decreased

\ 4

Clinical signs of Ol
e Blue sclerae
e Abnormal skin texture

Present

e Dentogenesis imperfecta
Loss of hearing

a
.

e Loose joints
Radiological characteristics of Ol
e Wormian bones

Ol

infants (age 8—24 months) in Boston and found in 44
(12.1%) a vitamin-D value of<20 ng/mL. Seven of
these children had a severe deficiency (<8 ng/mL) [29].

Holick’s article gives an excellent overview of
vitamin-D deficiency and shows clearly that this dis-
ease, of which the medical world thought that it was
extinct, is again on the rise. Holick uses as threshold
value of 20 ng/mL as the lower limit of normal, and
values between 20 and 30 ng/mL as being deficient.
However, letters submitted to the New England
Journal of Medicine refute the latter claim and the

Collagen test

\ 4 \ 4

Normal Abnormal
A 4 A 4
No Ol Ol
Ol without confirmed
mutation

authors of the submitted letters maintain that there
this is not medically supported [30, 31]. There is also
adiscrepancy between the recommendations of Holick
and the guidelines of the American Academy of
Pediatricians [32].

In 2008, Keller and Barnes wrote an article on rick-
ets versus child abuse [33]. A large part of the text is
dedicated to the epidemiology of rickets in children
and mothers. It cannot be said (as described above)
that it is not a growing problem. Subsequently, Keller
and Barnes presented four cases of infants (age 2—4
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Table 7.4 Diseases that may present with ‘wormian bones’

Consistently present Inconsistently present

Cretinism Pyknodysostosis

Metaphyseal dysplasia, type Sclerosteosis
Jansen

Menkes syndrome?* Hydrocephalus

Acro-osteolysis Osteopetrosis

Prader—Willi syndrome Down syndrome

Cleido-cranial dysostosis Rickets*
Hypophosphatasia

Progeria

2 These diseases should also be included in the radiological dif-
ferential diagnosis of child abuse

months) with multiple fractures. All mothers presented
with a decreased vitamin-D level; however, none of the
children had been checked for this defect at the time
when they had sustained the fractures. According to
the authors none of the cases was suspect for child
abuse. Furthermore, they literally posed the question:
‘Would children with so many inflicted fractures not
be in serious pain or be restless?’ (see paragraph 9.2).
The remaining part of the publication discussed the
similarities between rickets and child abuse.
Considering the possible impact of this publication
on future jurisprudence, it should be carefully evaluated.
At the time the article was published, it was

Fig.7.11 (a) Two-year-old
girl with rickets. The distal
radius shows metaphyseal
widening (splaying),
concavity (cupping) and
irregularities (fraying).

(b) Two months after the
therapy was initiated, the
image has nearly been
normalised and only a small
amount of sclerosis of the
distal metaphysis of the
radius remains

Table 7.5 Clinical manifestations in rickets

Pain or sensitive bones

Skeletal deformation

Bowing of the long bones of the legs

Pectus carinatum

Ricketsian rosary

Asymmetrical or deformed skull

Pelvic and spinal deformities,
including scoliosis and kyphosis

Increased risk for sustaining fractures
Dental abnormalities
Muscular spasms

Growth disturbances, possibly resulting in stunted height

accompanied by four comments [34-37]. The main
point of criticism was that it was absolutely not clear
how the children that were described had been selected
for this publication. Jenny, head of the American
Academy of Pediatrics Section on Child Abuse, sus-
pects frankly that the cases had been provided by law-
yers [37]. Slovis and Chapman also criticised the
obscure way in which the patients had been selected
[35]. This greatly increases the risk for selection bias
and makes correct interpretation of the data impossible.
All children presented were <4 months old and conse-
quently must have suffered from congenital rickets (in
all four cases, laboratory tests that could have confirmed
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Fig.7.12 Graphic represen-
tation of the anomalies that
can be found in rickets

protruding forehead large head

curved humerus

depressed ribs

pidgeon chest

kyphosis

curved radius & ulna

enlarged epiphysis wrist
protruding abdomen

curved femur,
tibia & fibula

enlarged epiphysis ankle

this fact, are absent). Indeed, in the literature one can the seven children were radiologically examined) were
find descriptions of children with congenital rickets, shown to have metaphyseal lesion that corresponded
but, in a critical review of the literature cited by Keller  with rickets [38-43]. Anyway, these peer-reviewed pub-
and Barnes, the children that had been described (six of  lications were a selection from the medical literature.
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Fig. 7.13 Seventeen-month-old boy with rickets. The chest
radiograph shows irregularities of the costochondral junctions
(inset), resulting in the image known as ricketsian rosary

Table 7.6 Causes of rickets

With regard to the fractures, purely on a radiologi-
cal basis all one could conclude was that they were
present. It was remarkable that one child showed a spi-
nal fracture which Keller and Barnes contributed to
rickets, although in the literature there are no cases to
this effect (this does not exclude the possibility, but it
does not make it very probable either). As earlier men-
tioned in this book, the diagnosis ‘child abuse’ is team
work, and not one result that by itself is pathogno-
monic for the diagnosis child abuse. In the presented
case, all relevant data enabling adequate evaluation are
absent: social background, other signs of trauma, the
presence of retinal bleeds, the dating of fractures and
indications for accidental trauma. Finally, it is impor-
tant to realize that, even if one assumes that these chil-
dren were indeed suffering from congenital rickets,
this in itself does not exclude child abuse.

Although the article of Keller and Barnes cannot with-
stand the critical test with regard to the description of the
four cases and the link between rickets and child abuse, it

Vitamine-D deficiency Deficient diet

Deficient endogenous synthesis

Metabolic vitamin-D disorders

Pseudovitamin-D deficiency

Disorders of the gastrointestinal tract

Acidosis

Chronic kidney failure

Phosphate deficiency

Use of anticonvulsives
Chronic kidney failure

Gastrointestinal malabsorption disorders
Partial or total gastrectomy
Hepatobiliary diseases

Chronic pancreatic insufficiency

Distal tubular acidosis (classic or type I)
Secondary forms of renal acidosis
Ureterosigmoidostomy
Medication-induced

Chronic acetazolamide use
Chronic salmiac use

Low dietary phosphate contents
Inherited:

X-linked hypophosphatemic rickets
Acquired:

Sporadic hypophosphatemic osteomalacia
(phosphate diabetes)

Tumour-associated rickets

Osteomalacia

Neurofibromatosis

Fibrous dysplasia

(continued)
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Table 7.6 (continued)

Renal tubular disorders

Primary renal tubular disorders

Renal tubular disorders associated with systemic metabolic abnormalities

Cystinosis
Glycogenosis
Lowe syndrome

Systemic disorders with associated renal abnormalities
Congenital

Wilson’s disease
Tyrosinemia
Neurofibromatosis

Acquired

Multiple myeloma
Nephrotic syndrome

Kidney transplantation

Inherited
Acquired

Primary mineralisation defects

Fluor treatment

Bisphosphonate treatment

Rapid bone formation, with or without
relative defects in bone resorption

Osteopetrosis
Defective matrix synthesis

Others
Axial osteomalacia
Parenteral nutrition

Aluminium intoxication

Postoperative hyperparathyroidism with osteitis fibrosa cystica

Fibrogenesis imperfecta ossium

Magnesium-dependent conditions

Isophosphamide treatment

will most certainly be cited in court cases. Consequently,
any person involved in child abuse should be familiar
with this article and the additional comments.

7.4.4 Rickets and Child Abuse

Although fractures resulting from rickets have given
rise to the incorrect conclusion that they were due to
child abuse, it does not mean that the presence of a
vitamin-D-related disorder combined with fractures
excludes child abuse [44]. Duncan and Chandry
describe a little girl who presented at the age of 3
months with multiple fractures [45]. The infant was
also diagnosed with rickets. When she suddenly died
at the age of 5 months, child abuse was suspected.
However, this could not be confirmed. Three years

onwards, child abuse was confirmed in another child
of that family. However, this does not proof in any way
that the first child also died from child abuse.

Vitamin-deficiency can also be the result of neglect,
and as such child abuse; for example, when parents/
carers fail to give vitamin-D supplements. Children
with a nutrition-based vitamin-D deficiency are also at
risk for osteopenia (reduced bone density). Severe
osteopenia (osteoporosis, see paragraph 7.7.4) may
lead to in increased risk for fractures. Often it is diffi-
cult to differentiate between fractures sustained by
physical violence and fractures sustained by minimal
force on a weakened bone structure.

Comprehensive damage to non-weight bearing
parts of the skeleton, such as clavicles, ribs, lower arms
and hands, are also suspect in children with rickets.
This is certainly true when radiological examination
reveals signs of healing fractures [46].
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Fig. 7.14 Eight-month-old boy with a transverse mid-shaft
femur fracture (open arrow) without evident trauma in the
patient history. The distal femur metaphysis shows severe splay-
ing, cupping and fraying, corresponding with rickets. Laboratory
tests showed a vitamin-D deficiency

Fig. 7.15 Premature infant, born at 27 weeks’ pregnancy. A
radiograph at day 56 shows an irregular aspect of the proximal
metaphysis of the tibia (open arrow). Laboratory test confirmed
the diagnosis rickets. This anomaly could be interpreted as a
metaphyseal corner fracture

7.5 Syndromes and Congenital
disorders

7.5.1 Introduction

In the medical literature one can find case reports on
suspected child abuse in skeletal abnormalities belong-
ing to certain syndromes and congenital disorders. In
this paragraph an overview is given. The overview
does not claim to be complete.

7.5.2 Sickle Cell Anaemia

Sickle cell anaemia is an autosomal recessive inherited
disease in which HbS is formed due to a disturbance in
the production of haemoglobin. This results in sickle-
shaped erythrocytes [47]. On a world-wide basis, mil-
lions of people suffer from sickle-cell disease. The
disease is seen in particular in people (themselves or
their ancestors) that hail from Africa, the Mediterranean
countries and the Arabic peninsula, India and parts of
South and Central America. Generally, the diagnosis
can easily be made with a microscopic test. The symp-
toms of sickle-cell anaemia are due to abnormal eryth-
rocytes that take on a sickle shape: early breakdown,
which leads to anaemia. When the sickle-shaped cells
occlude small vessels, it may cause pain and
infection.

On a conventional radiograph, periostitis (Fig. 7.16)
and radiolucencies with blurred margins are visible.
These are present in bone infarcts as well as in osteo-
myelitis (which is more prevalent in patients with
sickle-cell anaemia). After a period of time, the bone
will start to show sclerosis. Since this image may
resemble a healing fracture, it may cause confusion in
the differential diagnosis [48]. Quite distinguishing for
sickle-cell anaemia are the centrally located depres-
sion fractures of the vertebral corpora, which result in
the signature H-shaped vertebrae (Fig. 7.17).

7.5.3 Alagille Syndrome

Alagille syndrome (arteriohepatic dysplasia) is an auto-
somal dominant disease with variable expression [49].
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Fig. 7.16 Sixteen-year-old boy with confirmed patient history
of sickle-cell anaemia presented at the emergency department
with pain in the right upper arm. The radiograph shows exten-
sive periosteal reaction (open arrow). Furthermore, there is an
extensive anomaly in the medullary cavity, corresponding with a
bone infarction (arrow)

In this syndrome, various organs (liver, heart, kidneys,
eyes and skeleton) may be affected. Furthermore, often
typical facial features are seen (prominent forehead,
hypertelorism, small chin and saddle nose). Mental
retardation may also be present (mostly mild to mod-
erate). In the United Stated, the incidence is approxi-
mately 1:100,000 live-born children.

Most children with Alagilles syndrome are seen for
the first time when they are not even 6 months old for a
neonatal jaundices based on cholestasis (70%) or car-
diac symptoms (17%). Sometimes there is a deficiency
of fat-soluble vitamins (A, D, E and K). The reported
skeletal defects refer to the vertebrae, the so-called
‘butterfly vertebrae’, and to the ribs and arms/hands
(shortened radius, ulna and digital phalanges) [50]. It is
also possible that post-fracture bone deformations will
not spontaneously correct itself [51].

The diagnosis is made based on the earlier-
mentioned complaints, complemented with genetic

Fig. 7.17 Eleven-year-old boy with a confirmed history of
sickle-cell anaemia. Routine radiograph shows the characteristic
H-shaped collapsed vertebra (see inset)

and (if so required) pathological examinations (liver
biopsy).

7.5.4 Duchenne Muscular Dystrophy

Duchenne muscular dystrophy is a recessive X-linked
inherited progressive proximal muscular dystrophy
with pseudohypertrophy of the calf muscles. It is the
most prevalent form of muscular dystrophy seen in
childhood and has an incidence of 1:3,500 boys. Usually
onset is before the age of 3, and after a period of being
wheelchair dependent, the patient generally dies before
the age of 21 from respiratory failure [52]. The skeletal
abnormalities are characterised mainly by the develop-
ment of curvature of the spine [53]. McDonald et al.
report on a population of 378 patients (average age
12 years; range 1-25 years). Of this group, 79 (20.9%)
had experienced a fracture [54]. In this population, no
rib fractures were reported. Since it is generally possi-
ble to make a firm diagnosis, the differential diagnosis
should present no problems in these children.
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7.5.5 Congenital Pseudarthrosis

Congenital pseudarthrosis of the tibia is a relatively
rare defect, associated with neurofibromatosis type
1 (NF1). Fifty-five percent of patients with congeni-
tal pseudarthrosis also have NF1 [55]. Congenital
pseudarthrosis is the result of segmental mesodermal
dysplastic bone development. Although the defect is
linked to neurofibromatosis, no neurofibromas are
visible near the pseudarthrosis. In 99% of cases the
defect is unilateral [55]. Because of segmental bone
weakness, there is progressive anterolateral bowing of
the tibia (often also fibula), which may finally break.
Congenital pseudarthrosis of other bones is found to a
lesser degree.

In case there is a fracture, it will happen in the first
2 years of life. After the fracture has been sustained, no
spontaneous healing takes place, which results in a real
pseudarthrosis. Treatment of the fracture is protracted,
difficult and sometimes even without success, which
will lead to amputation.

Crawford distinguishes four radiological types [56].
Typical anterolateral bowing is always present:

* Type I: Medullary cavity is normal.

e Type II: Medullary cavity is narrowed and there is
cortical thickening.

e Type II: Presence of cysts, sometimes with a
fracture.

e Type IV: Actual pseudarthrosis. After the fracture, a
pseudarthrotic image develops in which the fracture
ends may assume an osteolytic-like configuration.

Type II can simulate child abuse when the patents have
not sought medical help, because the image can be
interpreted as a healing fracture that has been badly
reduced (Fig. 7.18a and b).

Type IV may be interpreted as pseudarthrosis due to
non-immobilisation of the fracture in a neglected child
(Fig. 7.18c).

7.5.6 Caffey’s Disease

Caffey’s disease (infantile cortical hyperostosis) is a
little understood inflammatory disease which manifests
itself by a gross periosteal reaction during infancy [57].
It mainly involves the long bones (often asymmetri-
cally). However, the disease may also manifest itself in

different locations, such as: the mandibles, ribs,
scapulas and clavicles. Spine, phalanges and pelvis are
hardly ever affected. Its autosomal dominant inheri-
tance is reported to have variable expression [58].
Caffey’s disease is self-limiting and by the age of 3 the
clinical and radiological abnormalities have dis-
appeared.

The patients have swollen and painful extremities,
are irritable and show a sub(febrile) temperature. ESR
and alkaline phosphates are often elevated. Conventional
radiographs show extensive subperiosteal new-bone
formation in the affected bones. In the extremities, the
epiphyses and metaphyses are usually spared (Fig. 7.19a
and b). As a result of subperiosteal haemorrhages,
extensive subperiosteal new-bone formation can also be
found in non-accidental injuries. Consequently, Caffey’s
disease can simulate child abuse and vice versa [59].
However, in child abuse fractures are a regular feature
and the periosteal reaction is predominantly metaphy-
seal, contrary to the images in Caffey’s disease.

Other disorders associated with pronounced periosteal
reactions, and as such may cause differential diagnostic
problems, are: hypervitaminosis A, prostaglandin-E1
medication in children with duct-dependent cardiac
defects, leukaemia, syphilis, some storage-diseases (I-cell
disease, mucolipidosis type II, GM gangliosidosis type I),
vitamin-C deficiency and hypertrophic osteoarthopathy.
These diseases can be differentiated from Caffey’s dis-
ease on the basis of clinical, clinical-chemical and radio-
logical results.

7.5.7 Menkes’ Syndrome

Menkes’ syndrome is a progressive neurodegenerative
disease based on a congenital, X-linked recessive
defect in copper metabolism [60]. Copper is required
for enzymes essential to the formation of bone, nerve
tissue and other structures.

The disease is seen nearly exclusively in boys. Yet,
there are a few case reports on girls with this syndrome
[61, 62]. The incidence is not well known. In Australia,
Danks estimates it at 1:40,000 live births [63]. Over
the period 1976-1987, Tonnesen et al. estimated the
incidence in Denmark, France, The Netherlands, The
United Kingdom and Germany to be 1:298,000 live
births [64]. On the other hand, Gu et al. found a much
lower incidence in Japan, 1:4.9 million boys [65].
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Fig. 7.18 (a) Congenital pseudarthrosis of the tibia, Crawford  the medullary cavity. (b) Lateral view of the lower leg. (¢)
type II. Antero-posterior view of the lower leg. Anterolateral Crawford type IV with typical pseudarthrosis of the tibia (open
bowing with thickening of the cortical bone and narrowing of  arrow) and osteolytic-like pseudarthrosis of the fibula (arrow)

Fig. 7.19 (a) Two-month-old
girl with Caffey’s disease.
Clinical presentation showed
painful, slightly swollen
limbs. Radiographs showed
extreme periosteal reaction of
the distal humerus without
fractures. (b) Extreme
periosteal reaction of along
nearly the complete radius
and ulna without fractures.
After a year the girl was
symptom-free and the bone
anomalies had all but
disappeared

Onset of the disease occurs in the first weeks to  also be present, as is ‘failure to thrive’ [66]. The prog-
months after birth. Initially, development progresses nosis is poor: generally, the children will die before the
normally, after which there is a delay with loss of the age of 4, although sporadically there has been the odd
earlier acquired skills. Hypotonia and convulsions may child that survived longer, even past the age of 21 [66].
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A striking feature is the hair anomaly, and not just
of the scalp, but also of the lashes and eyebrows. In
light-skinned people, the hair is often without colour
and sometimes silver or steel-grey in colour. In black-
haired ethnical groups, the hair may be blonde or
brown in colour. It is sparsely present and fuzzy or
stubbly to the touch. It is crinkly and breaks easily. It
resembles glass wool. Consequently, Menkes’ syn-
drome is also known as ‘kinky hair disease’ or ‘steely
hair disease’.

Besides the hair anomaly, the children often have
growth problems, anterior rib defects (flaring) and
‘wormian bones’ on radiographs. Due to the distur-
bances in bone metabolism, which causes osteoporo-
sis, there is a risk for fractures. Moreover, metaphyseal
defects and periosteal reactions may be found. On
radiographs, this set of anomalies is indistinguishable
from fractures resulting from child abuse. However,
the anamnesis, combined with the above-mentioned
symptoms should make it possible to differentiate
between disease and child abuse.

Jankov describes a neonate with a rapidly progress-
ing fatal syndrome. The boy died on day 27. He has
been seen because of an acute presentation with severe
intra-abdominal bleeding, haemorrhagic shock and
multiple fractures. The physicians made the diagnosis
at autopsy, which was confirmed by copper accumula-
tion in the fibroblast culture [67].

Griinebaum et al. described four children with copper
deficiency who did not have Menkes’ syndrome [68]. All
four showed ‘sickle-shaped metaphyseal spurs’, two chil-
dren showed fractures of these spurs’. This case report
seems to indicate that the metaphyseal defects in Menkes’
syndrome may be the result of copper deficiency.

7.5.8 Pain Insensitivity in Spina Bifida

In spina bifida there may be insensitivity to pain in the
lower extremities. When there is incomplete paralysis,
an effort will be made to have children with this disor-
der walk with devices such as splints. As a result,
abnormal stress on the joints may lead to damage of
the epiphyseal plate and the metaphysis, possibly
resulting in a fracture. Moreover, patients with a severe
form of spina bifida will develop immobilization-
related osteoporosis. The combination of osteoporosis
and pain insensitivity may lead to fractures that are
only noticed at a later stage (Fig. 7.20).

Fig. 7.20 Six and a half-year-old girl with spina bifida showed
bilateral swollen knees at physical examination. Radiographs
revealed bilateral distal metaphyseal femur fractures (open
arrows) with extensive new-bone formation. Based on the anam-
nesis, child abuse was excluded

7.5.9 Congenital Pain Insensitivity

Congenital pain insensitivity is an autosomal recessive
disease. Children with this disease have normal intel-
ligence. The only aberrant neurological finding is their
insensitivity to pain, which may lead to a plethora of
unaccounted for injuries (Fig. 7.21). Especially in
young children, repeated damage to the growing skel-
eton will not be noticed. This may cause defects to
metaphyses and epiphyses. A meticulous neurological
examination and careful anamnesis will make it pos-
sible to differentiate with child abuse [69, 70].

7.6 Skeletal Dysplasias

7.6.1 Introduction

Skeletal dysplasias are a heterogeneous group of disor-
ders characterised by anomalies in bone and cartilage
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Fig.7.21 Six-year-old girl with inherited sensitive-autonomous
neuropathy (a serious defect in pain sensitivity) with a swollen
left foot. A radiograph of the foot showed a torus fracture of
metatarsal I (open arrow)

development and growth. Although the prevalence of
skeletal dysplasias (350:1,000,000) is many times higher
than that of bone tumours (20:1,000,000), trainee radi-
ologists generally pay little attention to these disorders
[71]. The resulting lack of knowledge may result in the
unjust allocation of a radiological finding such as a meta-
physeal spur in Jeune’s ‘asphyxiating thoracic dysplasia’
(Fig. 7.22a and b, MIM %208500) to child abuse.

7.6.2 Metaphyseal Chondroplasia
Type Schmid

Metaphyseal chondroplasia type Schmid is a rare
autosomal dominant inherited skeletal dysplasia,

characterised by irregular margins of the metaphyses
(Fig. 7.23, MIM #156500) [72, 73]. The metaphyseal
defects cause bowing and shortening of the extremities
during growth. The metaphyseal defects are very simi-
lar to rickets (see Sect. 7.4) and may be confused with
metaphyseal corner fractures.

7.6.3 Spondylometaphyseal Dysplasia
‘Corner Fracture Type’

Spondylometaphyseal dysplasia ‘corner fracture type’
(Sutcliffe type) is a rare skeletal dysplasia character-
ised by short stature and an aberrant, waddling gait
(MIM %184255) [74, 75]. Often the diagnosis is not
made until the age of 2-3 years, when an increasingly
abnormal gait pattern is noticed.

From a radiological point of view, the most impor-
tant anomalies are, as already indicated by its name,
vertebral and metaphyseal anomalies, the latter having
irregular margins. The metaphyses show triangular
fragments, which may lead to the incorrect diagnosis
‘metaphyseal corner fractures’ when one is not famil-
iar with this dysplasia (Fig. 7.24a—c).

7.7 Metabolic Disorders

7.7.1 Introduction

In the medical literature case reports can be found
regarding suspected child abuse in skeletal abnormali-
ties compatible with metabolic disorders. In this para-
graph an overview is presented. The overview does not
claim to be complete.

7.7.2 Osteopetrosis

The term osteopetrosis relates to a group of anomalies
in which osteoclastic activity is suppressed, resulting
in increased bone density (sclerosis) and ultimately in
abnormal bone modelling [76].

From the point of view of a differential diagnosis con-
cerning child abuse, it is important that infantile osteo-
petrosis is mentioned. In this disorder, the metaphyses
may show a translucent area and have an irregular aspect
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Fig. 7.22 (a) Neonate with a
narrow chest. Radiographs of
the knee showed a metaphy-
seal spur which may be
confused with a metaphyseal
corner fracture (open arrow).
(b) Image of another patient
with the same clinical
presentation. Radiographs of
spine and pelvis show a
narrow chest and relatively
short ribs. The pelvis shows
spurs of the ileum (see inset).
Based on o.a. the radiological
examination, the diagnosis
Jeune’s asphyxiating thoracic
dysplasia could be made

Fig. 7.23 Two-year old child with metaphyseal chondrodyspla-
sia type Schmid. The irregularities of the proximal metaphysis
of the tibia have a strong resemblance to metaphyseal corner
fractures (open arrow)

(Figs. 7.25 and 7.26a and b). The presence of genera-
lised skeletal sclerosis and metaphyseal undertubula-
tion makes it possible to come to the correct diagnosis.

7.7.3 Osteoporosis

The World Health Organisation defines osteoporosis as
a systemic disease characterised by low bone mass and
micro-architectural regression of bone tissue, resulting
in increased fragility of the skeleton and risk for frac-
tures. Childhood osteoporosis may result from o.a.
chronic disease, malnutrition, immobilisation and
genetic defects (Table 7.7) [77, 78].

A specific form of childhood osteoporosis is idio-
pathic osteoporosis, a self-limiting primary osteoporo-
sis of unknown origin, seen mainly in children in their
second decade of life (Fig. 7.27a and b) [79]. The diag-
nosis of childhood osteoporosis is not always straight-
forward, since the commonly used techniques are
validated for adults [80]. In osteoporosis the most fre-
quently seen fractures are vertebral and metaphyseal.
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Fig.7.24 (a) Two-year-old
child with spondylometaphy-
seal dysplasia, corner fracture
type. The distal femur
metaphysis as well as the
proximal tibia metaphysis
show anomalies that strongly
resemble metaphyseal corner
fractures (open arrows).

(b) Hip radiograph of the
same patient shows an
anomalous aspect of the
proximal metaphysis of the
femur (open arrow). (¢)
Radiological image of the left
hip at 13 years of age shows
besides an irregular
metaphysis (open arrow)
with strong developmental
retardation also deformation
of the femoral head (asterisk)

In children with multiple fractures osteoporosis should
be excluded.

7.7.4 Dysostosis Multiplex Congenita

Dysostosis multiplex congenita is a group of storage
diseases of complex proteins that have a large number
of aspects in common. These include: mucopolysac-
charidosis (such as Hurler disease and Hunter disease),
gangliosidosis and mucolipidosis.

Clinical manifestation depends on the degree of stor-
age and the organs in which the metabolite is stored.
When storage occurs in the brain, progressive mental
retardation will be the primary symptom. Other clinical
symptoms are: typically course facial features, opaque
corneas and organomegaly. Radiological lesion are:
incomplete modelling of the long bones, epiphyseal
dysplasia, broad ribs, abnormal configuration of the
corpora vertebrae, in particular at the thoracolumbar

transition (so-called ‘vertebral beaking’ or ‘hook-
shaped vertebra’; Fig. 7.28). Periosteal reaction may
be very pronounced in GM1 gangliosidosis and muco-
lipidosis IT (I-cell disease) [81].

Suspected dysostis multiplex congenita is usually
based on clinical and radiological anomalies and is
confirmed by biochemical analysis of urine and blood
for abnormal metabolites. However, the younger the
child, the more difficult it is to make the diagnosis,
since at a young age the clinical presentation has not
yet fully developed, and consequently the radiographs
may appear to be normal.

In patients with dysostosis multiplex, an injury
may unjustly be suspected based on the periosteal
reaction in GM1 gangliosidosis and mucolipidosis II
(I-cell disease) [59]. Also, when observed cursory, the
spinal anomalies may be considered spinal fractures
after non-incidental injuries. The clinical presentation
and the radiological anomalies in the remaining skel-
eton are usually sufficient to reach the correct
diagnosis.
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Fig. 7.25 Neonate with osteopetrosis. The distal femur and
proximal tibia show irregular metaphyses (open arrow). In par-
ticular in the proximal metaphysis, the image could be confused
with a bucket-handle fracture (metaphyseal corner fracture). The
proximal fibula also shows an anomalous aspect

7.7.5 Hypophosphatasia

Hypophosphatasia is a rare disorder caused by a
mutation of the gene coding for the enzyme alkaline
phosphatase. The prevalence is estimated to be
1:100,000 [82]. There are six categories, depending
on age: the perinatal (fatal), benign perinatal, infan-
tile, child and adult forms and odontohypophosphata-
sia [82]. In the latter category only dental anomalies
are present.

In young children decreased mineralisation of the
cranium is seen with wide sutures, which later pro-
gresses to craniosynostosis, a noticeable bowing of
the long bones, sometimes even angular (kyphomelia),
fractures and pseudo-fractures and irregular metaphy-
seal ossification defects (Fig. 7.29a and b) [81]. Due to
its heterogenic presentation, it may initially be difficult
to diagnose, and the fractures, bowing and metaphy-
seal irregularities may even be reminiscent of non-
accidental injury.

Moulin et al. describe a 9-year-old girl and her sis-
ter who frequently sustained fractures after trivial inju-
ries. They had normal growth, normal sclerae, no
rickets and only minor dental abnormalities. In the
end, hypophosphatasia appeared to be the cause [83].
A clinical presentation of this kind may also look like
non-accidental injuries within the home.

Ultimately, the diagnosis is made by DNA sequenc-
ing, measuring serum alkaline phosphatase activity,
and proving an increased concentration of phosphoe-
thanolamine and calcium in urine and pyridoxal
5’-phosphate and calcium in blood. By DNA sequenc-
ing, approximately 95% of mutations in severe hypo-
phosphatasia (perinatal and infantile forms) can be
found [82].

7.8 Infectious Diseases

7.8.1 Introduction

In the medical literature case reports can be found
regarding suspected child abuse in skeletal anomalies
compatible with infectious diseases. In this paragraph
an overview is presented of the disorders. The over-
view does not claim to be complete.

7.8.2 Osteomyelitis

Osteomyelitis in childhood is a relatively rare diagno-
sis, with an estimated prevalence of 1:10,000 children
under 12 years of age [84]. Since the course of the ill-
ness is often slow, it is often not diagnose until it
reaches a well-advanced stage.

In osteomyelitis, metaphyseal abnormalities and
periosteal reactions may be found (Fig. 7.30), which
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Fig. 7.26 (a) Three-year -old
boy showing a healing
humerus fracture (open
arrow). The skeleton shows
diffusely increased density.
The diagnosis osteopetrosis
was made based also on the
radiological examination.

(b) Chest radiograph of the
same patient shows an
anomalous alignment of the
8th rib on the right (open
arrow), corresponding with a

healed fracture

Table 7.7 Causes of osteoporosis in childhood

Chronic diseases

Endocrinopathies

Medication use

Immobilisation

Anorexia nervosa

Asthma

Coeliac disease

Neuromuscular diseases

Chronic kidney failure

Cystic fibrosis

Diabetes mellitus

Epilepsy

Human immunodeficiency virus
infection

Inflammatory bowel disease

Malignancies

Organ transplantation

Rheumatic diseases

Sickle-cell disease

Thalassemia

Turner syndrome

Cushing’s syndrome (hypercortisolemia)

Growth hormone deficiency

Hyperthyroidism

Hyperparathyroidism

Hyperprolactinemia

Hypopituitarism

Hypothyroidism

Gonadal steroids deficiency/
hypogonadism

Anticonvulsive drugs
Corticosteroids
Cyclosporine A

Heparin

Lithium

Methotrexate

Various chemotherapeutics

can resemble metaphyseal and other fractures, and as
such result in an incorrect diagnosis of child abuse.

Taylor et al. described a 7-month-old infant that had
sustained a fracture of the left proximal humerus, with-
out a clear explanation. Initially, child abuse was sus-
pected [85]. However, follow-up examination showed
that the radiological anomalies looked more like a
pathological fracture. Biopsy showed an S. aureus
infection.

In a meningococcal septicaemia, the epiphyseal
plate may be affected. Initially, this will not show up in
the radiological examination. The possible results will
not be visible until a few years later: the epiphyseal
plate will show central premature closure, which leads
to a characteristic deformation (Fig. 7.31). However,
this deformation may also be the result of an experi-
enced trauma. In these cases, the anamnesis is
conclusive.

Especially the slow progression of the clinical pre-
sentation may present the clinician with a diagnostic
dilemma.

7.8.3 Chronic Relapsing Multifocal
Osteomyelitis

Chronic relapsing multifocal osteomyelitis is a disease
that affects the metaphyses of the long bones, in
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Fig.7.27 (a) Twelve-year-old boy with idiopathic osteoporosis.
The MRI of the spine shows collapsed vertebrae at the level
Th7-9 (arrow) and Th12 (open arrow). (b) DXA scan of this

particular in older children [86]. Spine, pelvis and
shoulder girdle are also involved, but to a lesser degree
(Fig. 7.32a and b).

The presentation of the patient will depend on the
location of the inflammation. Systemic symptoms such
as weight loss and fever are seldom seen [87]. Because
of the lack of systemic symptoms, the periosteal reac-
tion seen during the healing process may present a
source of diagnostic dilemmas. The anamnesis has a
pivotal role in the diagnosis.

7.8.4 Congenital Syphilis

Over the past few years, and particularly in the United
States, physicians have seen an increase in the inci-
dence of syphilis in women of reproductive age. This
may lead to an increase of congenital syphilis [69, 88].
In the differential diagnosis serological tests are often
conclusive.

Solomon and Rosen described a series of 112 chil-
dren with serologically confirmed congenital syphilis
[89]. In these children, the bones most frequently
affected were: tibia, femur and ulna (Fig. 7.33). The
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patient, presenting the values of 12-20 years of age, shows nor-
malisation of bone-mineral density

most prevalent abnormalities on the radiographs are
metaphyseal osteomyelitis and periosteal reactions.
Pathological fractures of the metaphysis and periosteal
new-bone formation may mimic skeletal lesions seen
in child abuse, and the image may even resemble
lesions at various stages of healing. In the patient group
of Solomon and Rosen, 31% of children had bone
lesions corresponding with trauma, as described by
Caffey [90].

7.9 Oncological Diseases

7.9.1 Introduction

Oncological diseases in childhood are relatively rare
(168:1,000,000 children in the United Stated over the
period 2001-2005). It is often forgotten that they occur
significantly less frequent than skeletal dysplasias.
Because they are so rare, they may present a diagnostic
problem [91]. Due to centralised treatment, which has
an advantageous effect on the therapeutic result [92],
radiologists not specialised in paediatric oncology will
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Fig. 7.28 Seven-month-old boy with mucopolysaccharidosis
Hurler type. At several levels the lumbar spine shows consider-
ably increased kyphosis and anterior beaking of the vertebral
corpora

generally have limited knowledge of this topic, which
may lead to problems when interpreting examinations.

7.9.2 Malignancies

7.9.2.1 Leukaemia

Leukaemia is the most prevalent oncological disease in
childhood, with an estimated incidence of 50:1,000,000
in the Western world. In over 75% of cases it is acute
lymphatic leukaemia (ALL). The clinical symptoms
are generally due to decreased blood production:
anorexia, pallor, fever, joint pain, haematomas and
lymphadenopathy [93]. Generally, complaints will

have been present for some weeks before the diagnosis
is made.

Due to joint complaints, patients are regularly first
referred to an orthopaedic surgeon, which is often fol-
lowed by radiological examination. The latter may show
osteopenia, metaphyseal radiolucencies, periosteal reac-
tions, osteosclerosis, pathological fractures of a combi-
nation of the above (Figs. 7.34 and 7.35) [59, 94]. When
adequate clinical information is absent, the radiological
manifestations may be hard to interpret. On the whole,
when ALL is suspected, the diagnosis will be simple
and fast.

7.9.2.2 Ewing Sarcoma

Ewing sarcomas are predominantly seen in the second
decade of life, and at that age will not present any diag-
nostic dilemmas. However, they may also present at a
younger age and then, due to their radiological mani-
festation, they may cause confusion. Radiologically,
the Ewing sarcoma is an aggressive tumour that may
show an erosive aspect as well as an abundant periosteal
reaction (onion skin aspect) (Fig. 7.36) [95]. The
periosteal reaction in particular may cause confusion
when incorrectly interpreted as a old fracture.

7.9.3 Benign Diseases

7.9.3.1 Osteoid Osteoma

An osteoid osteoma is a small benign neoplasm, which
is predominantly seen in the cortical bone of the long
bones [96]. The disorder is usually seen in boys and
50% of patients with this disorder are between 10 and
20 years old.

Over 50% of osteoid osteomas are located in the
femur or tibia, mainly diaphyseal or diametaphyseal.
The classical presentation is pain, mainly at night,
which reacts well to acetylsalicyl acid. Pain complaints
are related to hypervascularisation of the osteoid
osteoma, and prostaglandines probably have an impor-
tant role, which would explain the adequate reaction to
acetylsalicyl acid (prostaglandin synthetase inhibitor).

On radiographs a cortical osteoid osteoma is visible
as a small radiolucent focus (nidus) in a considerably
widened sclerotic cortex, which is the result of a pro-
tracted periosteal reaction, often with a multi-layered
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Fig. 7.29 (a) Neonate with hypophosphatasia, lethal perinatal
variant. Bilateral angular bowing ‘kyphomelia’ of radius and
ulna, and to a lesser extent of both humeri with (pseudo) frac-

3

Fig. 7.30 Neonatal osteomyelitis of the distal femur. There is a
periosteal metaphyseal reaction visible (arrow). Furthermore,
there may be a metaphyseal corner fracture (open arrow)

tures (open arrow). (b) Detail view of the chest shows a healing
mid-posterior rib fracture (open arrow)

Fig.7.31 Eight-year-old boy, who suffered meningococcal sep-
ticemia at the age of 18 months. This resulted in premature par-
tial closing of the epiphyseal plate (open arrow), resulting in
joint deformation

aspect. This may mimic a healing fracture (Fig. 7.37a
and b). However, it is seldom confused with non-acci-
dental injuries, since the pattern of complaints is fairly
typical and the age of the average patient usually leads
to a reliable anamnesis.
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Fig.7.32 (a) Eight-year-old
girl with swelling of the
proximal clavicle (open
arrow). Later, a sacral focus
was found in keeping with
the diagnosis chronic
recurrent multifocal
osteomyelitis. (b) CT of the
clavicle (coronary recon-
struction) clearly shows the
sclerotic abnormality in the
proximal clavicle

A small percentage of osteoid osteomas is not found
in cortical bone, but in trabecular bone or subperios-
teum, and then predominantly periarticularly. In this
manifestation of osteoid osteoma, the sclerotic reac-
tion is far less pronounced and no confusion with non-
accidental injury is possible.

7.9.3.2 Osteoblastoma

Like the osteoid osteoma, an osteoblastoma is a benign
bone tumour. Age and clinical presentation are also very
similar; on average the patient is 24 years old (range:
1-69 years) and at presentation pain is the dominant
complaint [97]. The tumour favours boys (M:F=2:1).
Locations of preference are the long bones, posterior
aspect of the vertebrae and the mandible. Conventional
radiographs will show a radiolucent lesion, mostly >2
cm in diameter, without any reactive sclerosis or
periosteal reactions worth mentioning.

Because of their histological similarities, an osteo-
blastoma is also called a ‘giant osteoid osteoma’. How-
ever, the typical favourable response to acetylsalicyl acid
is absent, as is excessive periosteal new-bone formation.
In a periosteal osteoblastoma there may be at the most a
visible periosteal reaction; however, most osteoblasto-
mas are located medullary or cortically.

7.10 Medication-Related Abnormalities

7.10.1 Introduction

When evaluating the radiological examination of chil-
dren, the clinical history is generally known. However,
the radiologist should also take the use of medication
into consideration. Several medications may influence
bone development and growth. These medications
have not always been prescribed by physicians, and
accordingly some cannot be recorded in the medical
dossier.

7.10.2 Corticosteriods

In childhood there are a number of indications for
the use of corticosteroids, such as asthma, juvenile
rheumatoid arthritis, inflammatory bowel disease
(IBD) and organ transplantations. Corticosteroid use
may lead to disturbances in bone mineralisation.
Protracted use may cause osteoporosis [99]. The pri-
mary mechanism of corticosteroid-induced osteopo-
rosis is decreased bone formation. Even in childhood
this may result in insufficiency fractures (Fig. 7.38).
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Fig. 7.33 Neonate with congenital syphilis. A radiograph of the
knee shows a metaphyseal periosteal reaction in the distal femoral
metaphysis (arrow). In the proximal tibia metaphysis a cortical
radiolucency is visible, known as Wimberger sign (open arrow)

7.10.3 Methotrexate

Methotrexate-induced lesions are characterised by
osteopenia (in particular in the lower extremities),
dense metaphyseal banding, growth retardation and
metaphyseal fractures that may strongly resemble

Fig. 7.34 Nearly 2-year-old boy with B-cell leukaemia. At the
edge of the chest radiograph a periosteal reaction of the proxi-
mal humerus is visible (see inset)

CMLs [100]. However, these lesions only occur after
protracted use in relatively high doses [101].

7.10.4 Hypervitaminosis A

Children with hypervitaminosis A may present with a
great variety of clinical complaints such as: anorexia,
pruritis, lip fissures, stiff joints and bone pain, multiple
nodular soft tissue swelling, alopecia and hepatospleno-
megaly [102]. From a radiological point of view it man-
ifests as the result of hypercalcaemia, in particular by
periostitis, in which the ulna is most frequently affected
[103]. This periostitis, which in severe cases is palpable,
may suggest an experienced trauma. In these cases the
anamnesis should provide the answer. Hereby one
should be aware that vitamin A, and products in which
it is present in a relatively high dose, is generally freely
obtainable. Consequently parents/carers may inadver-
tently give their child an overdose [104—106]. But also
administered in a medical setting, for example as adju-
vant therapy in children with neuroblastoma or vitamin-
A deficiency, hypervitaminosis A has been reported in
exceptional cases [107, 108]. In the literature there is
one case that reports on an iatrogenic overdose in an
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Fig. 7.35 Five-year-old boy with collapse of the spinal corpora
in leukaemia

autistic child. His parents put him on a special ‘autism
diet’ that contained extremely high doses of vitamin A:
100,000 IU/day for 3 months, followed by 3 months of
150,000 IU/day (the recommended dose of vitamin A is
1,200-1,600 IU/day) [109, 110].

When these cases present, determining blood val-
ues may clarify matters, although this may also pro-
vide a false-negative result [111].

7.10.5 Prostaglandines

Prostaglandines are used in neonates with duct-
dependent congenital heart disease to bridge the time
to operation [112]. Treatment with prostaglandins may
cause periosteal reactions in the long bones (Fig. 7.39)
[113]. Generally it takes 30—40 days for these changes
to present, although it has been reported that at as early
as 9 days treatment was initiated [114]. The periosteal
changes may be sufficiently pronounced that the mani-
festation may resemble Caffey’s disease (see paragraph

Fig. 7.36 ‘Onion peeling’ in a Ewing sarcoma (open arrow).
Especially when this is the only visible aspect of the tumour,
there may be confusion with a healing fracture

7.5.6); however, in prostaglandine treatment the man-
dible is spared.

7.10.6 Bisphosphonates

Bisphosphonates are derivatives of pyrophosphate and
binds to bone surface. In bone resorption the osteoclasts
absorb the bisphosphonates. Depending on the pres-
ence of nitrogen atoms, the osteoclasts are inhibited.
When no nitrogen atoms are present (clodronate and
etidronate), there will be interference with the energy
supply of the osteoclast, leading to apoptosis [115]. In
the more potent nitrogen-containing bisphosphonates
(alendronate, ibandronate and residronate) inhibition of
the essential proteins in the osteoclasts is seen, which
will also result in apoptosis [116].

Bisphosphonates have been developed for therapeu-
tic use in postmenopausal women. Due to their optimal
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Fig.7.37 (a) Ten-month-old boy with pain in the left leg. A radio-
graph of the femur shows cortical sclerosis (open arrow). Centrally
aradiolucency can be seen. (b) A CT of the femur during radiofre-
quency ablation (see markers on the skin — open arrow) shows a
cortical radiolucency with a central nidus (see inset)

effect in ideal circumstances (efficacy) and their mini-
mal side effects, they are at the moment the medication
of choice [117]. However, paediatric medicine can also

Fig.7.38 Ten-year-old girl with IBD, for which she was treated
with prednisone. As a consequence of the therapy corticoster-
oid-induced osteoporosis developed, which resulted in multiple
vertebral fractures (open arrows)

Fig. 7.39 Baby with duct-dependent cor vitium, treated with
prostaglandins. There is a clearly visible reaction visible around
the clavicle (open arrow)

accommodate treatment with bisphosphonates, such as
in: osteogenesis imperfecta, fibrous dysplasia, idiopathic
osteoporosis, juvenile idiopathic arthritis and in some
children with tumours [118-122]. In children these med-
ications are often administered intravenously, resulting
in the characteristic image of successive growth-retarda-
tion lines corresponding with the number of treatments
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Fig.7.40 Patient from Fig. 7.7 a year after treatment with intra-
venous pamidronate (a bisphosphate). The pelvic film shows
sclerotic bands in both proximal femurs (open arrow) and near
the iliac crest (arrow). Every sclerotic band equals an intrave-
nous treatment. Healing retardation of the left femoral fracture is
also visible (arrow point)

(Fig. 7.40). When a radiologist is not familiar with this
image, he/she may consider failure to thrive. However,
in day-to-day practice this should not be a problem.

7.11 Other Disorders

7.11.1 Blount’s Disease

Blount’s disease is a deformity on the medial side of the
proximal metaphysis of the tibia accompanied by tibia
vara. In the more serious cases the metaphysis of the dis-
tal femur is also affected, but to a lesser degree. Generally
it is assumed that this is a subclinical compression injury.
It is more frequently seen in young children with pre-
existing tibia vara, in which case the medial side is already
overloaded [123]. The compression leads to growth
defects at the medial side of the tibia, increasing the tibia
vara. A variant at adolescent age has also been reported,
and was associated with obesity [124, 125]. The disease
may present at both ages, bilateral as well as unilateral.

Fig. 7.41 Four-year-old girl with genu vara. Radiological
examination shows a strong deviant aspect of the proximal meta-
physis of the tibia (open arrow). Since this girl is well over 2
years old, this should not cause a diagnostic dilemma

The radiological image shows a deformity of the
medial metaphysis of the tibia with irregular margins;
the metaphysis has been displaced downwards; the
pointed end of the metaphysis is directed downwards
(Fig. 7.41). This may cause fragmentation of the meta-
physis. This image could be interpreted incorrectly as a
metaphyseal avulsion fracture in a non-accidental injury;
however, the fact that these children are much older and
have been known to have bow-legs for some time should
be sufficient to reject this erroneous diagnosis.

7.11.2 Epilepsy

Patients that are affected by epilepsy and/or spasticity are
at increased risk for fractures. The literature provides sev-
eral reason: accidental trauma during epileptic seizure (e.g.
as result of a fall), non-epilepsy-related accidental trauma,
the seizure itself, decreased bone density due to inactivity
and anticonvulsant drugs, increased muscular tone with
contractures and decreased muscle mass [126-136].

In children, epilepsy is one of the most prevalent
neurological anomalies [131]. It may occur isolated, but
is often seen combined with spasticity. The fracture rate
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in epileptic patients is three times that for the general
population [135, 136]. The fractures are mostly fall-
related and associated with an epileptic seizure. This
risk increases in the presence of more risk-increasing
factors such as spasticity and decreased bone density.

Sheth et al. report four mechanisms that apply to
epilepsy-related fractures: the seizure itself or a fall
related to the seizure, accidental trauma not related to
the seizure, and a pathological fracture resulting from
decreased bone density [135]. In newly diagnosed
patients, the incidence of seizure-related fractures was
very low, 5% [126].

Fractures caused by the seizure itself are rare.
Schnadower et al. describe bilateral femur fractures in
an adolescent with primary vitamin-D deficiency due
to a hypocalcaemic seizure [133]. Presedo et al. pose
that 2% of all fractures in spastic children may be the
result of a seizure, but refrain from reporting whether
it concerns a fracture by the seizure itself or a fracture
due to seizure-related trauma (fall) [130].

In children with normal bone density (no anti-
epileptica or inactivity osteopenia), no fractures of
the extremities due to notably increased muscle tone
during a seizure are known.

The prevalence of fractures in spastic children with
an average age of 10 years is 6%, of which 45% has no
identifiable cause, 32% is due to trauma, and 11% is
caused by medical proceedings or physiotherapy [130].
It usually concerns the lower extremities (82%). The
main risk factors are: immobility, osteoporosis and the
use of anti-epileptica.

Lingam et al. described 5 spastic patients (10-19
years old) with five femur fractures and one cruris
fracture without identifiable causal incident [129]. In
this case the authors maintain it was a combination of
inactivity osteoporosis, increased muscle tone with
contractures and decreased muscle mass.

Anti-epileptica, such as phenobarbital, phenytoin,
primidone, valproate, carbamazepine and oxacarba-
zepine cause decreased bone density [127, 131, 134].
Babayigit demonstrated this in 68 children who had
been on anti-epileptica for over a year [127]. Sheth
et al. found a pathological fracture due to reduced bone
density in 15% of fractures in epileptic children [135].

There are no comprehensive studies known on frac-
tures in spasticity and/or epilepsy in the age group up
to 2 years old.

In conclusion, one may pose that patients with epi-
lepsy and/or spasticity are at higher risk of fractures,

especially of the lower extremities, in relatively minor
trauma and sometimes even without identifiable cause.
Of course this does not imply that there are no non-acci-
dental injuries in this patient group. In each patient that
presents with a fracture, this subject must be open for
discussion.

After all, intentional or unintentional negligence in the
medical treatment or care in these often institutionalised,
fragile patients can also be considered non-accidental
injury. Fractures in epileptic children of less than 2 years
old without comorbidity should not just be ascribed to
epilepsy and as such are suspect for child abuse.

7.11.3 Vitamine-C Deficiency

Infants are protected from congenital vitamine-C defi-
ciency (scurvy) by vitamin-C storage in utero. They
deplete this storage when after birth they receive vita-
mine-C-deficient artificial nutrition [137]. When post-
partum there is total vitamin-C deprivation, it will still
take at least 5 months before the supply has been
depleted. Since severe vitamin-C deficiency in preg-
nant women results in early abortion, congenital vita-
min-C deficiency is unknown [138].

Vitamin C is, amongst others, a catalyst in collagen
formation. A disturbance in collagen formation results
in many of the symptoms seen in vitamin-C deficiency:
disturbance in wound healing, increased fragility of
the capillary walls and osteoporosis.

Scurvy is hardly ever seen in children, especially in the
Western industrialised world [ 138]. The last case report of
a child in a Western industrialised country dates from
2001 and was a 15-month-old child that had been given
deficient nutrition from the 4th months of life onwards
(cow milk and oat meal). It showed all the classical symp-
toms of a vitamin-C deficiency [139]. In the nineties there
were three case reports from France (1993), Italy (1992)
and Spain (1991) [140—-142]. In non-Western and non- or
less industrialised countries, case reports and announce-
ments on epidemics still surface regularly [143—150].

Even in the early stages, the radiological images are
rather characteristic: limited density and irregularity of
the epiphyseal lines, ‘ringed’ epiphyses (Wimberger
rings) and slight osteoporosis (Fig. 7.42). At a later
stage, examination may show swelling of the ends of
the long bones, in particular the distal ends of the
femur. These swellings are due to subperiosteal
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Fig. 7.42 Child with vitamin-C deficiency (scurvy). The radio-
graph shows an evident osteopenia with the characteristically
exempt edge of the epiphysis (Wimberger ring — open arrow)

haemorrhages that will only in time be visible on
radiographs. Externally, a shiny, livid (blue-black) skin
will be visible at the location of the swelling.

If the child has already has incisors (at 7 months
usually the incisors of the mandible), haemorrhagic
areas will be found at their base. The gums are swol-
len. In adults, teeth may fall out when the deficiency
has been present for a protracted period, which will
reduce the state of the gums even further.

7.12 ‘Temporary Brittle-Bone Disease’?

In 1993, Patterson et al. described 39 children who pre-
sented with a set of symptoms that they considered to be
a variant of osteogenesis imperfecta [151]. They called it

‘temporary brittle-bone disease’ (TBBD). As the name
already implies, it supposedly was a temporary disease in
which the presence of fractures is limited to the first year
of life. The affected children would be susceptible to sus-
taining fractures after minor trauma for just a short period
of time. The disorder heals spontaneously, without any
visible pathology. Patterson et al. suspected that these
symptoms were due to a temporary, self-limiting period
of copper deficiency; although no evident proof was
found in the limited study into serum copper contents.

Usually the disorder will starts with a period of vomit-
ing, followed by diarrhoea, anaemia, hepatomegaly, inci-
dences of respiratory arrest, neutropenia and oedema.
The most common radiological findings were metaphy-
seal corner fractures, rib fractures, diaphyseal fractures
and periosteal reactions along the long bones, anomalies
at the costochondral junction and retarded bone age. Only
31% of children had a radiologically visible osteopenia.

It did not take long before doubt arose regarding the
existence of TBBD, since children with confirmed cop-
per deficiency hardly ever show fractures [152—154]. Not
just the medical world criticised Patterson, also the legal
world issued its comments [155-158]. One of the chil-
dren in the series that Patterson described had sustained
injuries as a result of child abuse. The authors did not
report this in their article. This lead to concern that a full
investigation into injuries in children would (no longer)
take place, since the medical world could assume that one
single disease could completely explain the anomalies.

In 2001, it was proclaimed in a court case in the
United Kingdom that the testimony of an expert wit-
ness in the field of TBBD was not only inadmissible,
but also that the scientific foundation was found to be
inadequate. According to the judge, the study of the
expert witness in question, doctor Patterson, was sub-
jective, unreliable, unscientific and unproven [159,
160]. In 2004, the General Medical Council (GMC)
retracted the qualifications of Patterson as pathologist.
According to the GMC, he had failed as expert witness
in two court cases in which the parents were accused
of child abuse [161].

In 2005, the Society for Pediatric Radiology and the
European Society for Paediatric Radiology jointly
published an article [162]. Both societies maintain
there is no scientific basis at all on which TBBD can be
accepted a disease entity. Only a limited number of
medical professionals believe, based on speculations,
that TBBD exists. Moreover, they use conflicting ideas
regarding the disorder and its origin. A few of the
causes they put forward are:
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Bone or collagen pathology [151]

Copper deficiency [151]

Decreased in utero activity in children with reduced
bone density [163, 164]

In his article, Mendelson concludes that there is no sci-
entific foundation at all for the above-mentioned
hypotheses as cause of TBBD. Consequently, this
diagnosis should no longer be made [162].
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Radiology in Suspected Child Abuse

8.1 Introduction

Even before Kempe published his now classic article
on ‘the battered child syndrome’ in 1962 [1], radiolo-
gists drew attention to fractures that could really only
be explained by the impact of external mechanical
force. In 1946, Caffey was the first to describe the rela-
tion between the presence of multiple fractures of the
long bones and subdural haematomas in six children in
whom no previous trauma was known [2]. He thought
it remarkable that in a number of children no new
anomalies were found while hospitalised; however,
some children showed new manifestations as soon as
they returned home. Based on the fact that in children
subdural haematomas are usually of traumatic origin,
he suspected that this combination had a traumatic ori-
gin. In 1953, Silberman established that the combina-
tion of injuries as described by Caffey had to have a
traumatic background [3]. In 1955, Woolley was the
first to conclude that the found anomalies were the
result of ‘intentionally’ inflicted physical injuries [4].
In 1957, 11 years after his original publication, Caffey
concluded that abuse by either one or both parent(s)
could be a possible explanation for this combination of
injuries [5].

The importance of radiological examination when
there are suspicions was not just demonstrated by the
earlier-mentioned radiologists. Ellerstein performed
routine radiological examinations in children suspected
of being abused [6]. In 11.5% he found radiological
indications for abuse. Approximately 20% of these chil-
dren had fractures without any clinical manifestations.

Generally, fractures are the result of the more seri-
ous forms of abuse. The fractures seen in child abuse
are similar to fractures sustained in an accident.
Whether a fracture can be the result of child abuse is
determined by a combination of:

R. A. C. Bilo et al., Forensic Aspects of Pediatric Fractures,

* The type of fracture

e The age and level of development of the child

e The manner in which the fracture must have been sus-
tained (according to established biomechanical data)

e The statement of the child, the parents or the carers,
regarding the origin of the fracture

Abuse is likely when the first three factors are contra-
dicted by the fourth. The role of (paediatric) radiolo-
gists is of great importance and often conclusive in
determining whether child abuse is involved. In chil-
dren below a certain age (see Sect. 8.2) who are sus-
pected of being abused, it is indicated to do a skeletal
survey. The purpose of the skeletal survey is:

* Detection of hidden fractures.

* To obtain additional information on clinically sus-
pect abnormalities.

* To date fractures

e To diagnose the underlying skeletal abnormalities
that may provide an increased risk for fractures.

In the following paragraphs, the existing guidelines
and quality criteria that apply to a skeletal survey will
be discussed.

8.2 Conventional Radiology

8.2.1 Guidelines

8.2.1.1 American College of Radiology

According to The American College of Radiology
(ACR), the use of specific imaging techniques in child
abuse will depend on the age of the child and the signs
and symptoms presented [7]. For this purpose the ACR
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uses the following guidelines; for completeness, not
just conventional radiology is mentioned:

1. Every child under the age of 2 years who is sus-
pected of being abused, also without focal injuries.
(a) A full skeletal survey (see Table 8.1)

(b) In case the results of the full skeletal survey
are negative, but a genuine clinical suspicion
for abuse remains, a bone scintigraphy may be
considered. Hereby one should be aware that
skull fractures generally do not show increased
radio-isotope up-take. A bone scintigraphy will
specifically show fractures of the ribs, verte-
brae, pelvis and acromion.

2. Every child under 2 years of age who has sustained
head trauma, also when no focal or neurological
abnormalities are present, and is suspected of being
subjected to child abuse:

(a) A full skeletal survey (see Table 8.1)

(b) In case the results of the full skeletal survey
are negative, but a genuine suspicion for abuse

remains, a MRI may be considered. An MRI has
a much higher sensitivity for showing and dat-
ing intracranial injuries than a CT. Moreover, in
this manner unnecessary radiation is avoided.

(c) When there is still genuine clinical suspicion, a
bone scintigraphy may be considered.

. Every child under 5 years of age with neurological

abnormalities, also without further focal abnormali-

ties, in whom child abuse is suspected:

(a) Thorough clinical examination. When the child
presents seriously ill with symptoms indicating
neurological injury, a CT scan of the brain with-
out contrast is indicated. When no abnormalities
are found that require acute neurological inter-
vention, the child should be stabilised, directly
followed by an MRI of the brain.

(b) When the child is clinically stable and shows
neurological symptoms (transient loss of con-
sciousness, seizures, altered consciousness,
retinal haemorrhages), the MRI can be used
for initial neurological evaluation by imaging.

Table 8.1 Radiographic protocol for suspected child abuse [7, 14, 23, 48, 49]

ACR

Skull?* AP Lateral

Additional view when indicated: oblique or

Towne view

Cervical spine Lateral AP

Thorax Routine AP and lateral Additional views when
indicated: oblique views of the ribs
Abdomen, AP abdomen AP lumbosacral spine
lumbosacral Lateral lumbar spine and pelvis

spine, pelvis

RCR and RCPCH

AP Lateral
Clinical basis (Towne view)

Lateral AP only when indicated®

Routine AP including clavicles Oblique, left and right

AP, including pelvis and hips Lateral, if so required in
different views

When the quality of the views of chest and abdomen is
not insufficient, an additional AP view of the spine

Upper extremities

Lower extremities

Hands
Feet

Follow-up

Routine AP of the humerus, including shoulder
and radius/ulna Additional views when
indicated: specific views of the joints or
lateral views

Routine AP of the femur, including hip and

tibia/fibula Additional views when indicated:

specific views of the joints or lateral views

PA
AP/PA

Routine AP view.Additional views when indicated:
lateral in case of shaft fractures

Lateral ‘coned’ views of elbows and wrists can show
metaphyseal abnormalities in greater detail than
AP views

Routine AP view. Additional views when indicated:
lateral in case of shaft fractures

Lateral ‘coned’ views of knees and ankles can show
metaphyseal abnormalities in greater detail than
AP views

PA
AP

Repeat of the examination after 1-2 weeks of each
fracture so as to facilitate dating of the fractures Chest/
rib views after 2-3 weeks when the initial views
appeared normal and there is still cause for concern

* Always part of a full examination, even if a head CT has been made. A linear skull fracture is not necessarily visible on the CT scan

© At this age, AP views of the cervical spine are hardly ever diagnostic and should only be made at the request of the radiologist
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Hereby a comprehensive neuroradiological pro-
tocol is indicated.

(c) When the CT does not show a fracture, a full
skeletal survey should be made of all children
<2 years old, including a full skull series.

4. Every child, irrespective of age, with visceral inju-
ries that do not correspond with the clinical anamne-
sis and in whom physical examination or laboratory
tests do not provide a satisfactory explanation of the
presentation. Visceral injuries comprise: a pseudo-
cyst of the pancreas, haemorrhages of the adrenals,
free air in the abdominal cavity after a blunt trauma
to the abdomen, contusion or lacerations of viscera
and traumatic perforation of the bladder. In this con-
text, all the earlier-mentioned abnormalities should
be considered signs of child abuse.

(a) A full skeletal survey of children <2 years old
(see Table 8.1).

(b) A CT scan with orally or intravenously admin-
istered contrast.

In other words: when child abuse is suspected, radio-
logical examination is always advised in children <2
years old, and in children >2 years only when there are
further serious external or internal injuries.

When these images show any abnormalities, a view
in a second plane should be made. Making images of
details should certainly be considered.

8.2.1.2 The Royal College of Radiologists
and the Royal College of Paediatrics
and Child Health

In March 2008, The Royal College of Radiologists in
collaboration with The Royal College of Paediatrics and
Child Health formulated a British guideline for imaging
when child abuse is suspected [8]. According to this
guideline, a skeletal survey should be made in each child
<2 years who is suspected of being subjected to child
abuse. In view of the medical/legal implications of this
examination, this skeletal survey should meet the high-
est technical standards and as such should be made by
two trained radiographers. The examination should be
performed under the supervision of a radiologist, who
also safeguards the quality of the examination. The child
is only allowed to leave the radiology department after
the radiologist has approved the complete examination.

An important difference with the ACR protocol is
the standard oblique view of the ribs (Fig. 8.1a and b).

Fig.8.1 (a) According to the parents, this 5-week-old girl had fallen from her crib. On the antero-posterior chest view a subtle abnor-
mality of the 7th rib can be seen. (b) Oblique costal view shows lateral rib fractures on the left side, level 6th and 7th rib
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Ingram et al. showed in a randomised control study
that this increases the sensitivity of the detection of
rib fractures by 17% (95% CI 2-36%) and the speci-
ficity by 7% (95% CI 2-13%) [9]. Hansen et al.
described a series of 22 patients in which the oblique
view changed the interpretation in 12 cases (p =0.02)
[10]. In these 12 cases, 19 rib fractures were found
on the oblique views, and six fractures were
excluded. All patients with rib fractures showed at
least one fracture on the anterior-posterior and lateral
views.

8.2.1.3 Examination on Indication

Besides the indications in the earlier-mentioned guide-
lines, there are also further situations in which imaging
may be indicated.

Firstly, Smith et al. maintain that a full skeletal
survey, as stated in Table 8.1, is also indicated in chil-
dren between the ages of 2 and 5 who are seriously
suspected of being subjected to child abuse. The indi-
cation will be void when only minimal signs are
found or when the situation is such that they are regu-
larly/daily seen by other persons outside the family,
for example, in a kindergarten or school [11].

In children of 5 years and older, radiological
examination is only indicated when at clinical exami-
nation abnormalities are found, such as areas of the
bones that show pain on pressure or reduced
mobility.

Secondly, studies have shown that physicians deal-
ing with child abuse are of the opinion that when one
child of a family is abused, this is sufficient reason to
subject the other children in the family to medical
examination (Fig. 8.2a and b)[12]. In a retrospective
analysis of 759 siblings of 400 index children, it
appeared that in 37% of cases abuse was directed to all
children and in 20% to one or several children in the
family [13]. The British Society for Paediatric
Radiology maintains that in proven child abuse, all
siblings of <3 years should be subjected to a full skel-
etal survey [14]. However, there are no studies that
support this guideline.

Finally, children <5 who suddenly and inexplica-
bly die should always undergo a full skeletal
survey.

Fig. 8.2 Three-month-old girl whose older sister had allegedly
fallen from a carseat. At physical examination bruising was
noticed in this girl, the skeletal survey shows a metaphyseal cor-
ner fracture of the left distal femur (open arrow)

8.2.2 Adequacy of Examination

8.2.2.1 Number of Views

When child abuse is suspected, and the decision is
made to continue with radiological examination, this
should be conducted adequately. Hereby it should first
be established that in young infants the so-called baby-
gram (consisting of one anterior-posterior view and
one lateral view) of the skeleton should be considered
obsolete and an error of judgement (Fig. 8.3a and b).
In diagnostic radiology, a babygram is inadequate
when child abuse is suspected [15]. According to pro-
fessional standards, this radiograph, preferably made
on a mammograph, is only admissible in premature
foetuses in which imaging is otherwise impossible.
Due to the loss of detail, images of trunk and extremi-
ties in one view should also be avoided [14].
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Fig. 8.3 (a) So-called
babygram within the scope of
a child abuse protocol. The use
of a babygram for diagnostic
purposes is obsolete when
child abuse is suspected and
should be considered a serious
flaw with regard to living as
well as deceased children.

(b) Lateral view of a
babygram

It regularly happens that the radiological examina-
tions performed do not meet the required standard.
Offiah and Hall studied the quality of radiological
examinations performed within the scope of child
abuse that were submitted for re-evaluation to Great
Ormond Street Children’s Hospital (London, UK)
[16]. They used three exclusion criteria:

* Examinations in which only a selection of the pro-
duced radiographs was submitted for re-evaluation

* Examinations of less than three radiographs (exclud-
ing babygrams)

e Examinations of children >2 years

In total they admitted the skeletal surveys of 50 consecu-
tive children to their study. Per child an average of 10
[2-13] radiographs was made. Hereby it should be men-
tioned that a professionally executed skeletal survey com-
prises 18—19 radiographs. In total, Offiah and Hall found
37 different combinations, including five babygrams.
None of the examinations met the required standard. In
general, hands and feet radiographs were absent.

A study of Kleinman et al. from the United States
confirmed the findings of Offiah and Hall [17]. As part
of their study they inquired, by means of a question-
naire, in 155 paediatric hospitals which radiological
protocol was used when child abuse was suspected. Of

the 155 hospitals, 69% returned the questionnaire. Of
these responders, 90.7% subscribed to the Society for
Pediatric Radiology (SPR). Here too, a large variety
was seen in the number of radiographs made.

Van Rijn et al. researched the Dutch practices with
regard to the radiological examination used in sus-
pected child abuse [18]. One of the most common mis-
takes was imaging the extremities on one single
radiograph (Fig. 8.4). The results of this study were
similar to the earlier published international studies.

Swinson et al. studied the effects of the publication
of the guidelines of the British Society of Paediatric
Radiology (followed by the guidelines for The Royal
Collage of Radiologists and the Royal College of
Paediatrics and Child Health) and compared their find-
ings with the earlier-mentioned article of Offiah and
Hall [19]. Their study still showed a considerable devi-
ation in imaging, but significantly less so than in the
earlier study. The publication of guidelines and educa-
tion of the physicians involved seems to have a posi-
tive effect on the quality of imaging in cases suspected
of child abuse.

8.2.2.2 Technique

Not only is it essential that the examination is complete,
the techniques used are also of great importance.
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Fig. 8.4 Part of skeletal survey of a 5-week-old girl (see also
Fig. 8.5). Against international guidelines, the legs have been
imaged on one single radiograph

When film-screen combinations are still used, a
film with a speed of maximal 200 and a resolution of at
least 10 line pairs per millimetre should be employed.
The use of a grid is undesirable.

When digital radiology is used (CR/DR), the opti-
mal parameters for imaging a child skeleton should be
chosen. When the radiograph is made, the extremities
should be fully extended.

Up to the present, the influence of digital radiology
on the detection of subtle anomalies has not been
investigated yet.

In view of the social and medical/legal implications,
in this examination quality is of the essence. For this
reason it is advised to perform this examination during
office hours, unless a medical indication necessitates
acute execution of the examination. In all cases, the
(paediatric) radiologist must see the radiographs

immediately after they have been made. The patient is
only allowed to leave the department after the radiolo-
gist has approved the examination and decided that no
additional views were required.

The examination should be performed by at least
two radiographers. From a judicial point of view, it is
important that they can still be traced via the initials on
the radiographs. The radiology report needs to be com-
plete and all abnormalities must be reported separately;
furthermore, attention should be paid to dating the
abnormalities (see Chap. 9). Finally, the report must
show whether the reported anomalies were suspect for
child abuse and whether they concur with the provided
clinical information.

When the complete skeletal survey confirms sus-
pected child abuse, or when anomalies suspect for child
abuse are found in routine radiographs of the child, this
should be mentioned explicitly in the conclusion.

8.2.2.3 Technical shortcomings in Making
a Skeletal Survey

Even when the skeletal survey is made according to
valid guidelines, there will be technical shortcoming
that will complicate the evaluation or make it impos-
sible to evaluate the radiological examination. In the
retrospective study of Offiah and Hall it was shown
that 35% of all images showed an artefact [16]. The
most prevalent mistake was the presence of a hand to
steady the child (32%). Other artefacts were a.o. the
presence of drip-lines, buttons and identification brace-
lets. In the study of van Rijn et al., artefacts were also
frequently seen (17.5% of all radiographs) [18]; in
these cases, the researchers frequently saw hands, drip-
lines, diapers and bracelets (Fig. 8.5a—g).

It should be mentioned that when a child dies while
hospitalised, it is not allowed to remove the drip-lines
and tubes that have been inserted by physicians before
autopsy (Fig. 8.6a and b). In this case, their presence
on the skeletal survey is not a technical shortcoming.

8.2.2.4 Repeat Examination

When a radiograph of a tender area found at physical
examination does initially not show any anomalies, a
follow-up radiograph after 2 weeks is indicated to
show or exclude calcifications of a subperiosteal
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Fig. 8.5 (a) The hands of the radiographer are projected over
the proximal femur metaphysis. (b) Although the gastric tube
and trachea cannula cannot be removed, one should remove all
other lines (situated outside the patent) as much as possible. (c)
The diaper is clearly visible (asterisk) and can adversely influ-
ence the diagnosis. In spite of the presence of the diaper, a heal-
ing metaphyseal corner fracture with callus formation can be

seen along the femoral shaft (open arrow). (d) Identification
bracelet that nearly covers the distal metaphysis of the radius.
(e) The position of the pulse oximeter makes it impossible to
evaluate the phalanges of digits 3—-5 of the foot. (f) Bandage
used to stabilise the drip makes it impossible to evaluate the dis-
tal tibia and fibula. (g) Press studs of a baby romper suit pro-
jected over the left costal arch
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Fig. 8.6 (a) Postmortem
radiological examination
with an intra-osseous
vascular access needle in the
right proximal tibia. After the
patient has expired, it is,
within the scope of trace
investigations, not allowed to
remove the needle. (b) Photo
at autopsy shows the tibia
needle in situ

Fig. 8.7 The same patient as in Fig. 8.1; repeat radiograph after
14 days shows bilaterally multiple healing rib fractures. In the
intermediate period, the child had been admitted to hospital

haemorrhage or an epiphyseal injury without dislo-
cation (Fig. 8.7). When the skeletal survey is
repeated, all views, except for the skull views, have
to be made.

As early as 1996, Kleinman et al. described this
positive effect in their study that comprised 23 chil-
dren who had sustained fractures. In 61% of children
additional information was found. The number of
confirmed fractures went up from 70 to 89, an
increase of 27% (p=0.005) [20]. According to
Kleinman et al., repeating the examination also
assisted in the dating of a number of fractures.
Unfortunately, they did not mention which data they
had used in this case [21].

Zimmerman et al. described the results of follow-
up examinations in 48 patients [22]. In 46% of cases
the follow-up examination provided additional infor-
mation. In 11 children, 27 fractures were found that
had not been diagnosed earlier. These were mainly
rib fractures (51%) and metaphyseal corner fractures
(11%). Furthermore, in 15 children ambiguous anom-
alies were confirmed. In one child, in whom ambigu-
ous fractures of the three metatarsals were seen, no
indications for fractures were seen at follow-up
examination. Consequently child abuse could be
excluded.
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Fig. 8.8 (a) Three-month-
old girl that had been
presented at the emergency
department with a swollen
right knee. The radiograph
shows a classic metaphyseal
corner fracture (see inset);
however, this had not been
interpreted as such. (b) Bone
scintigraphy, made the day
after the radiograph, shows
increased up-take around the
right knee (open arrow).

(c¢) Bone scintigraphy shows
besides the abnormality
around the right knee also
increased up-take in the right
proximal humerus (open
arrow). This was not
radiographed. (d) Five weeks
after the previous examina-
tion, the girl presented again
at the emergency department.
However, this time she is in
coma. A CT of the brain
shows a subdural haemor-
rhage (open arrow) and
bilateral diffuse ischaemic
injuries

8.3 Bone Scintigraphy

In large parts of Europe, bone scintigraphy is not rou-
tinely used in diagnosing child abuse (Fig. 8.8a—d).
According to the guidelines of the ACR and RCR-
RCPCH, bone scintigraphy is only indicated when,
after a full skeletal survey in which no anomalies are
found, child abuse is still suspected [7, 23].

8.3.1 Effectivity of Bone Scintigraphy
Versus Conventional Radiology

On behalf of the Welsh Child Protection Review Group,
Kemp et al. compared the effectivity of bone scintigra-
phy and conventional radiology in cases of suspected
child abuse [23]. They came to the following
conclusions:
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* An occult course of the fracture is predominantly
seen in children of <2 years old.

e Fractures will be overlooked in conventional radiol-
ogy as well as in bone scintigraphy.

* Bone scintigraphy is very sensitive for in the detec-
tion of rib and acute fractures, whereas these may
be overlooked in conventional radiology.

*  When using bone scintigraphy, skull fractures, meta-
physeal and epiphyseal fractures may be overlooked.

8.4 Computed Tomography
and Magnetic Resonance Imaging

8.4.1 Computed Tomography

Increasingly CT is used in the primary evaluation of
trauma victims. By now, studies in adults have shown
that by using this technique relevant pathology will be
found with a higher sensitivity and specificity, which
leads to a significant improvement in the patient’s
prognosis [24-27].

In child abuse, the CT has no place in the primary
evaluation of bone lesions. The majority of fractures
seen within the scope of child abuse have neither from
a diagnostic or a therapeutic point of view any need for
additional imaging. The exception to this rule is frac-
tures of the vertebrae: hereby it is essential to establish
fracture stability. In order to make a proficient evalua-
tion, CT is required, since this technique provides
information on the three pillars of the spinal column.

In neurotrauma, CT does play a role in the primary
evaluation of the patient. When child abuse is sus-
pected, evidence collection is also essential. Over the
past few years, authors in the radiological and paediat-
ric literature increasingly argue the case for a standard
head CT in all children of <2 old who are suspected of
being abused (Fig. 8.9) [28].

8.4.2 Magnetic Resonance Imaging

Up to the present, the MRI has not really been used in
the initial diagnosis of child abuse. MRI may be impor-
tant at a later stage in order to determine the prognosis
in severe neurological trauma in intracranial as well as

Fig. 8.9 Two-month-old girl admitted to the paediatric inten-
sive care unit for severely reduced level of consciousness and
convulsions. Fundoscopy revealed bilateral multiple retinal
bleeds. A CT scan of the brain showed ‘white cerebellar sign’, a
sign of severe hypoxic damage (asterisk). This image corre-
sponded with the diagnosis inflicted traumatic brain injury

in spinal injuries (Fig. 8.10a—c). In abdominal trauma,
and more specifically in pancreatic injuries, MRI/
MRCP may provide additional information on the intra-
abdominal parenchymal organs (Fig. 8.11a and b).
Due to the relatively short scan times available in
Short Tau Inverse Recovery (STIR), whole body imag-
ing of children has become a possibility. From the field
of oncology it has been known for some time now that
whole body STIR (WB-STIR) is a sensitive technique
for the detection of bone metastases (Fig. 8.12a and b)
[29-31]. Some authors suggest the use of WB-STIR
for the detection of occult fractures in child abuse
(Fig. 8.13a—c). [22, 32, 33]. Besides a few case reports
in which this technique has been described, a study has
been published in which WB-STIR and conventional
skeletal surveys were compared [34]. The study com-
prised 16 children (average age 9 months; range: 1.5—
37 months) that were suspected of being abused. The
average time interval between WB-STIR and conven-
tional skeletal survey was 1.9 days (range: 0—13 days).
The sensitivity of WB-STIR for rib fractures was 75%
(33/44), CML 67% (2/3), metaphyseal fractures 100%
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Fig.8.10 (a) Eight-month-
old girl after a car accident in
which head trauma was
sustained. Axial MRI showed
a haemorrhagic contusion
focus. (b) Diffusion-weighted
MRI (ADC) shows besides
the haemorrhagic contusion
focus (open arrow) also
subcortically restricted
diffusion (arrow). This
image, diffusely visible
through the entire brain,
corresponds with axonal
damage. (c¢) Corresponding
diffusion-weighted MRI
(DWI)

(1/1), diaphyseal fractures 100% (6/6) and parietal skull
fractures 100% (1/1). In total 11 rib fractures were over-
looked. However, all children had sustained multiple
fractures and at least one rib fracture was detected by
WB-STIR. In three children WB-STIR showed frac-
tures that had not been visible on the conventional skel-
etal survey.

8.5 Postmortem Imaging

When a child dies suddenly and unexplained or in unnat-
ural deaths, the use of imaging techniques is part of the
standard procedures of the postmortem examination.

The examination is of importance in the death of each
minor; however, in children of <5 years it is always indi-
cated. Although in child abuse skeletal lesion rarely have
a life-threatening character, during autopsy they often
are the strongest radiological indicator of child abuse.
An examination of this kind comprises (depending on
age) at least one complete radiological examination, if
necessary complemented by a CT scan and/or an MRI,
even if an autopsy will be performed. The examination
is a very valuable addition to the autopsy and may direct
the investigation [35, 36].

During a full autopsy of a child, conspicuous frac-
tures such as skull fractures or fractures of the long
bones will generally not be overlooked. However, there
is a greater risk that the more subtle skeletal anomalies
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Fig. 8.11 (a) Eight-year-old boy after a bicycle accident in  furthermore, there is ascites is visible in the abdominal cavity
which the handlebars were pushed into the abdomen. MRI  (asterisk). (b) Endoscopic retrograde cholangiopancreatography
shows increased signal intensity of the pancreas (open arrow);  shows an intact pancreatic duct (open arrow)

Fig. 8.12 (a) Whole body
STIR-weighted MRI in a
10-year-old girl with
Langerhans cell histiocytosis
(LCH) shows a hyper-intense
lesion mid-shaft in the right
tibia, corresponding with a
LCH location (see inset).

(b) Sagittal view of the
cervicothoracic spine shows
increased signal intensity in
corpus C6, corresponding to
a LCH location (open arrow).
There are several collapsed
vertebrae after experienced
LCH. Furthermore, at a lower
thoracic level a congenital
defect can be seen in the
form of block vertebra
(arrow)
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Fig.8.13 (a) Two-month-old
baby girl with severe inflicted
traumatic brain injury. The
diffuse-weighted views show
areas of severe cytotoxic
oedema (open arrow)
resulting from hypoxia.

(b) Cor STIR-weighted view
of the chest shows increased
signal intensity at the site of
the 7th left rib (open arrow).
This corresponds with a fresh
fracture. (c¢) Oblique chest
view, made 6 days after the
MRI, shows callus formation
at the site of the 7th left rib
(open arrow). Furthermore,
there are fractures visible at
the costochondral junctions
of ribs 7 and 8 (see inset)

may be overlooked, such as a CML, since the ends of
the long bones are not always inspected at autopsy.
There is also a reasonable chance that rib fractures
(especially when located on the posterior side) will be
overlooked [37].

When the sudden and unexplained death is the
result of child abuse, it is not rare to find signs of ear-
lier injuries at postmortem radiological examination
[38]. When it is decided that postmortem examination
with radiological techniques will take place, this should
always happen before the autopsy. Preferably the
images are evaluated by an experienced paediatric
radiologist before the pathologist starts the autopsy.
This enables the pathologist to take the radiological
findings into consideration. Sometimes the pathologist

will find fractures at autopsy that were not visible on
the radiographs. When this is the case, the bone may
be removed in its totality and be subjected to specimen
radiography [39]. Specimen radiography should pref-
erably be performed on a high-resolution system, in
general a mammography system is the technique of
choice (Fig. 8.14a—d).

As mentioned earlier in this book, the so-called
babygram (one single overview or two views) of the
skeleton in young infants was shown to be inadequate
when child abuse is suspected (Fig. 8.15a and b) [15].
This examination should be considered obsolete, also
in postmortem evaluation.

The examination should comply with the guidelines
of the ACR for living children. A skeletal survey
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Fig. 8.14 (a) Three-and-a-half-month old girl who was admit-
ted to the hospital with inflicted traumatic brain injury, she suc-
cumbed to her trauma. Post mortem oblique chest radiograph
shows antero-lateral rib fractures of amongst others the second
left rib (open arrow). The radiograph has been enhanced with a
photo-enhancement programme to improve the visibility of the
fractures. (b) Post mortem CT shows (MIP reconstruction)

Fig.8.15 (a) Deceased
neonate, found in a refuge
container. The radiological
examination consists of only
two views. The first view
covers the antero-posterior
radiograph of chest, abdomen
and extremities. Also the
placenta, which is still
attached (asterisk), can be
seen. (b) The second part of
the babygram consists of the
antero-posterior view of the
skull

antero-lateral ribfractures rib 2 and 3 on the left (open arrows).
Both fractures shows callus formation. (c¢) Photo at autopsy
shows the callus formation at the left ribs. (d) Specimen radio-
graph of the second left rib shows the known fracture with callus
formation (arrow). A fresh fracture is also seen (open arrow)
this was not visible on prior exams or at visual inspection of the
specimen
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Fig. 8.16 (a) Six-year-old girl who died as result of a blow on
the head with a hammer. Post mortem CT has been made with
the body in a body bag. Reconstruction shows that in spite of the
bag the body is still clearly visible. The zip of the body bag is
visible as an artefact (open arrow). (b) Three-dimensional

reconstruction of the whole skeleton. (¢) Three-dimensional
reconstruction of skull and chest. The fracture at the left side of
the parietal bone (open arrow) that resulted from the hammer
blow is clearly visible
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Fig. 8.17 (a) Deceased neonate, found in a refuse container.
Postmortem T2-weighted MRI shows oedema around the blood
vessels in the neck (open arrow). Also, the neonatal anatomy is
clearly visible. (*=thymus; L=liver; S=stomach; arrow=right
atrium; arrow point=umbilical cord.). (b) Autopsy (seen from
above) shows a haematoma around the blood vessels on the right
side of the neck (open arrow), possibly the result of strangulation

should be a standard part of the postmortem examina-
tion in children who die suddenly and inexplicably. In

these cases, skeletal abnormalities may be found that
are suspect for an unnatural death.

In a retrospective study of McGraw et al. of 106
consecutive postmortem skeletal surveys, 14 children
showed signs of child abuse [40]. Sperry and Pfalzgraf
describe a 9-month-old child whose death was initially
contributed to cod death [41]. However, postmortem
examination showed healing clavicle fractures and a
healing fracture of the humerus on the left.

Extensive investigation revealed that 4 weeks prior
to death a non-qualified chiropractor had treated the
child for a ‘shoulder dislocation’. It was very likely
that this treatment was the cause of the fractures.

Also, Ojima et al. describe the sudden and unex-
plained death of a child in whom fractures were found
[42]. This child had undiagnosed osteogenesis
imperfecta.

A relatively new development in clinical and foren-
sic pathology is the use of postmortem CT (Fig. 8.16a—)
and MRI (Figs. 8.17a and b and 8.18a and b) [43-45].
The use of these, clinically widely used, techniques is
evident; also, for laymen it produces an image they can
understand (when reconstructions are used), and that is
suitable for presentation in court cases. Furthermore, it
provides calibrated three-dimensional measurements
and long-term storage of images. However, postmortem
imaging also has its disadvantages. Firstly, obviously
there is no blood circulation, which makes it impossible
to use contrast media. A possible solution to this prob-
lem has been developed by the ‘Virtopsy project’ in
Bern, where after perfusion with paraffin oil and with
the use of a heart-lung machine it was still possible to
produce an angiography [46]. A second, even more
important problem is the interpretation of the CT and
MRI images. Where radiologists are experienced in
evaluating the images of living patients and patholo-
gists are experienced in the performing and interpreting
autopsies, there is little or no overlapping knowledge.
This may lead to problems in interpretation; for exam-
ple, when air is seen in the portal system (Fig. 8.18). In
living patients this is a rare finding, but in postmortem
CTs of critically ill patients, this is regularly found.
Shiotani et al. described portal air in 33% of 190 post-
mortem CTs [47].

Postmortem radiology is still in full development,
and its values and limitations will have to be proven in
the future. However, it seems obvious that after its suc-
cessful introduction into the clinic, radiology will now
also find its place in pathology.
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Fig. 8.18 (a) Two-year-old girl with thrombocytopenia in ALL
who died from acute bradycardia, in spite of resuscitation. The
chest radiograph shows opafication of the left side of the chest
(asterisk) with a right-shifted mediastinum (easily recognisable
by the deviation of the tracheal tube [arrow]). For administering
chemotherapy a central line has been inserted (open arrow). (b)
Postmortem T2-weighted MRI shows, conform chest radio-
graph, a left-sided haemothorax (asterisk). Furthermore, there is
a clearly visible haemopericard (open arrow)

Fig. 8.19 Postmortem of a deceased 12-year-old girl. Autopsy
revealed no anatomical cause of death. The axial slice through
the liver shows evident air in the portal veins (open arrow)

References

1. Kempe CH, Silverman FN, Steele BF et al The battered
child syndrome. JAMA 1962;181:17-24

2. Caffey J. Multiple fractures in the long bones of infants suf-
fering from chronic subdural hematoma. Am J Roentgenol
Radium Ther Nucl Med 1946;56:163-73

3. Silverman FM. The Roentgen manifestations of unrecog-
nized skeletal trauma in infants. Am J Roentgenol Radium
Ther Nucl Med 1953;69(3):413-26

4. Woolley PV, Evans WA. Significance of skeletal lesions in
infants resembling those of traumatic origin. J Am Med
Assoc 1955;158(7):539-43

5. Caffey J. Some traumatic lesions in growing bones other
than fractures and dislocations: clinical and radiological fea-
tures. Brit J Radiol 1957;30(353):225-38

6. Ellerstein NS, Norris KJ. Value of radiologic skeletal survey in
assessment of abused children. Pediatr 1984;74(6): 1075-8

7. American College of Radiology. ACR Appropriateness
Criteria Suspected Physical Abuse — Child. ACR, 2005
http://www.acr.org/

8. Intercollegiate report from the Royal College of Radiologists
and the Royal College of Paediatrics and Child Health.
Standards for radiological investigations of suspected non-
accidental injury. RCR and RCPCH, 2008

9. Ingram JD, Connell J, Hay TC. Oblique radiographs of the
chest in nonaccidental trauma. Emerg Radiol 2000;7(1): 42-6

10. Hansen KK, Prince JS, Nixon GW. Oblique chest views as a
routine part of skeletal surveys performed for possible phys-
ical abuse--is this practice worthwhile? Child Abuse Negl
2008;32(1):155-9

11. Schmitt BD. The child with nonaccidental trauma. In Helfer
RE, Kempe RS (eds). The battered child. University of
Chicago Press 4™ edition 1987, 178-96

12. Campbell KA, Bogen DL, Berger RP. The other children: a
survey of child abuse physicians on the medical evaluation
of children living with a physically abused child. Arch
Pediatr Adolesc Med 2006;160(12):1241-6

13. Hamilton-Giachritsis CE, Browne KD. A retrospective study
of risk to siblings in abusing families. J] Fam Psychol 2005;
19(4):619-24

14. http://www.bspr.org.uk/nai.htm



188

8 Radiology in Suspected Child Abuse

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Alexander R, Kleinman PK. Diagnostic imaging of child
abuse — portable guides to investigating child abuse. US
Department of Justice, 2000

Offiah AC, Hall CM. Observational study of skeletal surveys in
suspected non-accidental injury. Clin Radiol 2003;58 (9):702-5
Kleinman PL, Kleinman PK, Savageau JA. Suspected infant
abuse: radiographic skeletal survey practices in pediatric
health care facilities. Radiology 2004;233(2):477-85

Van Rijn RR, Kieviet N, Hoekstra R et al Radiology in sus-
pected Non Accidental Injury: theory and practice in the
Netherlands. Eur J Radiol 2009;71:147-151

Swinson S, Tapp M, Brindley R et al An audit of skeletal
surveys for suspected non-accidental injury following publi-
cation of the British Society of Paediatric Radiology guide-
lines. Clin Radiol 2008;63(6):651-6

Kleinman PK, Nimkin K, Spevak MR et al Follow-up skel-
etal surveys in suspected child abuse. Am J Roentgenol
1996;167(4):893-6

Prosser I, Maguire S, Harrison SK et al How old is this frac-
ture? Radiologic dating of fractures in children: a systematic
review. Am J Roentgenol 2005;184(4):1282-6

Zimmerman S, Makoroff K, Care M et al Utility of follow-
up skeletal surveys in suspected child physical abuse evalu-
ations. Child Abuse Negl 2005;29(10):1075-83

Kemp AM, Butler A, Morris S et al Which radiological
investigations should be performed to identify fractures in
suspected child abuse? Clin Radiol 2006;61(9):723-36
Scaglione M, Pinto A, Pedrosa I et al Multi-detector row
computed tomography and blunt chest trauma. Eur J Radiol
2008;65(3):377-88

Sangster GP, Gonzdlez-Beicos A, Carbo Al et al Blunt trau-
matic injuries of the lung parenchyma, pleura, thoracic wall,
and intrathoracic airways: multidetector computer tomogra-
phy imaging findings. Emerg Radiol 2007;14(5):297-310
Provenzale J CT and MR imaging of acute cranial trauma.
Emerg Radiol 2007;14(1):1-12

Geijer M, El-Khoury GY. MDCT in the evaluation of skele-
tal trauma: principles, protocols, and clinical applications.
Emerg Radiol 2006;13(1):7-18

Stoodley N. Neuroimaging in child abuse: reducing the risk.
Clin Radiol 2004;59(11):965-6

Hargaden G, O’Connell M, Kavanagh E et al Current concepts
in wholebody imaging using turbo short tau inversion recovery
MR imaging. Am J Roentgenol 2003;180(1):247-52
Kellenberger CJ, Epelman M, Miller SF et al Fast STIR
whole-body MR imaging in children. Radiographics 2004;
24(5):1317-30

Kumar J, Seith A, Kumar A et al Whole body MR imaging
with the use of parallel imaging for the detection of skeletal
metastases in pediatric patients with small-cell neoplasms:
comparison with skeletal scintigraphy and FDG PET/CT.
Ped Radiol 2008;38(9):953-62

Stranzinger E, Kellenberger CJ, Braunschweig S et al
Whole-body STIR MR imaging in suspected child abuse: an

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

alternative to skeletal survey radiography? Eur J Radiol
Extra 2007;63(1):43-7

Elterman T, Beer M, Girschick HJ. Magnetic Resonance
Imaging in child abuse. J Child Neurol 2007;22(2):170-175.
Evangelista P, Barron C, Goldberg A et al MRI STIR for the
evaluation of nonaccidental trauma in children. Pediatric
Academic Societies annual meeting April 29-May 2, 2006,
San Francisco, California, USA

Cohen MC, Whitby E. The use of magnetic resonance in the
hospital an coronial pediatric postmortem examination.
Forensic Sci Med Pathol 2007;3(4):289-96

Dedouit F, Guilbeau-Frugier C, Capuani C et al Child Abuse:
practical application of autopsy, radiological, and micro-
scopic studies. J Forensic Sci 2008;53(6):1424-9

Norman MG, Smialek JE, Newman DE et al The postmortem
examination of the abused child. Pathological, radiographic
and legal aspects. Perspect Pediatr Pathol 1984;8 (4):313—43
Kleinman PK, Marks SC, Richmond JM et al Inflicted skel-
etal injury, a postmortem radiologic-histopathologic study in
31 infants. Am J Radiol 1995;165(3):647-50

Harris VJ, Lorand MA, Fitzpatrick JJ et al Radiographic atlas
of child abuse — a case studies approach. Igaku-Shoin 1996,
9-10

McGraw EP, Pless JE, Pennington DJ et al Postmortem radiography
after unexpected death in neonates, infants, and children: should
imaging be routine? Am J Roentgenol 2002;178(6):1517-21
Sperry K, Pfalzgraf R. Inadvertent clavicular fractures caused
by ‘chiropractic’ manipulations in an infant: an unusual form
of pseudoabuse. J Forensic Sci 1995;35(5): 1211-6

Ojima K, Matsumoto H, Hayase T et al An autopsy case of
osteogenesis imperfecta initially suspected as child abuse.
Forensic Sci Int 1994;65(2):97-104

Bollinger SA, Thali MJ, Ross S et al Virtual autopsy using
imaging: bridging radiologic and forensic sciences. A review
of the Virtopsy and similar projects. Eur Radiol 2008;18(2):
273-82

Stawicki SP, Gracias VH, Schrag SP et al The dead continue
to teach the living: Examining the role of computed tomog-
raphy and magnetic resonance imaging in the setting of post-
mortem examinations. J Surg Educ 2008;65(3): 200-5
Griffiths PD, Paley MNJ, Whitby EH. Post-mortem MRI as
an adjunct to fetal or neonatal autopsy. Lancet 2005;365
(9466):1271-3

Grabherr S, Gygax E, Sollberger B et al Two-step postmor-
tem angiography with a modified heart-lung machine: pre-
liminary results. Am J Roentgenol 2008;190(2):345-51
Shiotani S, Kohno M, Ohashi N et al Postmortem computed
tomography (PMCT) demonstration of the relation between
gastrointestinal (GI) distention and hepatic portal venous
gas (HPVG). Radiat Med 2004;22(1):25-9

American Academy of Pediatrics. Diagnostic imaging of
child abuse. Pediatrics 2000;105(6):1345-8

Merten DF, Cooperman DR, Thompson GH. Skeletal mani-
festations of child abuse. In Reece RM (ed). Child abuse —



Fracture Dating

9.1 Introduction

Non-accidental fractures in children are signs of the
application of severe external force. Hence, when non-
accidental fractures are present, it is essential that they
are identified as soon as possible.

Fractures inflicted by violence can be found through-
out the whole skeleton, are often present in multiples and
may be in various stages of healing [1-4]. These stages
are visible as such, and can be identified on skeletal
radiographs (Fig. 9.1a and b). Also, dating makes it pos-
sible to show inconsistencies between the more or less
objective radiological dating and the subjective anam-
nestic dating and the reason provided for the injury [5].

Since in cases of abuse medical help is often sought
late, further loading of the fracture by movement, addi-
tional injuries and newly sustained fractures may com-
plicate the dating of an old fracture.

It is not always easy to differentiate between acci-
dental and non-accidental fractures; however, it is
essential to do so in order to enable a responsible inter-
vention [6]. Adequate dating may help to establish
whether the time given for the provided cause corre-
sponds with the characteristics of the fracture.

Fractures can be dated in various ways:

e A fracture may hurt and limits movement in the initial
phase, which may provide anamnestic information
regarding the time it was sustained (see Sect. 9.2).

Fig. 9.1 (a) Chest radiograph of a 3-month-old boy shows several rib fractures (see also Fig. 3.9). (b) Radiograph after enhance-
ment, improving the visibility of the fractures. There are fresh (open arrow) as well as healing (arrow) fractures
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e Certain radiological characteristics make it possible
to date the fracture within certain limits (see
Sect. 9.3).

e The healing process provides histopathological
characteristics which enables dating.

Dating based on histopathological testing is used in
particular in postmortem examination. Although with
regard to imaging this book is mainly focused on radi-
ology, histopathological dating is of such importance
from a forensic point of view that it merits a paragraph
of its own (see Sect. 9.4).

When dating, one should be aware of the fact that in
young children fractures heal faster, and that loading
and disease/disorders may influence the progress of
the healing process.

9.2 Anamnestic and Clinical
Manifestations

In childhood, fractures are regularly the result of acci-
dental injuries [7]. An accidental fracture is identified
based on the anamnesis and the presence of clinical
manifestations such as pain, inability to move and abnor-
mal alignment. For a fracture without clinical manifesta-
tions generally no medical help will be sought.

Pain and swelling are present at the same time as
the fracture and its surrounding oedema. Pain will
increase when the afflicted body part is moved. This
may be active movement, such as when the child wants
to move the afflicted limb. The movement may also be
passive; for example, when the parent changes the dia-
per of bathes the child.

When there is no fracture dislocation, the acute
inflammatory symptoms around the fracture may be
limited to just a few days. Up to toddler age, children
may be pain-free within a few days after the fracture
has been sustained, whereas in older children and
adults this may take much longer [8].

In young children, however, fractures frequently
have an occult course [9-11]. There are various rea-
sons for this phenomenon. Non-mobile children have a
limited movement pattern, which makes it harder to
notice when a child does not move a body part over a
longer of shorter period of time or whether its move-
ment is somewhat restricted. Secondly, the periosteum
acts as a splint, resulting in a lesser chance of mutual

movement of the fracture ends. And finally, in non-
accidental injury, seeking medical advice is often post-
poned for a few days. During that period there may be
spontaneous recovery to such an extent that it is or
seems no longer necessary to seek medical advice.

9.3 Radiological Characteristics

Dating skeletal lesions based on radiological charac-
teristics is not an exact science (Fig. 9.2a—h); however,
often it is possible to establish the approximate the age
of the fracture.

According to Swischuk, in dating fractures one
should be aware of the soft tissue (connective tissue and
muscles) around the bone, soft-tissue oedema, the defi-
nition of the fracture line, callus calcifications, and ossi-
fication of newly formed periosteal bone (Table 9.1)
[12]. As an approximation one could say that, except
for the skull bones, the following applies to the radio-
logically visible healing process of bone:

* A fracture without any periosteal new-bone forma-
tion is usually less than 7—10 days old and in highly
exceptional cases more than 20 days old.

* A fracture with some periosteal new-bone forma-
tion (so-called soft callus) is possibly no more than
4-7 days old.

Table 9.1 Global dating of fractures, excluding skull fractures
[12]

Age Characteristics

0-10 days Soft-tissue oedema around the fracture and/
or accumulation of fluid and blood in the
joint

Detectable fracture fragments

Defined fracture line

10 days—

8 weeks

Formation of new periosteal bone (layered)

Callus formation

Bone resorption along the fracture lines —
improved definition fracture lines

Improved visibility of the metaphyseal
fragments

>8 weeks Maturing of periosteal bone — thicker

Increased density and smoothness of callus

Metaphyseal fragments are incorporated in
metaphyseal callus

Fracture-line definition less visible —
disappeared

Deformation of the bone and cortical
irregularities remain present
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Fig. 9.2 (a) Cruris fracture in splint, day 0. (b) Day 8. (¢) Day 15. (d) Day 28. (e) Day 35. (f) Day 50. (g) Day 60. (h) Day 83

* A 20-day-old fracture always shows an visible
periosteal reaction and typical soft callus.

* A fracture with well-developed periosteal new-bone
formation (callus formation) is always at least 2
weeks old (Table 9.2) [13-16].

This categorisation does not apply in case of bone dis-
ease or extreme malnutrition. Also, it is not known what
role continuous movement plays with regard to the speed
and phasing of the healing process. For example, ribs are
in perpetual motion, not just because of the continuous
process of breathing, but also through an intermittent
process such as picking up and holding the child.
Furthermore, it is a fact that younger children heal faster
than older children. In younger children, the original

location of the fracture may look completely normal
after 6 months [15]. However, Prosser et al. maintain
that as yet there are no publications of scientific data that
proof that fractures in young children (in particularly
those of less than 1 year old) do indeed heal faster [17].
A fresh fracture near an already healing fracture may con-
siderably delay the healing process. A new fracture through
an older untreated fracture can be identified by ample new-
bone formation and a clearly defined fracture line [16].
Repeated trauma may delay the resolution of soft-
tissue injuries, periosteal new-bone formation, hard cal-
lus formation and remodelling [ 13]. Also, the nutritional
status seems to affect the moment of callus formation
around the healing fractures; the poorer the nutritional
status, the slower the development of new bone [18].
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Table 9.2 Dating of skeletal
lesions (Reprinted of [13].
With permission

Category

Periosteal new-bone formation

‘Loss of fracture line definition’

Soft callus
Hard callus

Remodelling

Resolution injury of soft tissue

Early Peak Late

2-5 days 4-10 days 10-21 days
4-10 days 10-14 days 14-21 days
10-14 days 14-21 days

10-14 days 14-21 days

14-21 days 21-42 days 42-90 days
3 months 1 year From 2 years

The overview of O’Conner and Cohen is used as a
standard. Table 9.2 is based on the clinical experience
of the authors and has not yet been validated by scien-
tific research [13, 17].

Generally, it is assumed that the process of new-bone
formation and remodelling is faster in children than in
adults, and also that the processes are faster in young
children than in older children [19, 20]. The advantage of
the faster new-bone formation is that the period of immo-
bilisation can be curtailed. However, it is a considerable
disadvantage that the correction of incorrectly reduced
fracture ends is only possible within a short time span. In
adults the reduction period is 8—10 days after the fracture
was sustained. In younger children this period may be
limited to 3-5 days and in older children 5-7 days.

Remodelling is feasible until the growth plate has
closed. After complete healing with substantial remod-
elling, a widened cortex may be the only remnant of
the fracture (Fig. 9.3a—d). These old fractures are the
hardest to date, or it may even be impossible [21].

The normal remodelling process is aimed at opti-
mally reducing minor deviations in alignment in frac-
tures in the still growing skeleton. In non-mobile
children, the periosteum will support the fracture as a
natural splint. In mobile children, immobilisation in
the desired alignment will add to a normal alignment.

Deviations in alignment in a fracture with a torque
component will not or hardly remodel without support.
In principle, this means that, due to misalignment, this
type of fracture can always be identified when the frac-
ture has not been treated. However, dating is impossible.

Restoration of alignment is most likely when the
child is still very young (and the fracture has not been
loaded), when the fracture is located close to a growth
plate and when the angle of the fracture is in the same
plane of movement as the nearest joint.

In children, fractures may stimulate the bone to
growth in length. This applies in particular to the femur
and the tibia. For this reason, in children old fractures

may be identified by a difference in leg length. In these
cases, precise dating is also impossible.

9.3.1 Follow-Up Radiological
Examination for the Benefit
of Dating

Follow-up a radiological examination may be beneficial
in the dating of fractures (Fig. 9.4a—d). In 1996,
Kleinman et al. described its benefit in a study that com-
prised 23 children that had sustained fractures [22].

9.3.2 Exceptions

It is impossible to date skull fractures, since there is no
callus formation. New fractures have sharp edges. When
healing, the edges of the fracture will fade and ulti-
mately nearly all fractures will close. The time this takes
varies [23]. Skull fractures heal slower than other frac-
tures. In younger children the healing process is faster
than in older children [24]. According to Cameron, the
first radiological indications that healing takes place
(fading of the edges of the fracture) will often not be
noticeable until 4-6 weeks after the fracture had been
sustained [25]. An uncomplicated linear fracture sus-
tained during delivery will no longer be clearly defined
after 2 months and will be invisible after 6 months [26].
In older children it may take as long as a year before the
fracture can no longer be seen on a radiograph [27].

Metaphyseal corner fractures do not necessarily
result in noticeable periosteal new-bone formation.
Often they can only be dated on the basis of loss of
fracture-line definition.

The results of chronically repeated trauma and lack
of immobilisation may be that the first findings after
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Fig. 9.3 (a) A Two-year-old boy who tripped at home over a
loose cable unable to bear weight on his left leg. A radiograph
shows a mid-shaft spiral fracture of the femur. (b) Radiograph
after 2 months shows evident callus formation (open arrow), the

the fracture was sustained are not resolution of soft-
tissue injuries and periosteal new-bone formation, but
loss of fracture-line definition [8].

9.3.3 Use of Other Imaging Techniques

For the dating of fractures, bone scans are of no use. In
a fracture, the bone scan will be positive within a few
hours and then remain so for 1-2 years [8, 28]. Up to
the present, no data have been published with regard to
the use of MRI or CT in fracture dating [17].

9.3.4 Critical Analysis of Prior Data

In 2005, Prosser et al. published an article on their sys-
tematic analysis of the existing literature so as to estab-
lish a scientific foundation for the dating of fractures in
children [17]. In total they analysed 399 articles pub-
lished between 1947 and 2004. Ultimately, only three

fracture line is still defined (arrow). The axis is shortened.
(¢) Radiograph after 3.5 months shows a healed fracture. (d) On
the radiograph after 1.2 years the fracture is no longer visible

articles met the inclusion criteria [29-31]. These stud-
ies comprised 189 children of<17 years old with in
total 253 fractures; 56 children were <5 years old.

In spite of the problems that were also seen when
these studies were compared, it appeared that hard cal-
lus and remodelling were seen in the majority of chil-
dren 8 weeks after the fracture had been sustained.
Subperiosteal new-bone formation (‘earliest calcifica-
tions at fracture’) was seen in neonates (n=23; 0-11
days old; clavicle, humerus and femur) no earlier than
7 days after the fracture had been sustained. In all neo-
nates this was detectable at 11 days old [30]. In some
children, subperiosteal earliest calcifications are visi-
ble after only 4 days. According to Prosser et al., earli-
est calcifications are visible in 50% of children 2 weeks
after the fracture was sustained.

Prosser et al. concluded that the scientific founda-
tion for radiological fracture dating is weak, and that
the dating of fractures is an estimation that is closer to
a number of weeks than days. However, in their opin-
ion, experienced radiologists should be able to distin-
guish on radiological characteristics between recent
and older fractures, even though there may be a
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Fig. 9.4 (a) Chest radiograph of a 2-year-old girl, admitted to the
paediatric intensive care, suffering from whooping cough.
Retrospectively, there was a rib fracture visible (rib 5, mid-posterior;
see inset). The fracture had not been noticed earlier. (b) Chest

continuum between the various stages of healing with
a considerable overlap in time between individuals.

The earlier-mentioned analysis of Prosser et al.
shows that, although based on clinical experience
rather than scientific data, the table of O’Connor and
Cohen can still be used indicatively. Hereby should be
noted that the study of Prosser et al. elucidates that
early remodelling may occur from 8 weeks onwards,
which is earlier than the data (3 months) in the table of
O’Connor and Cohen. On the other hand, Prosser puts
the peak age of hard callus later than O’Connor and
Cohen, namely 8 weeks versus 3—6 weeks.

radiograph on day 17 shows two rib fractures (rib 4 and 5, mid-
posterior; see inset). (¢) Chest radiograph at day 22 shows 5 rib
fractures (rib 4-8, open arrows) with callus formation. (d) Chest
radiograph on day 29 shows further healing of the fractures

9.4 Histological Fracture Dating
of Fresh and Dried Bone Tissue

George J.R. Maat and Nina Huls

9.4.1 Introduction

In forensic practice one is regularly confronted with
the request to histologically date skeletal fractures that
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arrive from forensic-pathological sections or from ille-
gal deposits/interments of human remains. Primarily
the inquirer would like to know whether the fracture
was antemortem or perimortem. Furthermore, when
antemortem, the query will concern the amount of time
elapsed between when the fracture was sustained and
the time of death.

9.4.2 Materials and Methods

The quality of the submitted bone tissue can vary from
nearly ‘fresh’ postmortem to dry ‘archaeological’ bone
tissue. In all cases, after radiological and/or imaging
examinations, in the laboratory a sample will be taken
from the piece of bone representative for the fracture. In
case of ‘fresh’ bone tissue, which is bone tissue of an
anatomically solid substance due to the presence of
ample bone matrix/collagen, it will be decided that after
fixing in 10% formalin a demineralisation/decalcifica-
tion process will be initiated (buffered methanoic acid
solution) [32, 33]. Completion of the demineralisation
process, which may take as long as a few weeks, is
determined by regularly testing the solidity of the sam-
ple with a pair of tweezers or a probe. This is done so
that, after further imbedding of the sample in paraffin, a
series of microscopic sections can be cut perpendicular
to the fracture line with a slice thickness of 10-15 pm.
In dry ‘archaeological’ bone tissue, the representative

sample will not be demineralised. In these cases, the
bone sample will first be vacuum imbedded in plastic
[34]. After cutting a 2-3 mm thick slice, again perpen-
dicular to the fracture line, the sample is hand-ground to
a slice thickness of 20-50 um [35, 36].

In order to evaluate the microscopic sections from
“fresh’ postmortem bone tissue, a series of histological
stains are available. Besides a general stain used to get an
overview of the general morphology of the sample, usu-
ally Haematoxylin-Eosin (HE) staining, a number of
more specific stains is used in order to increase speed and
ease of recognition/evaluation of the microscopic pres-
ence of certain tissue characteristics. The following stains
are used most frequently: Haematoxylin-Eosin (HE).
Trichrome colouring according to Goldner, Toluidine
Blue, Azan, Alcian Blue, Lawson van Gieson, Berlin/
Prussian/Perl’s Blue, Von Kossa, Periodic acid-Schiff
and Picrine acid immersion [33, 34]. An overview of the
main tissue characteristics for which these stains are used
is presented in Table 9.3. Furthermore, polarisation-
microscopy is used. The latter is used, for example, to
visualise changes in direction of bone-fibre deposits in a
healing fracture. The effect of the polarisation image of
demineralised materials is less enhanced than of non-
demineralised material, since a large part of the anisotro-
pic (double-breaking) material has been dissolved by the
demineralisation solution. In the next paragraph the
polarisation technique is further elucidated.

In order to be able to evaluate dry ‘archaeological’
bone tissue, the natural anisotropy (double-breaking)

Table 9.3 Most commonly used histological staining for fracture dating

Main characteristics

Staining

Haematoxyline-Eosine (HE)

Trichrome staining according
to Goldner

Toluidine blue

AZAN
erythrocytes red

Alcian Blue

Lawson Van Gieson

General microscopic anatomy, osteoid pink, mineralised bone tissue purple-brown — dark
pink, ‘reverse lines’ purple-

blue, osteoblasts blue and osteoclasts pink

Erythrocytes orange-yellow, osteoid red, mineralised bone and cartilage (blue)green

Mast-cell granules turn red (metachromasia), areas of recent wound-healing red-violet

Connective tissue (pale) blue, bone tissue blue, cartilage blue, muscle tissue red and

Cartilage blue, primary bone tissue pale purple-blue, secondary bone tissue pale purple

Collagen connective tissue pale red, elastin blue-black, muscle tissue yellow, erythrocytes

yellow and bone tissue russet

Berlin/Pruisian/Perl’s Blue Haemosiderin bright blue
Von Kossa
Periodic acid-schiff (positive)

Picrine acid immersion

Osteoid red, calcium black and mineralisation front black granulated
Cartilage mineralisation magenta and new-bone tissue (‘reverse lines’) dark magenta

Dissolves formalin artefacts (pseudo-inclusions)
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of lamellar bone tissue is used [35]. Bone tissue
lamellas are oriented alternately opposing. A regular
light microscope can visualise this beautifully by
using two polarisation filters. In this process one filter
is placed on the light source and the second filter
between the microscopic sections and the ocular lens
(e.g. the ocular tube). By setting the directions of the
lattice in the filters perpendicular, the image can be
optimised. In this manner, no histological staining is
required.

9.4.3 Fracture Dating

When dating a fracture, an estimate is made of the
period of time that has elapsed between the moment
that the fracture was sustained and the moment at
which the final state of healing was reached. Of course,
depending on the physical state of the human body, the
speed of the healing process will vary per person and
as such also the time the healing process will take to
reach the final state of healing. However, in forensic
examination it is only of importance that a particular
state of healing cannot have been reached until a cer-
tain minimal period of healing has passed, but can also
not be delayed until a maximal different (longer)
period of healing has passed. The period of time from
when the fracture was sustained to the time interval
between the minimally and maximally required period
of healing is the fracture dating that was sought.

In order to establish the different phases of healing and
their associated dates, a time table has been set up with
the aid of the existing scientific data (Table 9.4) [35].

It goes without saying that in order to draw up such
a table, there are no experimental data available from
naturally healed fractures without surgical intervention
in healthy adults. To draw up this table, only very lim-
ited use was made of the literature on fracture healing
in relation to disease processes in which none, little or
sometimes substantial influence on the healing period
was found. However, a great deal of data from the lit-
erature was used, from documented forensic cases and
from anatomical and pathological text books [13, 17,
31, 37-50]. The resulting Table 9.4 was accumulated
from all these data in such a manner to give an as real-
istic as possible representation of the time course in

naturally healing fractures. Possibly, one should be
aware of reduced healing times in children.

9.4.4 Examples of Fracture Dating

9.4.4.1 Vertebral Fracture: Forensic Autopsy

The first example is a sample of a vertebral fracture
with a torn intervertebral disc obtained in a forensic
autopsy. The sample was demineralised and embed-
ded in paraffin. From this paraffin block a series of
microscopic sections were cut that were then stained
with the earlier-mentioned stains. After the slices had
been studied it was concluded that it was a (sub)-
recent fracture that had taken place 1-5 days before
death. Why?

Fig. 9.5 A is an overview of the fracture area. The
bone tissue of the vertebra and the intervertebral disc
above are both anatomically discontinuous. A detailed
view of the web of fibrin in the fracture line shows a
great many intact erythrocytes and some inflammatory
infiltrate (Fig. 9.5b). Finally, a polarised-light image
shows that the broken off bone trabeculae have frayed
ends (Fig. 9.5¢ and d). At the place of the fracture line,
no haemosiderophages can be seen (yet). No smooth
demarcation of the broken off trabeculae is visible. No
Howships lacunae are visible (yet) and there is no cal-
lus formation.

9.4.4.2 Skull Fracture: Forensic Autopsy

The second example also concerns a sample obtained
at forensic autopsy, in this case from a skull fracture.
This sample was also demineralised, embedded in
paraffin and histologically stained conform the earlier
case. After the microscopic sections had been studied,
it was concluded that this time it was not a recent frac-
ture, but that the fracture was 7-20 days old. Why?
An all over image of the fracture area with polarised
light distinctly shows the discontinuation in the cranial
vault (Fig. 9.6a). There is a connective-tissue plug vis-
ible in the fracture line. The middle-size enlarged view
clearly shows that the callus formation can be separated
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Table 9.4 Healing phases and time table for natural fracture healing without surgical intervention in adults®

Healing phase

Haematoma and torn periosteum

Phagocytosis of cell debris

New cartilage and osteoid

Fading fracture line definition

Loose new-bone spiculae and
cartilage areas

Developing osteoid mineralisation

Primary (disorganised) bone tissue

Benign pro-callus (primary callus)

Union

Incorporation of periosteal bone

Benign hard callus (secondary
callus)

Perfect reconstruction

Pseudarthrosis

Time after injury

None

24-48 days

In 2-5 days

After 3-5 days

After 4-7 days

After 7 days

After 10-12 days
After 12-20 days

After 15 days
After 14-21 days

After 3—4 weeks

After 6 weeks

After 2-3 months

After 1-2 years

After 6-9 months

Characteristics

Haematoma in fracture cleft>formation of blood clot>loose
maze of fibrin

Frayed bone lamellas at the ends of the fracture®

Haemolysis >acute sterile inflammatory reaction>oedema,
vascular congestion, mast cells and leukocyte infiltration

Appearance of macrophages (hemosiderophages)

Empty osteocyte lacunae in the vicinity of the fracture cleft®

Fibroblast-invasion on the edge of the blood clot>callus of
granular tissue (soft pro-callus)

Appearance of chondroblasts and osteoblasts (fibro cartilaginous
soft callus) > osteoid-deposits (bone matrix)

First Howship’s lacunae®
First bending of the fracture ends®®

First scattered bone tissue spiculae in the soft callus
Start of endosteal and periosteal osteogenesis, separable from the
cortex"

First osteoid mineralisation

Aggregation of bone tissue spiculae>primary disorganised bone
tissue deposits from periphery to the centre of the fracture
cleft’ (radiology: opaqueness)

Temporary fusiform connection between the fracture ends
(non-solid, but clinically stable bridging)

Clearly visible external callus®®

Start of the transition from primary disorganised bone tissue to
secondary lamellar-organised bone tissue®

Fields of mineralised cartilage® (radiology: opaqueness)

Cortical ‘cutting and closing cones’ > ‘growth’ of Haversian
systems (osteons) towards the fracture line®

Union by bridging with cortical bone tissue® (radiology!)

Maximal size of callus®

Solidly connected periosteal callus tissue, inseparable from the
cortex"

Strong benign union®®

Start of streamlining of the contours®®

After adequate immobilisation > perfect reconstruction®
(radiology!)

After inadequate immobilisation > pseudarthrosis of fibrous tissue
between rounded fracture ends®®

A description of fracture healing, as true to nature as possible, was composed from the cited literature (as described in Sect. 9.4). In
children, one should possibly be aware of a reduced healing time

*Histologically noticeable characteristics in ground sections of non-demineralised bone tissue

‘Radiologically noticeable characteristics

from the cortex. Only in a few places the callus is
attached with sparse trabecular connections to the orig-
inal cortex of the cranium (Fig. 9.6b). A detailed view
of the callus layer shows the character of the callus

bone tissue. It appears to be a deposit of primarily
woven bone tissue (Fig. 9.6¢), that has not yet been
replaced by regularly layered secondary lamellar bone
tissue. In that area no blood extravasations and
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Fig. 9.5 (a) Vertebral fracture with discontinuity of the verte-
bral body and intervertebral disc (arrows). Haematoxiline-
Eosine staining. (b) Detail (a). Deposit of finbrine showing a
multitude of erythrocytes and some inflammatory infiltrate.

haemosiderophages are found. There is hardly any
inflammatory infiltration. However, osteoclasts and
Howships lacunae demarcate the fracture area
(Fig. 9.6d).

9.4.4.3 Tibia: Archaeological Excavation

The third example is an overview of a sample from a
fractured tibia exclusively composed of dry bone

Trichrome staining according to Goldner. (¢) Broken off bone
lamellas with frayed ends at the fracture cleft. Polarised light.
(d) Detail of (¢). Rounded demarcation of the bone-fibre ends is
missing. Polarised light

tissue. The tibia, like the rest of the skeleton, was
from a forensic archaeological excavation. The sam-
ple was first vacuum-embedded in the resin Epon®. A
microscopic section was cut off and ground to a thick-
ness of 50 um. After the slice had been studied, it was
decided that the dating of the fracture was 2—6 weeks.
Why?

An overview of the callus shows that although
attached to the cortex, it can still be separated, and
that the cortex itself contains many cutting and
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Fig. 9.6 (a) Discontinuity of the cranium with connective-tis-
sue plug in the fracture cleft. Callus layer can still be separated
from the marginal bone layer (arrows). Polarised light. (b)
Detail of (a). Callus layer along the external trabecula of the
cranium can still be separated (arrows). Haematoxiline-Eosine

closing cones (Fig. 9.7a) These are bone-tissue
replacement systems that consist of a ‘head’ of osteo-
clasts that drills its way longitudinal through the cor-
tex towards the fracture gap, and a ‘tail” of osteoblasts
that refills the (resorption) canal left behind by the
‘head’ with new-bone tissue. In this manner new
Haversian systems (osteones) are formed which

~ =
W D

Vet

staining. (¢) Depositions of primary bone tissue (disorganised),
‘woven bones’ in the callus layer. Lawson Van Gieson staining.
(d) Howships lacunae with multiple-nuclear osteoclasts in the
fracture cleft (arrows). Trichrome staining according to
Goldner

bridge the fracture as internal splints. A detail of
such a ‘head’ (the cutting cone) clearly shows the
features of Howships lacunae (Fig. 9.7b). Furthe-
rmore, Fig. 9.7a shows clearly that part of the pri-
marily woven bone tissue has already been replaced
by longitudinally running secondary lamellar bone
tissue.
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Fig. 9.7 (a) Cortical dry bone tissue with torpedo-shaped ‘cut-
ting and closing cones’ at the top of the image (CC). Below,
appositional callus tissue in which part of the primary bone (dis-
organised ‘woven bone’) has been replaced by longitudinal
(here horizontally) shaped lamellar bone tissue (pale yellow).
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