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3.1 Introduction first to describe the relation between the presence of multiple

fractures of the long bones and subdural haematomas in six

Even before Kempe published his now classic article on ‘the
battered child syndrome’ in 1962, radiologists drew attention
to fractures that could really only be explained by the impact
of external mechanical force [1]. In 1946, Caffey was the
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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 hospitalized; however, some
children showed new manifestations as soon as they returned
home. Based on the fact that in children subdural haemato-
mas are usually of traumatic origin, he suspected that this
combination had a traumatic origin. In 1953, Silberman
established that the combination 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 physical abuse by either one or both parent(s)
could be a possible explanation for this combination of inju-
ries [5].

The importance of radiological examination when there
are suspicions of inflicted injuries was not just demonstrated
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by the earlier-mentioned radiologists. Ellerstein performed
routine radiological examinations in children suspected of
being physically abused [6]. In 11.5% he found radiological
indications for inflicted injuries. Approximately 20% of
these children had fractures without any clinical
manifestations.

Generally, fractures are the result of the more serious
forms of physical abuse. Non-accidental fractures (inflicted
fractures, fractures seen in child abuse) are similar to frac-
tures sustained in an accident. Whether a fracture can be the
result of non-accidental circumstances is determined by a
combination of:

e 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 caregivers,
regarding the origin of the fracture.

Non-accidental circumstances are likely when the first
three factors are contradicted by the fourth. The role of (pae-
diatric) radiologists is of great importance and often conclu-
sive in determining whether non-accidental circumstances
are involved. In children below a certain age (see Sect. 3.2)
who are suspected of being physically abused, it is indicated
to do a skeletal survey. The purpose of the skeletal survey is:

* To detect occult fractures.

e To obtain additional information on clinically suspect
abnormalities.

e 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 radiological imaging will be
discussed.

3.2 Conventional Radiology

3.2.1 Guidelines

There currently are two major guidelines on imaging in case
of suspected physical child abuse. The first is from the
American College of Radiology (ACR) and the second is
from the Royal College of Radiologists in collaboration with
Society and College of Radiographers (RCR & SCoR). Both
guidelines are discussed in detail and the minor differences
are highlighted. In Europe, the European Society of Paediatric
Radiology (ESPR) advises to adhere to the RCR & SCoR
guideline.

3.2.1.1 American College of Radiology

According to the ACR, the use of specific imaging tech-
niques in suspected physical child abuse will depend on the
age of the child and the signs and symptoms presented [7].
For this purpose the ACR uses the following guidelines; for
completeness, not just conventional radiology is mentioned:

1. Suspected physical abuse. Child <24 months of age.
Neurological or visceral injuries not clinically suspected.
Initial imaging evaluation.

(a) A full skeletal survey (Table 3.1).

(b) Tc-99 m bone scan whole body; can be a comple-
mentary/adjunctive examination for detecting skele-
tal trauma. It should only be used when the
radiographic skeletal survey is negative but clinical
suspicion remains high and search for further evi-
dence of skeletal trauma is warranted.

(c) There is no strong evidence to recommend universal
screening with neuroimaging. However, clinicians
should have low threshold for performing head CT or
MRI in young children with suspected child abuse.

2. Suspected physical abuse. Child >24 months of age.
Neurological or visceral injuries not clinically suspected.
Initial imaging evaluation.

(a) Initial imaging should focus on the areas of clinical
concern. In children >2 years of age, skeletal survey
is usually not done but may be performed based on
clinical findings and the need to document the pres-
ence or absence of injuries.

(b) There is no strong evidence to recommend universal
screening with neuroimaging in the absence of clini-
cal suspicion for AHT.

3. Child with one or more of the following: neurologic signs
or symptoms, apnoea, complex skull fracture, other frac-
tures, or injuries highly suspicious for child abuse. Initial
imaging evaluation.

(a) A full skeletal survey in all children <2 years of age
in whom there is suspicion of abuse (Table 3.1).

(b) Tc-99 m bone scan whole body (see point 1).

(c) MRI scan of the head should be performed if the
clinical presentation warrants further assessment.

(d) MRI of the cervical spine should be strongly consid-
ered at the time of MRI brain imaging.

(e) MRI of the total spine should be reserved for cases
where the distinction between abusive and accidental
trauma is not clear.

4. Child. Suspected physical abuse. Suspected thoracic or
abdominopelvic injuries (e.g. abdominal skin bruises,
distension, tenderness, or elevated liver or pancreatic
enzymes). Initial imaging evaluation.

(a) A full skeletal survey in all children <2 years of age
in whom there is suspicion of abuse (Table 3.1).

(b) Tc-99 m bone scan whole body (see point 1).
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Table 3.1 Radiographic protocol for suspected child abuse [7, 8]

ACR
Skull? AP
Lateral
Additional view when indicated:
oblique or Towne view

Cervical spine AP
Lateral
Thorax AP and lateral, to include ribs and

thoracic and upper lumbar spine®

Abdomen, lumbosacral AP pelvis, to include the mid
spine, pelvis lumbar spine
Lateral lumbosacral spine
Upper extremities AP of the humerus
AP radius/ulna
Lower extremities AP of the femur
AP tibia/fibula
Hands PA
Feet AP/PA
Follow-up Approximately 2 weeks after the

initial examination
Chest

Upper extremities

Lower extremities

RCR and SCoR
AP
Lateral

b

AP, to include the shoulders

Both obliques (to include all the ribs, left and right)
Lateral to include the whole spine®

AP abdomen and pelvis

Where possible:

AP of the whole arm (centred at the elbow if possible)
Coned lateral elbow

Coned lateral wrist

In larger children:

AP humerus (including the shoulder and elbow)

AP forearm (including the elbow and wrist)

Coned lateral elbow

Coned lateral wrist

Where possible:

Whole AP lower limb, hip to ankle

Coned lateral knee

Coned lateral ankle

Coned AP ankle (Mortise view)

In larger children:

AP femur

AP tibia and fibula

AP knee

AP ankle

Coned lateral knee

Coned lateral ankle

PA hand and wrist

AP

Any of the abnormal or suspicious areas on the initial skeletal view plus the
following views:

AP, to include the shoulders.

Both obliques (to include all the ribs, left and right).
Where possible:

AP of the whole arm (centred at the elbow if possible)
In larger children:

AP humerus (including the shoulder and elbow)

AP forearm (including the elbow and wrist)

Where possible:

Whole AP lower limb, hip to ankle

In larger children:

AP femur

AP tibia and fibula

2Always 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

"The addition of both oblique projections to the anteroposterior

(AP) view of the rib cage may increase the yield of rib fractures

¢For children under 1 year, this may be possible with one view, for larger children and those over 1 year, separate views will probably be required
dAt this age, AP views of the cervical spine are hardly ever diagnostic and should only be made at the request of the radiologist

(c) CT or MRI of the head should also be performed in In other words: when child abuse is suspected, radiologi-
children with neurologic symptoms or risk factors for cal examination is always advised in children <2 years old,

intracranial injuries.

and in children >2 years only when there are further serious

(d) Contrast-enhanced CT of the abdomen is indicated in ~ external or internal injuries.
acute evaluation of the child with suspected abdomi- When the radiographs show any abnormalities, a view in a
nopelvic injuries. Routine CT scan screening for second plane should be made. A repeat skeletal survey should be

abdominal or chest injury is not recommended.

performed approximately 2 weeks after the initial examination.
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3.2.1.2 The Royal College of Radiologists

and the Society and College

of Radiographers
In September 2017, the RCR & SCoR formulated a British
guideline, endorsed by the Royal College of Paediatrics and
Child Health, for imaging when child abuse is suspected
(Table 3.1) [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 highest 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 radi-
ologist has approved the complete examination.

An important difference with the ACR protocol is the
standard addition of oblique views of the ribs (Fig. 3.1a, b).
Ingram et al. showed in a randomized control study that this
increases the sensitivity of the detection of rib fractures by
17% (95% CI 2-36%) and the specificity 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. A similar study by

Marine et al found that in a group of 212 patients (106
patients with at least one rib fracture and 106 patients with-
out rib fractures), when the four-view series were used as a
gold standard, the sensitivity and specificity for any rib frac-
ture on the two-view series was respectively 57% (range
47-70) and 99% (range 98—-100) [11]. For posterior rib frac-
tures this was almost identical at respectively 59% (range
53-67) and 99% (range 97—-100). The reported confidence
increased from 0.022 to 0.061 for the two-view series to
0.007 to 0.031 for the four-view series (p < 0.001).

The authors of this chapter have one comment with regard
to the updated RCR & SCoR guideline and that relates to the
use of AP radiographs of the whole limb. We feel that, based
on our personal experiences, this should be discouraged as it
can lead to insufficient radiographs in children who actually
are too big for this approach. It is a well-known fact that in
general skeletal surveys a substantial deviation from the pro-
tocols in use is seen, and adding an additional option to the
process will certainly not lead to an improvement [12—14].

Although this book covers fractures and the imaging
thereof, we feel that it is important to underline the impor-
tance of the complete workup of children, in whom child
abuse is suspected. According to the guidelines all children
under the age of 1 year and those children older than 1 year
who have external evidence of head trauma and/or neuro-
logical symptoms should undergo neuroimaging. This should
be done according to the flow chart shown in Fig. 3.2.

Fig.3.1 Infant with bilateral recent rib fractures, although visible on the AP chest radiograph (a), the oblique chest radiograph (b) increases their

visibility
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Fig. 3.2 Flow chart for
neuroradiological imaging as Acute Non-acute
proposed by the Royal presentation presentation
College of Radiology and the
Society and College of
Radiography
Y Y
MRI as soon
CT as soon as as possible,
stable on day within one
of admission week.
Y Y Y Y Y
CT Normal: CT Normal: CT abnormal: CT or MRI CT or MRI
Abnormal abnormal .
Full recovery, SDH and/or normal:
’ neurology or . SDH and/or .
no neurologic . brain . no neurologic
- persistent . brain .
deficit abnormality . deficit
encephalopathy abnormality
\7 Y Y
MRI on da
STOP og STOP
Y Y Y
MRI normal MRI abnormal MRI abnormal Repeat MRI
and and and persistent >~ on clinical
clinical well clinical well neurologic deficit need
Y Y
Repeat MRI
STOP within 3
months

3.2.1.3 Examination on Indication

Besides the indications in the earlier-mentioned guidelines,
there are also further situations in which imaging may be indi-
cated. Among these situations we would like to highlight
young children with burns and drug-endangered children. In
the first group it is known that a significant proportion are non-
accidental burns, according to a systematic review the inci-
dence in all children (aged 0—17 years) ranged from 0.5% to
24.6%, in children under the age of 13 this was up to 25%,
with pooled data showing an incidence of 9.7% [15]. Hicks
and Stolfi studied a small group of children with burns who

underwent a skeletal survey, and they found that 5 (14%) out
of 36 children had a positive skeletal survey [16]. Fagen et al.
studied a group of 112 children with burns, mean age
15 months (range 1 month to 110 months) [17]. They grouped
the children into three categories; non-accidental, indetermi-
nate, and accidental. The outcome of the skeletal surveys were
positive for respectively 15/45 (33%), 2/36 (6%), and 0/29
(0%). Degraw et al. studied a group of 97 children, under the
age of 24 months, with burns who were referred for subspe-
cialty child abuse evaluation [18]. Of these 97 children 18
(18.6%) were found to have occult fractures on the skeletal
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Fig. 3.3 (a) Three-month-old infant with multiple left sided posterior healing rib fractures. (b) the twin, who underwent a skeletal survey due to

the findings in the sib, showed multiple bilateral healing rib fractures

survey. In the second group it is a well-known fact that in chil-
dren who have parents with illicit drug use there is a higher
risk for child abuse [19-21]. Howell et al. studied the yield of
skeletal surveys in a group of 1252 children referred to their
C.A.R.E. Team for drug endangerment. Of these children, 340
underwent a skeletal survey with 12 (4%) positive cases [19].

Studies have shown that physicians dealing with suspi-
cions of 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. 3.3a, b) [22]. 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 [23]. In a more recent study Lindberg
et al. found that in a population of 134 siblings of index chil-
dren referred to child advocacy teams, under 24 months of
age, thatin 16 (11.9%, 95% CI 7.5-18.5) at least one abusive
fracture was diagnosed [24]. It is of interest to note that in
none of these children associated findings were present on
physical examination. Furthermore, they found that twins
were at increased risk compared to nontwin contacts (odds
ratio 20.1, 95% CI 5.8-69.9). The authors of this study con-
cluded that ‘A skeletal survey should be obtained in the con-
tacts of injured, abused children for contacts who are <24
months old, regardless of physical examination findings’.
This is in keeping with the current protocol of the Royal
College of Radiologists.

Sometimes the question arises whether or not to perform
a skeletal survey in children aged over 24 months of age. A
study by McNamara et al. showed that out of 325 skeletal
surveys performed in children over 24 months of age (mean

age 37.2 months, SD 16.5) 88 (27.1) were positive [25]. Of
these, 88 showed known fractures only, in 1 case the authors
state ‘fracture without enough information’ and in only 6
(2%) cases occult fractures were found. Of these 4 cases
were physically abused, where in each case the diagnosis
was already made, and in 2 cases a fall from a window caused
the fractures. This study shows that in individual cases a
skeletal survey over the age of 24 months can be obtained but
the expected yield is low.

3.2.2 Adequacy of Examination

3.2.2.1 Number of Views

When child abuse is suspected, and the decision is made to
continue with radiological examination, this should be con-
ducted adequately. It should first be established that in young
infants the so-called babygram (consisting of one anterior-
posterior view and one lateral view) of the skeleton should
be considered obsolete and an error of judgement (Fig. 3.4a,
b). In diagnostic radiology, a babygram is inadequate when
child abuse is suspected [26]. According to professional
standards, this radiograph, preferably made on a mammo-
graph, is only admissible in premature foetuses in which
imaging is otherwise impossible.

It regularly happens that the radiological examinations
performed do not meet the required standard. Offiah and
Hall studied the quality of radiological examinations per-
formed within the scope of child abuse that were submitted
for re-evaluation to Great Ormond Street Children’s Hospital
(London, UK) [13]. They used three exclusion criteria:
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Fig.3.4 (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

e Examinations in which only a selection of the produced
radiographs was submitted for re-evaluation.

e Examinations of less than three radiographs (excluding
babygrams).

e Examinations of children >2 years.

In total they admitted the skeletal surveys of 50 consecutive
children to their study. Per child an average of 10 [2—13] radio-
graphs were made. Hereby it should be mentioned that a profes-
sionally executed skeletal survey comprises 18—19 radiographs.
In total, Offiah and Hall found 37 different combinations, includ-
ing 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 [12]. As part of their study they
inquired, by means of a questionnaire, in 155 paediatric hospitals
which radiological protocol was used when child abuse was sus-
pected. Of the 155 hospitals, 69% returned the questionnaire. Of
these responders, 90.7% were members of the Society for
Pediatric Radiology (SPR). Here too, a large variety was seen in
the number of radiographs made. Van Rijn et al. evaluated the
Dutch practices with regard to the radiological examination used
in suspected child abuse, and found that only 7% of the reviewed
skeletal surveys complied with the ACR criteria [14].

Hulson et al. performed a web-based survey among mem-
bers of the European Society of Paediatric Radiology and
found a considerable difference in practice across Europe,
this was however before the ESPR adopted the guidelines of
the Royal Collage of Radiologists [27]. Swinson et al. stud-
ied 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 com-

pared their findings with the earlier-mentioned article of
Offiah and Hall [28]. Their study still showed a considerable
deviation in imaging, but significantly less so than in the ear-
lier study. The publication of guidelines and education of the
physicians involved seem to have a positive effect on the
quality of imaging in cases suspected of child abuse. The
same finding was reported by Patel et al. who evaluated the
quality of radiographs in the skeletal surveys and found an
improvement in the content of skeletal surveys [29]. More
recently, Wanner et al. conducted an intervention study
among members of the ACR in 69 different referring hospi-
tals [30]. During this study they showed that after a 21-month
intervention period there was a significant improvement in
the total number of compliant views per skeletal survey.

3.2.2.2 Technique
Not only is it essential that the examination is complete, the
techniques used are also of great importance.

‘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 undesir-
able. When digital radiology is used (CR/DR), the optimal
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
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after the radiologist 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 be traced via the initials on the radiographs. The
radiology report needs to be complete and all abnormalities
must be reported separately; furthermore, attention should be
paid to dating the abnormalities (see Chap. 11). Finally, the
report must systematically describe all findings in an orderly
fashion and state whether the reported anomalies are suspect
for inflicted injuries and whether it concurs with the pro-
vided clinical information.

When the complete skeletal survey confirms suspected
non-accidental fractures, or when anomalies suspect for non-
accidental fractures are found in routine radiographs of the
child, this should be explicitly mentioned in the conclusion.

3.2.2.3 Technical Shortcomings in Making
a Skeletal Survey

Even when the skeletal survey is made according to valid
guidelines, there will be technical shortcomings that will
complicate the evaluation or make it impossible to evaluate
the radiological examination. In the retrospective study of
Offiah and Hall it was shown that 35% of all images showed
an artefact [13]. The most prevalent mistake was the pres-
ence of a hand to steady the child (32%). Other artefacts
were e.g. the presence of drip-lines, buttons, and identifica-
tion bracelets. In the study of van Rijn et al., artefacts were
also frequently seen (17.5% of all radiographs); in these
cases, the researchers frequently saw hands, drip-lines, dia-
pers, and bracelets (Fig. 3.5a-h) [14].

It should be mentioned that when a child dies while hos-
pitalized, it is not allowed to remove the drip-lines and tubes

Fig.3.5 (a) The hands of the radiographer are projected over the proxi-
mal 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. (¢) The diaper is clearly visible (asterisk)
and can adversely influence the diagnosis. In spite of the presence of the
diaper, a healing 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 stabilize the drip makes it impossible
to evaluate the distal tibia and fibula. (g) Press studs of a baby suit pro-
jected over the left costal arch. (h) On the left side a radiograph of the
dressed arm and on the right side the same arm after undressing, note the
wrinkles of clothing that could cover or mimic a subtle fracture
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Fig. 3.5 (continued)

that have been inserted by physicians before autopsy
(Fig. 3.6a, b). In this case, their presence on the skeletal sur-
vey is not considered to be a technical shortcoming.

3.2.2.4 Follow-Up Skeletal Survey

When a radiograph of a tender area found at physical exami-
nation does initially not show any anomalies, a follow-up
radiograph after 2 weeks is indicated to show or exclude cal-
lus formation or a subperiosteal haemorrhage or an epiphy-
seal injury without dislocation (Fig. 3.7a, b). In the new RCR
guideline, a limited follow-up skeletal survey is proposed
(Table 3.1). In this follow-up skeletal survey, all abnormal or
suspicious areas on the initial skeletal survey are visualized
as well as a limited set of additional radiographs. Using this
approach a significant reduction in radiation exposure is
achieved.

As early as 1996, Kleinman et al. described this positive
effect in their study that comprised 23 children who had sus-
tained fractures [31]. In 61% of children, additional informa-
tion was found. The number of confirmed fractures went up
from 70 to 89, an increase of 27% (p = 0.005). 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 [32].

Zimmerman et al. described the results of follow-up
examinations in 48 patients [33]. In 46% of cases, the fol-
low-up examination provided additional information. In 11
children, 27 fractures were found that had not been diag-
nosed earlier. These were mainly rib fractures (51%) and
metaphyseal corner fractures (11%). Furthermore, in 15 chil-
dren ambiguous anomalies were confirmed. In one child, in
whom ambiguous fractures of the three metatarsals were
seen, no indications for fractures were seen at follow-up
examination. Consequently, the suspicion of child abuse
could be rejected.

Harper et al. found that in a series of 796 follow-up skel-
etal surveys a total of 174 (21.5%) had new findings [34].
This included at least one new fracture detected in 124 cases
(15.6%) and 55 cases (6.9%) where the findings were reas-
suring compared to the initial skeletal survey. The follow-up
skeletal survey frequently affected the perceived likelihood
of physical abuse.
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Fig.3.6 (a) Post-mortem
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. 3.7 (a) Initial chest radiograph shows an acute angle at the lateral ~ tion on the lateral aspect of the third to sixth rib on the right and the
aspect of the sixth rib on the left. On the right side a pleural thickening  fourth to seventh rib on the left
is seen. (b) Repeat radiograph after 14 days clearly shows callus forma-
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3.3  Bone Scintigraphy

Bone scintigraphy should not be used as an initial imaging
technique in diagnosing child abuse (Fig. 3.8a—d). According
to the guidelines of the ACR and RCR-SCoR, bone scintig-
raphy is only indicated when, after a full skeletal survey in
which no anomalies are found, the presence of non-accidental
fractures is still suspected [7]. It should be kept in mind that
with the decreasing use of bone scintigraphy in children due
to replacement by PET-CT or MRI, the experience in reading
these studies also diminishes. This can result in less reliable
outcomes of bone scintigraphy studies in daily practice.

Fig. 3.8 (a) Three-month-old infant 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). (¢) Bone scintigraphy also shows increased up-take in the right

Drubach et al. proposed the use of '8F-NaF PET in the
diagnosis of occult fractures [35]. In a study of 22 patients
younger than 2 years, they showed that the conventional
skeletal survey showed a total of 156 fractures versus 200
fractures with '8F-NaF PET. "*F-NaF PET had a higher sen-
sitivity for rib fractures but a lower sensitivity for metaphy-
seal corner fractures. Since this publication, to the best of our
knowledge, no other '®F-NaF PET studies in the field of sus-
pected child abuse have been performed.

proximal humerus (open arrow). This was not radiographed. (d) Five
weeks after the initial examination, the patient presented again at the
emergency department. However, this time she is in coma. A CT of the
brain shows a subdural haemorrhage (open arrow) and bilateral diffuse
ischaemic injuries
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3.3.1 Effectivity of Bone Scintigraphy Versus

Conventional Radiology

There are several publications which looked at the additional
value of bone scintigraphy compared to a skeletal survey
[36-42].

On behalf of the Welsh Child Protection Review Group,
Kemp et al. compared the effectivity of bone scintigraphy
and conventional radiology in cases of suspected child abuse
[43]. Based on mainly case reports/series they came to the
following conclusions: fractures will be overlooked in con-
ventional radiology as well as in bone scintigraphy, bone
scintigraphy is very sensitive for the detection of rib and
acute fractures, whereas these may be overlooked in conven-
tional radiology. And, when using bone scintigraphy, skull
fractures, metaphyseal and epiphyseal fractures may be
overlooked.

In a systematic review, Blangis et al. evaluated studies
which assessed the value of bone scintigraphy after an initial
negative skeletal survey, in total seven studies (with a total of
783 children) were included [44]. Based on the included
studies, the authors concluded that a bone scan after a nega-
tive skeletal survey increased the summary absolute detec-
tion rates with an estimate of 10 percentage points. In
approximately half of the children in whom non-accidental
skeletal injuries were suspected the initial skeletal survey
was negative. The summary number needed to scan with
bone scintigraphy to detect one additional child with skeletal
injury was 3. It is important to state that there was no assess-
ment of the added value of bone scintigraphy to, as the stan-
dards dictate, a follow-up skeletal survey. Also looking at the
included studies most studies suffered from methodological
issues, e.g. retrospective, unclear patient selection and risk of
inclusion bias. As a result the authors state that ‘The quality
of the reviewed evidence was low, pointing to the need for
high-quality studies in this field’ [44]. So if this approach
would be implemented it is to be suspected that the yield of
bone scintigraphy would than be lower. Therefore, for now
there is no indication to deviate from the ACR and SCR-
SCoR guidelines and use bone scintigraphy, as a problem
solving tool, only in exceptional cases.

3.4 Computed Tomography

Nowadays, CT is increasingly 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 signifi-
cant improvement in the patient’s prognosis [45-48].
However, in suspected child abuse CT in general has no
place in the primary detection of occult fractures. A substan-
tial percentage of fractures seen within the scope of sus-

pected child abuse, e.g. rib fractures or CMLs, have neither
from a diagnostic or a therapeutic point of view any need for
additional imaging. The exception to this rule are fractures of
the vertebrae, where it is essential to establish fracture stabil-
ity. In these cases, in order to make a proficient evaluation,
CT is required since this technique provides information on
the stability of all three pillars of the spinal column.

Having said this CT has shown to be valuable in several
anatomic areas which are relevant to potential child abuse
cases, this is especially the case for rib and skull fractures. In
recent years there have been several publications on the use
of CT of the chest in the diagnosis of rib fractures, although
there remains a discussion whether or not this should be
done [49-52]. Sanchez et al., in a retrospective study, looked
at 16 children under the age of 12 months with a total of 105
rib fractures [50]. Of these fractures 84% were seen on the
first skeletal survey and 16% only after follow-up imaging,
of which 11 out of 18 rib fractures were only seen on
CT. Shelmerdine et al. retrospectively looked at 25 paired
post-mortem skeletal surveys and post-mortem CT scans in a
study population aged 1 month to 7 years [52]. In their study
they found a total of 136 rib fractures at autopsy, three times
as many rib fractures were correctly identified on CT com-
pared to the skeletal survey (sensitivity 44.9% [95% CI
31.7-58.9] vs 13.5% [8.1-21.5]; difference 31.4% [23.3—
37.8; p < 0.001]). Radiologists also reported a higher confi-
dence when reporting on CT compared to the skeletal survey.
In light of the radiation exposure of the chest CT, with the
potential detrimental long-term consequences, it is not yet
advised to perform a chest CT instead of the four-view chest
radiographs. More research into the validation of low-dose
chest CT scans is needed before routine chest CT imaging
can be recommended.

In neurotrauma, CT is widely used for the primary evalu-
ation of the patient. Over the past few years, authors in the
radiological and paediatric literature increasingly argue the
case for a standard head CT in all children of <2 years old
who are suspected of being physically abused (Fig. 3.9) [53].
As CT is used more frequently, the question arises if conven-
tional radiography of the skull is still needed. Culotta et al.
performed a retrospective study in 167 children (median age
5 months) who were evaluated for potential AHT [54]. They
found no significant difference (p = 0.18) between conven-
tional radiography and CT. Sharp et al. performed a retro-
spective study in 94 infants (aged 24 days—23 months) in
whom there was a suspicion of child abuse and in whom both
conventional radiographs and CT of the head were made
[55]. They found that in none of the cases conventional
radiographs added findings over the findings on CT. Martin
et al. performed a retrospective study in which they com-
pared conventional radiographs, CT without 3D reconstruc-
tion, and CT with 3D reconstruction [56]. They found that
CT with 3D reconstruction had a 100% sensitivity, specific-
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Fig. 3.9 (a) Small linear parietal fracture on the right side of the skull. (b) Shaded surface reconstruction of the CT scan. Note that as a result of
the chosen setting the skull fracture appears to be shorter. This illustrates the need for proper assessment of the CT source data

Fig.3.10 CT of the head showing bilateral subdural haematomas in an
infant with neurological symptoms and no clinical history of trauma

ity, PPV, and NPV (Fig. 3.10a, b). Based on these results the
authors concluded ‘Conventional radiographs (SRX) does
not add further diagnostic information and can be omitted
from the skeletal survey when CT with 3D reconstruction is
going to be, or has been, performed’. Penell et al. evaluated
data from 158 infants who underwent both skull radiography
and CT [57]. In their study population, they found 46 skull
fractures on 3D CT and 40 on skull radiographs. The inter-
rater reliability was higher for 3D CT (x = 0.95) compared to
skull radiographs (=0.65). Even though 5 fractures were

identified on skull radiographs only, whereas 11 fractures
were identified on 3D CT only, the authors concluded that
omitting the skull radiograph is justified when a 3D CT of
the skull is obtained. In an older study, Orman et al. retro-
spectively reviewed 250 paediatric cases (mean 7.82 years,
range 4 days—17.4 years) with linear skull fractures on con-
sensus reading by two experienced paediatric neuroradiolo-
gists [58]. Three reviewers (a third year resident, a fellow in
neuroradiology, and a paediatric neuroradiologist) first
reviewed the 2D dataset and later a combined 2D/3D dataset.
They found that the combination of 2D&3D had a superior
sensitivity and specificity (83.9% and 97.1%) compared to
2D only.

Based on this literature omitting the conventional skull
radiographs, if a sufficient CT including 3D reconstructions
is available, can be considered in cases of suspected child
abuse.

3.5 Linear Slot Scanning

A relatively unknown and new technique, marketed as
Statscan® (Lodox Systems, [Pty] Ltd., Sandton, South
Africa), is linear slot scanning [59-73]. The Statscan® was
initially developed to detect diamond smugglers working in
the South African diamond mines [70, 74]. Since approxi-
mately 2000 it is also used in a trauma setting and in forensic
facilities. This technique allows for full body imaging; for
this a C-arm traverses the patient trolley along the Z-axis. As
the C-arm can rotate up to a maximum angle of 100°, lateral
and oblique radiographs are also possible (Fig. 3.11a, b). The
system uses a collimated fan-beam and a linear bank of CCD
cameras as a detector. The acquisition time of a scan is
approximately 13 s [72]. Compared to a full skeletal survey
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Fig.3.11 Lodox image of a
(a) neonate without fractures
and (b) a child with bilateral
femoral fractures (Courtesy of
A. Speelman, Cape Peninsula
University of Technology)

(in adults) the dose has been reported to be 65.0% to 94.0%
less [72, 75]. Currently it has a noticeable install basis in the
Southern part of Africa and in medical examiners offices
throughout the United States [76].

There have been a few small studies into the use of
Statscan in the paediatric trauma population [67, 68, 73]. The
largest reported series is on 23 children where the AP linear
slot bodygram showed 26 of 27 fractures (96%) in the study
cohort. There is however no evidence with respect to the
detection of, e.g. posterior rib fractures and metaphyseal cor-
ner fractures. In adults, a retrospective study in 245 consecu-
tive trauma cases showed an overall sensitivity of 73% and a
specificity of 100% [59]. However, in 50% of cases addi-
tional radiographs were obtained to provide a more detailed
or an additional view for pre-operative planning. Spies et al.
performed a post-mortem animal study using piglets com-
paring conventional radiology, Lodox, and CT to assess the
sensitivity of Lodox for fracture detection [77]. A total of
586 fractures were created by blunt force trauma in 10 pig-
lets, of which CT correctly detected 427 (73%), X-ray 294
(50%), and Lodox 245 (42%). Looking at just the ribs CT
was most sensitive (84%) and Lodox least sensitive (50%).

Based on the literature evidence it could be concluded
that if no CT scanner is available or to costly to acquire, lin-
ear slot scanning can be used to diagnose major trauma find-
ings. For the detection of subtle fractures, dedicated spot
radiographs will remain essential.

3.6 Magnetic Resonance Imaging

Up to the present, MRI is not widely used in the initial diag-
nosis of suspected child abuse. MRI is essential as a second
stage imaging method in order to determine the prognosis in
severe neurological trauma in intracranial as well as in spinal
injuries (Fig. 3.12). In abdominal trauma, and more specifi-
cally in pancreatic injuries, MRI/MRCP may provide addi-
tional information on the intra-abdominal parenchymal
organs (Fig. 3.13a, b).

With respect to fractures the use of MRI is limited.
However, due to the relatively short scan times available in
Short T1 Inverse Recovery (STIR), whole body imaging of
children is possible. STIR is a sequence that yields a uniform
fat suppression in the field of view leading to increased
visualization of, e.g. bone marrow oedema. Clinical paediat-
ric radiology has shown whole body STIR (WB-STIR) to be
a sensitive technique for the detection of, e.g. bone metasta-
ses or foci of non-bacterial osteitis (Fig. 3.14a, b) [78-86].
Some authors suggest the use of WB-STIR for the detection
of occult fractures in suspected child abuse (Fig. 3.15a—c)
[33, 87, 88]. Besides a few case reports in which this tech-
nique has been described, two studies have been published in
which WB-STIR and conventional skeletal surveys were
compared [89, 90]. The first study comprised 16 children
(average age 9 months; range: 1.5-37 months) that were sus-
pected of being abused. The average time interval between
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Fig. 3.12 Axial T2 weighted MRI showing an intraspinal subdural
haematoma (arrow)

WB-STIR and conventional skeletal survey was 1.9 days
(range: 0—13 days). The sensitivity of WB-STIR for rib frac-
tures was 75% (33/44), CML 67% (2/3), metaphyseal frac-
tures 100% (1/1), diaphyseal fractures 100% (6/6), and
parietal skull fractures 100% (1/1). In total, 11 rib fractures
were overlooked. However, all children had sustained mul-
tiple fractures and at least one rib fracture was detected by
WB-STIR. In three children, WB-STIR showed fractures
that had not been visible on the conventional skeletal survey.
In the second study, the authors evaluated the additional
value of WB-STIR and bone scintigraphy in addition to the
initial conventional skeletal survey [90]. In this study 107
children under the age of 3 years who were suspected vic-
tims of child abuse were included. In this study, the skeletal
survey had the highest sensitivity and specificity (88.4%
[95% CI 82.0-93.1%] and 99.7% [95% CI 99.5-99.8%]),

Fig. 3.13 (a) Positive focused assessment with sonography in trauma exam in a child with blunt abdominal trauma, fall with bicycle. (b) MRI

shows a liver laceration in segment 4A (arrow)

Fig. 3.14 (a) Whole body
MRI shows paravertebral
oedema at the level of the
11th rib (arrow). (b)
Follow-up oblique chest
radiograph shows subtle
callus formation of the
posterior 11th rib (see inset)
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Fig. 3.15 (a) Two-month-old infant with severe inflicted traumatic
brain injury. The diffusion-weighted views show areas of severe cyto-
toxic oedema (open arrow) resulting from hypoxia. (b) Cor STIR-
weighted view of the chest shows increased signal intensity at the site
of the seventh left rib (open arrow). This corresponds with a fresh frac-

ture. (¢) Oblique chest view, made 6 days after the MRI, shows callus
formation at the site of the seventh left rib (open arrow). Furthermore,
there are fractures visible at the costochondral junctions of ribs 7 and 8
(see inset)
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Fig. 3.16 (a) Infant with a right parietal skull fracture (arrow) with
overlying haematoma. (b) Corresponding black bone sequence shows
the fracture as well (arrow). (¢) The inverted image shows an imaging

followed by WB-STIR (69.9% [95% CI 61.7-77.2%] and
99.5% [95% C199.2-99.7%]) and bone scintigraphy (54.8%
[95% CI 46.4-63.0%] and 99.7% [95% CI 99.5-99.9%]).
The combination of the skeletal survey and WB-MRI had the
highest sensitivity (95.9% [95% CI 91.3-98.5%]) and the
combination of the skeletal survey and bone scintigraphy
had the highest specificity (99.4% [95% CI 99.2-99.6%]).
Based on their findings the authors concluded both WB-STIR
and bone scintigraphy can be used in case of equivocal
lesions. In many infants who are suspected to be a victim of
child abuse MRI of the brain and spine will be obtained, and
in these cases WB-MRI could be used as an ‘add-on’ to the
standard brain and spine.

A relatively new development in the field of MRI is the
use of the so-called ‘black bone’ sequence [91-93]. In 2012,
Eley et al. were the first to present this sequence which con-
sists of a low flip angle gradient echo MRI sequence provid-
ing high image contrast between bone and other tissues while
at the same time reducing the contrast between soft tissues.
There are only a handful of studies which have evaluated the
sensitivity and specificity of this sequence compared to cra-
nial CT as a gold standard. Dremmen et al. showed in a study
of 28 children that ‘black bone’ MRI had a lower sensitivity
(66.7% versus 100%) and specificity (87.5% versus 100%)
(Fig. 3.16a—) [94]. In a more recent study by Kralik et al.,
‘black bone’ MRI showed an 83% sensitivity (95%[CI]
36-99%) and a 100% specificity (95%[CI] 88—100%) [95].
To date the evidence is insufficient to advocate replacing CT
by ‘black bone’ MRI for the diagnosis of skull fractures.

resembling a CT scan (courtesy of M.H.G. Dremmen MD. PhD.,
Sophia Children’s Hospital, Erasmus MC+, Rotterdam, the Netherlands)

3.7 Ultrasonography

In recent years, there have been some publications on the use
of ultrasonography (US) in the diagnosis of fractures, due to
non-accidental circumstances [96—-100].

Marine et al. presented a descriptive retrospective study in
22 patients who had, based on the skeletal survey, a total of
39 CMLs [96]. In their population in 85% of cases the US
exams were abnorma. The authors concluded that ‘while a
negative US does not exclude CML, US may have a role in
either confirming or evaluating radiographically equivocal
CMLs’. A recent retrospective study in 63 children by
Karmazyn et al. focused on the accuracy of US for CMLs
[97]. In this study, both in a group of children in whom the
diagnosis CML was in doubt and in a group of children with
radiologically proven CMLs US of the lower extremity was
performed. Based on their findings the authors concluded
that “US has low sensitivity and high specificity in the diag-
nosis of CMLs in the lower extremities’ and that ‘US for
CML may help substantiate the diagnosis’ (Fig. 3.17a, b).

There are two publications on the use of US in diagnosing
rib fractures, the first is by Kelloff et al. who describe a case
of a 9-week-old infant [99]. The attending physician noted
crepitus of the chest on physical exam and when the chest
radiographs, including the obliques, were negative US was
used as a problem solver. The follow-up skeletal survey
showed healing rib fractures of the left sixth and seventh
posterolateral ribs and right seventh, eighth, and ninth
anterolateral ribs. Smeets et al. reported on a 9-month-old
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Fig. 3.18 (a) Chest radiograph shows multiple recent anterolateral right sided rib fractures. (b) Ultrasonography shows beginning callus forma-
tion (arrow)

girl that on a skeletal survey showed multiple healing rib
fractures [100]. A soft tissue swelling was noted on the left
lateral thoracic wall. US of this area revealed a subcutaneous
haematoma overlying costochondral dislocations of all left
lower ribs (Fig. 3.18a, b).

3.8 BoneDensitometry

In children presenting with fractures, the question of bone
density in relation to bone fragility is often raised. In a pub-
lication from 1936 by Lachmann and Whelan, the authors

stated that at least 20-40% of bone mass should be lost
before it is visible on conventional radiography [101]. This is
often mentioned in presentations and in court proceedings.
However, the authors performed their experimental work on
cadaveric bones and using film-screen combinations. The
question is if this also applies to modern techniques and chil-
dren. Recently, Rosendahl et al. performed a systematic
review which addressed this question [102]. In their study,
they couldn’t find any evidence to support the statement that
before it is noticeable on conventional radiography that
20—-40% bone mass should be lost. Therefore, in order to
make a statement on bone mass bone densitometry is neces-
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sary. Within the world of bone densitometry historically the
focus has been on middle aged women suffering from age-
related osteoporosis, all techniques have been developed and
initially validated for use in this specific population.
However, once these techniques became more readily avail-
able it also found its way into the field of paediatrics.

The use of bone densitometry techniques in children is,
without proper knowledge of its limitations, not without
risks [103]. One of the obvious differences between adults
and children is the propensity to grow for the latter group. As
growth is a volumetric process techniques using a two-
dimensional approach have the inherent problem of not only
measuring a change in bone mass but also a change in size.

If bone densitometry is performed, the outcome of the
study should not be reported as the 7-score, as is customary
in adults. In children the Z-Score should be adopted, this
score not only adjusts for sex and racial background but also
for age. One problem is that Z-score reference curves are in
general only available for children aged 5 years and over,
making it not useful for the age range in which children who
are subject to physical child abuse tend to be [104, 105].

There are multiple techniques available to assess bone
density, e.g. Dual-Energy X-ray Absorptiometry (DXA),
Quantitative UltraSound (QUS), Digital Radiogrammetry
(DXR), and Quantitative Computed Tomography (QCT)
(Table 3.2) [106—-108]. Of these, DXA is most widely in use
and its use in children is recommended by the PDC. This
technique measures bone mass as Bone Mineral Content
(BMC, gram), Bone Mineral Density (BMD, gram/cm?), or
the derivative Bone Mineral apparent Density (BMaD, gram/
cm?®) (Fig. 3.19).

With respect to reporting bone densitometry studies, the
PDC states that terminology like ‘T-score’, ‘Osteopenia’,
and ‘Osteoporosis’ based on densitometry studies only can-
not be used in children. This as these terms are developed for
studies in adult women. Therefore, in 2013 PDC revised the
clinical criteria for the definition of osteoporosis in paediat-
rics. In this they defined osteoporosis as the finding of one or
more vertebral compressions fractures (VCF) in the absence
of local disease or high energy trauma, independently of den-
sitometric results. Moreover, it was confirmed that, in the
absence of VCEF, only the combination of both a reduced
bone mass for age and sex [BMC or BMD below 2 Z-score at
the spine (L1-L4) and/or at the total body less head] and a
significant history of fragility fractures (2 or more or 3 or
more respectively by the age of 10 or below 19 years of age)
is indicative of osteoporosis [109]. This statement is mainly
supported by expert’s opinion as the quality of evidence
unfortunately was rated low.

A second aspect of reporting bone densitometry studies is
the question whether the measurements should be corrected
for length, body mass, skeletal age, or pubertal stage. This is
especially the case in children with an underlying disease

Table 3.2 Overview of bone densitometry techniques (for comparison
the natural background dose in the Netherlands is approximately 2.5
millisievert per year, whereas a transatlantic flight is approximately
0.05 millisievert) [107, 108]

Radiation
Technique Bone type Skeletal site  Parameters dose?
DXA® Integral Lumbar spine  BMC* (g/cm), 0.0024—
BMD! (g/cm?), 0.0040
BMabDe (g/
cm?)
Hip BMC (g/cm), 0.0024—
BMD (g/cm?), 0.0054
BMaD (g/cm?)
Total body BMC (g/cm), 0.0010-
BMD (g/cm?)  0.0034
DXR' Integral Hand BMD (g/cm?)  0.0001
QCTe Cortical— Spine BMC (g), 0.59-1.09
trabecular (L1-L2) vBMD (g/
cm?), CSA"
(cm?)
Forearm BMC (g), 0.01
vBMD (g/cm?)
pQCT Cortical— Forearm/tibia BMC (g), <0.003
trabecular vBMD (g/
cm?), CSA
(cm?)
HR-pQCT Cortical— Forearm/tibia BMC (g), <0.005
trabecular vBMD (g/
cm?), CSA
(cm?)
QUSk Integral Heel, fingers, SOS' (m/s), 0
radius, tibia.  BUA™ (dB/
MHz),
AD-Sos"
(m/s), BTT
(ms)
MRI Cortical— Central and Trabecular 0
trabecular  appendicular  parameters
skeleton

* Radiation dose in millisievert

® Dual-energy X-ray absorptiometry

¢ Bone mineral content

¢ Bone mineral density

¢ Bone mineral apparent density

! Digital X-ray radiogrammetry

¢ Quantitative CT

" Cross-sectional area

! Peripheral quantitative CT

J High-resolution peripheral quantitative CT
¥ Quantitative ultrasonography

! Speed of sound

™Broadband ultrasound attenuation

" Amplitude-dependent speed of sound
° Bone transmission time

affecting one or more of these parameters. However, for
every potential correction a potential error is also introduced.
It is therefore important that the clinician who requests a
bone densitometric study realizes the advantages but also the
drawbacks of bone densitometry.

Finally and perhaps most important is the relation of frac-
ture risk based on the bone densitometry findings. Although
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Fig.3.19 Dual-energy X-ray
absorptiometry of the lumbar
spine of a five-year-old boy
showing a low BMD for age

in adults a lot of strong evidence with respect to the predictive
value of bone densitometry has been published, this is not
the case for paediatrics [110-112]. Given the lack of consen-
sus and limited amount of evidence, it would be unwise to
use the outcome of bone densitometry studies as foundation
for legal reports.

3.9 Post-Mortem Imaging

When a child dies suddenly and unexplained or in case of
suspected unnatural death, the use of imaging techniques is
part of the standard procedures of the post-mortem exami-
nation. The examination is of importance in the death of
each minor. Although in physical child abuse skeletal lesions
rarely have a life-threatening character, during autopsy they
often are one of the strongest radiological indicators of
physical child abuse. In all cases of sudden unexpected
death in infancy (SUDI) defined as ‘All cases in which there
is death (or collapse leading to death) of a child, which
would not have been reasonably expected to occur 24 h pre-
viously and in whom no pre-existing medical cause of death
is apparent’, post-mortem skeletal imaging according to the
RCR guideline is mandatory. This can be complemented by
a CT scan and/or MRI, even if an autopsy will be performed.
The radiological examination is a very valuable addition to
the autopsy and may direct the investigation [113, 114]. In
the Netherlands, an evidence based national guideline for
post-mortem imaging in a clinical setting of SUDI has been
published [115, 116]. Although this guideline was specifi-
cally developed for a clinical setting, it can of course also be
applied to a forensic medical setting. Recently, the European
Society of Paediatric Radiology and the International
Society of Forensic Radiology and Imaging issue a joint
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statement on a PMCT protocol [117] (Fig. 3.20). As men-
tioned earlier in this chapter, 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 sus-
pected [26]. This examination should be considered obso-
lete, also in post-mortem evaluation. It is of interest to note
that a 2009 American survey study into the use of skeletal
surveys in a forensic post-mortem setting yielded rather
poor results [118]. Of the respondents 29% reported the rou-
tine use of a babygram, 73% only 1-5 views, and only 5%
more than 16 views. There thus seems to be a large discrep-
ancy between the clinical setting and the post-mortem
forensic setting.

During a full autopsy of a child, conspicuous fractures
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 may be overlooked,
such as a CML, since the ends of the long bones are not rou-
tinely inspected at autopsy. There is also a reasonable chance
that rib fractures (especially when located on the posterior
side) will be overlooked [119].

When the sudden and unexplained death occurred in
non-accidental circumstances, e.g. physical child abuse, it is
not rare to find signs of earlier injuries at post-mortem
radiological examination [120]. In a retrospective study of
McGraw et al. of 106 consecutive post-mortem skeletal sur-
veys, 14 children showed signs of inflicted skeletal injuries
[121]. Sperry and Pfalzgraf describe a 9-month-old child
whose death was initially contributed to cot death [122].
However, post-mortem examination showed healing clavi-
cle 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
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Fig.3.20 Graphic
representation of the
post-mortem CT protocol as
proposed by the European
Society of Paediatric
Radiology and the
International Society of
Forensic Radiology and
Imaging [117]

was the cause of the fractures. Also, Ojima et al. describe
the finding of fractures in a child who died suddenly and
unexplained [123]. This child had undiagnosed osteogenesis
imperfecta.

When it is decided that post-mortem examination with
radiological techniques will take place, this should always
happen prior to autopsy. It is important to recognize that
imaging deceased children, due to rigor mortis or the legal
inability to remove foreign objects, can present with difficul-
ties and that the resulting quality can be lower compared to
imaging a living child [124]. Preferably the images are eval-
uated 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 [125]. Specimen radiography should preferably
be performed on a high-resolution system; in general a mam-
mography system is the technique of choice (Fig. 3.21a—d).

An important development in clinical and forensic pathol-
ogy is the use of post-mortem CT (Fig. 3.22a—c) and MRI
(Figs. 3.23a, b and 3.24a, b) [126-128]. The use of these,
clinically widely used, techniques is evident; also, for lay-
men it produces (when reconstructions are used) an image
they can understand, and that is suitable for presentation in
court cases. Furthermore, it provides calibrated three-
dimensional measurements and long-term storage of images.
However, post-mortem imaging also has its disadvantages.
Firstly, obviously there is no blood circulation, which makes
it difficult to use contrast media. A possible solution to this
problem has been developed by the ‘Virtopsy project’ in

Reconstructions

Bern, where after perfusion with paraffin oil and with the use
of a heart-lung machine it was still possible to produce an
angiography [126]. A second, even more important problem
is the interpretation of the CT and MRI images. Where radi-
ologists are experienced in evaluating the images of living
patients and pathologists are experienced in the performing
and interpreting autopsies, there is little or no overlapping
knowledge. This may lead to problems in interpretation; for
example when air is seen in the portal system (Fig. 3.25). In
living patients this is a rare finding, but in post-mortem CTs
of critically ill patients, this is regularly found. Shiotani et al.
described portal air in 33% of 190 post-mortem CTs [129].
To date most forensic PMCT studies have focused on the
adult population [130-132]. Most paediatric post-mortem
studies have focused on a very young population, including
foetuses, making use of PMMRI which makes it difficult to
incorporate their findings in a forensic setting [133].In chil-
dren there only have been a few studies published on the use
of PMCT in a forensic setting [134—137]. These three studies
have shown somewhat conflicting results with respect to the
sensitivity and specificity related to the cause of death. In a
series of 18 children under the age of 2 years, in whom a
cause of death was found at autopsy, Proisy et al. found that
this was in accordance with PMCT in 15 cases (83%) [135].
Krentz et al. reported on a series of 26 children aged
0-12 years; in this series consisting of a mix of cases useful
findings were more frequently detected by autopsy compared
to PMCT (192 out of a total of 244 findings) [134]. Sieswerda
et al. reported on a series of 98 children where CT and autopsy
identified the same cause of death in 66/98 cases [136]. They
found an important influence of the case mix with respect to
the concordance between PMCT and autopsy, 59-67% con-
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Fig. 3.21 (a) Chest radiographs shows multiple rib fractures with cal-
lus formation, among others on the lateral aspect of the fourth left rib
(inset). (b) CT of the chest clearly shows the rib fracture of the fourth
left rib. (¢) 3D reconstruction of the chest in a bone window showing

cordance in unnatural deaths compared to 0% agreement to
natural deaths. More recently, Shelmerdine et al. performed a
retrospective study in 136 cases, 74 (54.4%) boys and 62
(45.6%) girls with a mean age of 2 years and 1 month (range:
2 days—14.7 years) [137]. In 77 cases, autopsy revealed a
definitive cause of death; of these cases in 55 (71.4%) PMCT
had a similar cause of death. For the whole population PMCT
identified 40.4% (55/136) of the main pathologic findings. In
this mixed study, containing unexplained deaths as well as
forensic cases, there were depending on body area varying
diagnostic accuracy rates. There were high diagnostic accu-
racy rates for neurologic findings (75.6%) and musculoskel-

the rib fracture of the fourth left rib. (d) Specimen radiograph clearly
shows the rib fracture of the fourth left rib (arrow) but also a healing
fracture of the neck of the fourth right rib (inset)

etal findings (98.4%), whereas there were significantly lower
rates for thoracic (64.7%), abdominal (53.8%), and cardio-
vascular (31.3%) findings. Overall it can be concluded that in
all studies PMCT excelled in the detection of skeletal pathol-
ogy and autopsy excelled in soft tissue findings. Despite the
differences between these studies, it can be concluded that
PMCT and autopsy should be considered to be complemen-
tary modalities.

Although post-mortem radiology is still in full develop-
ment, and its values and limitations will have to be proven in
the future, it seems obvious that after its successful introduc-
tion into the clinic it will now also find its place in pathology.
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Fig.3.22 (a) Found demised
neonate, PMCT shows gasless
lungs as a sign that the
neonate died in utero. (b) 3D
reconstruction shows a
normally developed skeleton.
(c) Based on the length
assessment of the left femur
the gestational age was
calculated to be 37 weeks (SD
2.1 weeks) [151]
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Fig. 3.23 (a) Deceased neonate, found in a refuse container. Post-mortem S = stomach; arrow = right atrium; arrow point = umbilical cord) (b)
T2-weighted MRI shows oedema around the blood vessels in the neck (open  Autopsy (seen from above) shows a haematoma around the blood vessels on
arrow). Also, the neonatal anatomy is clearly visible. (* = thymus; L =liver;  the right side of the neck (open arrow), possibly the result of strangulation
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Fig. 3.24 (a) Fatal birth trauma C4-C5 distraction fracture. (b) Post-mortem MRI shows the known distraction but also a spinal cord transection

(arrow)

Fig. 3.25 Post-mortem CT shows portal air as a normal post-mortem
finding

3.10 Radiation Dose in Imaging Suspected
Child Abuse

Over the past decades, there are growing concerns about the
small but potential adverse effects of ionizing radiation used
in medical imaging [138—141]. There are two types of
adverse effects related to the use of ionizing radiation, deter-
ministic and stochastic. Deterministic effects are character-
ized by a dose-related increase in risk and associated severity
of outcome. They only occur above a threshold dose and

examples include radiation-induced dermatitis and cataract.
Stochastic effects, on the other hand, are caused by a
radiation-induced mutation or other permanent change in
cells which otherwise remain viable. Examples of stochastic
effects include cancer and hereditary effects. The probability
of stochastic effects increases with dose without a threshold,
which means that even a small X-ray dose has the potential
to cause a base change in DNA, and that the severity of the
outcome is not related to the dose. These small but not negli-
gible health risks of the use of ionizing radiation is of par-
ticular concern in children as their tissues are more
radiosensitive than adults and they have more years ahead in
which cancerous changes might occur.

The term usually used to describe the effect of ionizing
radiation is ‘effective dose’, which reflects a rough estimate
of the whole body dose based on summed dose values to
important critical organs and tissues within the exposed body
area multiplied by ICRP103 weighting factors (wT). It
allows for comparison of risks among various radiological
imaging techniques and is measured in units of milliSievert
(mSv). There are different ways to express radiation dose
such as background equivalent radiation time (BERT), criti-
cal organ dose (COD), surface absorbed dose (SAD), dose
area product (DAP), diagnostic acceptable reference level
(DARLing), and effective dose (ED) [142]. In explaining
effective dose to parents/caretakers the easiest is to use the
background equivalent radiation time (BERT), in which the
exposure is compared to the annual natural background radi-
ation exposure such as natural radioactive substances in the
air, soil, and environment to which the population is exposed
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on a daily basis. Depending on where you live the annual
background radiation exposure differs slightly, but on aver-
age this is 2.4 mSv per year [143]. There are numerous
sources that expose us to radiation, in Table 3.3 some of

Table 3.3 Overview of natural background radiation sources com-
pared to a skeletal survey

Radiation dose Weeks of natural

Source (mSv) background radiation
Coast-to-coast US flight ~ 0.035 0.75
[148]
Transatlantic flight [149]  0.08 1.7
Follow-up skeletal survey 0.1 2.2
[141]
Skeletal survey [8, 139, 0.06-0.2 1.3-4.3
141]
Annual food intake [150] 0.3 6.5
Head CT [145] 1.6 34.7
Bone scintigraphy [141] 2.27 49.2
One year annual 2.4
background radiation
[143]
Ingestion of other
natural radionuclides
2%
Ingestion of
Pb-210/Po-210
6%
Ingestion of
K-40
1% _\

Inhalation of Thoron
12%

~

Inhalation of Radon /

28%

-\ of C-14
e

these sources and the radiological exams used in evaluating
child abuse cases are presented, Fig. 3.26 shows a break-
down of the sources of natural back. The U.S. Nuclear
Regulatory Commission (NRC) has an online calculator,
focused on America, to calculate your personal annual radia-
tion exposure, this might be useful in educating parents
about the perceived risk of radiation [144].

Berger et al. investigated the effective dose of the skeletal
survey based on the recommendations of the American
Academy of Pediatrics and consisting of 15 different radio-
graphs [139]. The radiographic examinations were acquired
using an X-ray system with a digital flat panel detector and
manually set technique factors optimized to provide a high-
quality diagnostic image at the lowest possible radiation
dose. Based on Monte Carlo simulations, the total effective
dose of the 15 radiographs was estimated to be 0.2 mSv for
both female and male infants. Similar results were found in a
recent study published in 2019 by Rao et al. [141]. They
investigated the effective dose of a skeletal survey compliant
with the national guideline and based on the most recent

Cosmic radiation,
additional due to flights
4%

Ingestion

Cosmic radiation at
ground level
13%

/

_— Terrestrlza;'adlatlon

\ Gamma radiation from
building materials
21%

Fig. 3.26 Break-down of the sources of natural background radiation [152]. The first four causes are external radiation, the following two are
caused by inhalation, and the last four are the result of ingestion of radio isotopes
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ACR and RCR/SCoR guidelines. This skeletal survey
included at least 14 different radiographs (19 in the absence
of a paediatric radiologist), whereas the follow-up survey
included fewer radiographs. The mean effective dose was
0.20 mSv (95% CI 0.18-0.22) for the initial skeletal survey
and 0.10 mSv (95% CI 0.08-0.11) for the follow-up survey.
They also looked at the mean effective dose of CT head,
which delivered a mean effective dose of 2.49 mSv (95% CI
2.37-2.60). In a minority of patients in their study cohort a
bone scintigraphy was performed, with a mean effective
dose of 2.27 mSv (95% CI 2.11-2.43). Finally, in a recent
newborn phantom study by Hampel et al. effective doses of
approximately 0.06-0.09 mSv were found for a skeletal sur-
vey according to the RCR/SCoR guidelines [8]. Therefore,
from these studies it can be concluded that (optimized) skel-
etal surveys deliver a relatively low effective dose of ionizing
radiation, and that the benefits of early detection of physical
abuse certainly outweigh the potential risks of the use of ion-
izing radiation. This seems to be true for the use of CT head
(estimated dose 1.6 mSv [145]) in case of suspected abusive
head trauma, although for non-acute head injury presenta-
tions MRI is preferred to keep the radiation dose to the child
as low as reasonably achievable. In a large meta-analysis
published in 2020, the authors concluded ‘no evidence of an
increased risk of all cancers was observed after X-ray expo-
sure’ [146]. For CT this isn’t so clear cut, based on pooled
results from studies on CT exposure during childhood, the
life risk for leukaemia and brain tumours seems higher.
However, these published studies all suffer from different
levels of methodological limitations and given the fact that
long-term data is needed the scans were made with signifi-
cantly higher radiation exposures as are used in modern day
scanners. For the true impact of the life risk of cancer after
diagnostic paediatric CT, we will have to wait for the results
of the ongoing European EPI-CT study [147].
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