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Alfter reading this
article and taking
the test, the reader
will be able to:
m Describe the com-
mon injury patterns
in abused children.

m Recognize the im-
aging features of in-
flicted metaphyseal
and rib fracture, in-
terhemispheric hem-
orrhage, and hollow
organ abdominal in-
jury in children.

m Discuss the biome-
chanical basis of
common abusive in-
juries.
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In the United States, roughly one of every 100 children is subjected to
some form of neglect or abuse; inflicted injury is responsible for approxi-
mately 1,200 deaths per year. Child physical abuse may manifest as virtu-
ally any injury pattern known to medicine. Some of the injuries observed
in battered children are relatively unique to this population (especially
when observed in infants) and therefore are highly suggestive of nonacci-
dental, or inflicted, injury. Worrisome injuries include rib fracture, me-
taphyseal fracture, interhemispheric extraaxial hemorrhage, shear-type
brain injury, vertebral compression fracture, and small bowel hematoma
and laceration. As noted, however, virtually any injury may be inflicted;
therefore, careful consideration of the nature of the injury, the develop-
mental capabilities of the child, and the given history are crucial to deter-
mine the likelihood that an injury was inflicted. The majority of these inju-
ries are readily detectable at imaging, and radiologic examination forms
the mainstay of evaluation of child physical abuse. Detection of metaphy-
seal fracture (regarded as the most specific radiographically detectable
injury in abuse) depends on high-quality, small field-of-view radiographs.
The injury manifests radiographically as a lucent area within the subphy-
seal metaphysis, extending completely or partially across the metaphysis,
roughly perpendicular to the long axis of the bone. Acute rib fractures
(which in infants are strongly correlated with abuse) appear as linear lu-
cent areas. They may be difficult to discern when acute; thus, follow-up
radiography increases detection of these fractures. For skull injuries, radi-
ography is best for detecting fractures, but computed tomography and
magnetic resonance imaging best depict intracranial injury.

Abbreviations: BAPP = beta amyloid precursor protein, CML = classic metaphyseal lesion, NAHI = nonaccidental head injury, SAH = subarach-
noid hemorrhage, SDH = subdural hemorrhage, Tc-MDP = technetium-99m methylene diphosphonate
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Figure 1.

Violent shaking and squeezing of an infant may result in subdural hemorrhage (top right diagram) and

shear-type brain injury, rib fracture (middle right diagram), and metaphyseal fracture (lower right diagram). These
injuries are fully described and illustrated in subsequent sections.

Introduction
The intentional infliction of pain and suffering,
both physical and emotional, on children is a dis-
tressingly common occurrence. Harm by caretak-
ers may be categorized as neglect (63% of cases),
physical abuse (19%), sexual abuse (10%), and
psychologic abuse (8%). In the United States in
the year 2000, approximately 1,200 children died
as a result of inflicted trauma or neglect, repre-
senting a rate of 1.7 per 100,000 children. The
youngest children are the most vulnerable: Chil-
dren less than 1 year of age account for 44% of all
abuse-related fatalities. Three million cases of
suspected abuse were reported in 2000; 879,000
of these cases were substantiated, representing
1.22% of U.S. children. Parents accounted for
77% of perpetrators (1).

The rate of victimization decreases as age in-
creases: From birth to 3 years of age, 15.7 per
1,000 children are abused or neglected, compared
with 5.7 per 1,000 for the 16—17-year-old group.

Girls are abused slightly more often than boys
when all forms of abuse are considered together
(12.8 vs 11.2 for girls and boys, respectively, per
1,000 children). However, in the subcategory of
child sexual abuse, girls are more than four times
as likely to be victims than boys (1.7 vs 0.4, re-
spectively, per 1,000 children) (1). Physicians
and other allied health professionals are man-
dated by law in all 50 states and the District of
Columbia to report suspected abuse within 48
hours to Children’s Protective Services (2).

The first description of child physical abuse
was by the French forensic physician Ambrose
Tardieu (3) in 1860. The next mention in the
medical literature was not until 1946, when the
American pediatric radiologist John Caffey (4)
described six infants with long bone fractures and
subdural hematomas. He postulated that these
injuries were inflicted and later (1957) described
the metaphyseal fracture, which remains to this
day the most specific injury in child abuse (5).
Kempe et al (6) in 1962 coined the term battered
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Figure 2.
5-year-old boy. Frontal radiograph shows a trans-
verse fracture of the diaphysis in femoral pin trac-
tion. The mother’s boyfriend confessed to push-
ing a television cabinet on top of the boy.

Femoral shaft fracture in an abused

child syndrome to describe metaphyseal fracture
and other injuries typical of abuse. In 1971,
Guthkelch (7) was the first to invoke shaking as
the causative mechanism in abusive head injury.
Paul Kleinman and colleagues (8-17), beginning
in the 1980s and continuing today, have contrib-
uted extensively to our understanding of the
pathophysiology and mechanisms of injury in
child physical abuse. This article reviews the inju-
ries commonly observed in child physical abuse,
with special emphasis on those injuries that are
highly specific or suggestive of abuse (Fig 1). We
discuss the radiologic injury patterns commonly
discovered in physically abused children, with
special emphasis on the biomechanical forces that
produce the injuries, their pathologic and radio-
logic appearances, and forensic implications of
certain features (such as evidence of fracture heal-
ing) of the injuries.

Skeletal Injury
Skeletal injury is the most common abuse-related
injury (excluding pure soft-tissue injuries such as
bruising). Virtually every type and location of
fracture has been documented in abused children.

Lonerganetal 813

The prevalence of fracture varies with report and
the population studied. Fracture is documented
in 11%-55% of physically abused children (18—
20). In one large series of abuse-related fractures
(429 fractures), when all pediatric age groups
were considered together, 76% of fractures were
in the long bones (Fig 2); 8%, the skull; and 8%,
the rib cage (21).

Children less than 18 months of age sustain
some unusual injuries because of their immature
skeletons and unique mechanisms of injury (such
as violent shaking). Metaphyseal and rib frac-
tures, in particular, are rarely found in older chil-
dren with abuse-related injury, but when discov-
ered in infants, these fractures are highly specific
for abuse. Thus, the low frequency of these le-
sions in large fracture series belies their common
occurrence in infants. In studies of fracture pat-
terns in infants, rib fractures constitute 35 %-—
60% of fractures (9,22). Although long bone shaft
fractures are often seen in abused infants, me-
taphyseal fractures are the most common long
bone fracture in this population. Postmortem
specimen radiographic studies of infants yield
significantly increased detection of rib fracture; in
this population, rib fractures are more common
than long bone fractures of any type (9).

Metaphyseal Fracture
Of all the injuries observed in child physical
abuse, none is more specific than the metaphyseal
fracture. First described in 1957 by the eminent
pediatric radiologist John Caffey (5), metaphyseal
fracture is virtually pathognomonic of abuse (8).
Kleinman et al (9,12-15) coined the term classic
metaphyseal lesion (CML) to describe the injury.
CMLs are relatively common in abused infants
and are discovered in 39%-50% of abused chil-
dren less than 18 months of age (9,22). Thus,
CMLs are highly specific for abuse, although they
are observed in half or fewer of cases. Overall,
CMLs most often occur in the distal femur,
proximal tibia, distal tibia, and proximal humerus
(8,12-15,22). They are seen almost exclusively in
children less than 2 years of age for reasons de-
tailed in the following biomechanical discussion.
The CML is a series of microfractures across
the metaphysis; the fracture line is oriented essen-
tially parallel to the physis, although it may not
travel the entire width of the bone (8). Its orienta-
tion perpendicular to the long axis of the bone
reveals that the precipitating force is a shearing
injury across the bone end. Shearing in this man-
ner is a peculiar force for a long bone to sustain,
since it is the result of differential horizontal mo-
tion across the metaphysis and is therefore not a
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a.
Figure 4.

b.

Acute CML in a fatally abused 2-month-old child. (a) Specimen radiograph of the proximal left

humerus shows the subtle lucency of the CML (arrows). (b) Photomicrograph (unmagnified, hematoxylin-
eosin stain) shows disruption of the calcified cartilage cores of the primary spongiosa (arrows). (Case courtesy
of Paul K. Kleinman, MD, The Children’s Hospital, Boston, Mass.)

feature of falls or blunt trauma (23,24). The force
is generated by manual to-and-fro manipulation
of the extremities (eg, holding and shaking an
infant by the feet or hands or shaking the infant
while he is held around the chest, with the limbs
whiplashing back and forth and sustaining hori-
zontal shear forces) (8). Therefore, CML is seen
almost exclusively in children less than 2 years of
age—those children who are small enough to be
shaken violently and who are unable to protect
their extremities (24,25). Fortunately, the long-
term sequelae of CML appear to be minimal
(26).

Pathologic Characteristics.— The elegant
work of Kleinman and colleagues in the 1980s
established the histologic definition of the CML
as a series of microfractures in the subepiphyseal
region of bone. This region is the primary spon-
giosa, and it is the most immature area of the
mineralized matrix in the growing metaphysis.
Interestingly, it is this immature mineralized
bone, and not the adjacent cartilaginous physis,
that is disrupted by shearing forces. Microfrac-
tures extend variably across the metaphysis and
may completely or partially traverse it. When
complete, the fracture fragment may be concep-
tualized as a wafer or disk of bone (primary spon-
giosa), separated from the shaft by the series of
metaphyseal microfractures (Fig 3). The edge
(rim) of the CML tends to be thicker than its cen-
ter, since at the periphery the microfractures usu-
ally angle obliquely toward the diaphysis, thus
creating a rim of relatively thicker bone at the pe-
riphery of the disk-shaped fracture fragment. The

Figure 3.

Diagram depicts the discoid me-
taphyseal fracture fragment (arrows).

more central microfractures are closer to the phy-
sis, resulting in a considerably thinner central re-
gion of the fracture fragment. The CML, when
complete, is a disk with a broad, thin center and a
thick circumferential rim (8).

Acute CML manifests as disruption of the
bony trabeculae in the primary spongiosa (Fig 4).
The columns of calcified cartilage extending into
the metaphysis are also disrupted. Periosteal dis-
ruption and extension into the physis are rela-
tively rare (8). When the acute CML heals, there
is an increase in the number of regional osteo-
blasts and osteoclasts, as well as fibrin deposition.
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Figure 5. Subacute CML in a fatally abused 7-week-
old boy. (a) Specimen radiograph of the distal femur
(overlying soft tissue removed) shows irregular lucency
of the medial femoral metaphysis (arrow). (b) Photo-
graph of the fixed, bivalved femur shows physeal carti-
lage extension into the metaphysis (arrow). (c¢) High-
power photomicrograph (original magnification, X100;
hematoxylin-eosin stain) of the physis reveals hypertro-
phied chondrocytes (black arrow) growing into the me-
taphyseal fracture site (white arrows).

There is typically no periosteal disruption, and
little or no callus is formed. However, changes at
the physis subjacent to a CML may indicate a
subacute CML.

A review of normal longitudinal bone growth
at the physis will help clarify the discussion of the
subacute CML. The normal physis (the cartilagi-
nous growth plate situated between the epiphysis
and metaphysis) is a disk of chondrocytes that
extends in columns toward the metaphysis. With
growth, the juxtametaphyseal chondrocytes
(which form the hypertrophic zone of the physeal
cartilage) die, and mineralization of the osteoid
around the cartilage columns occurs. Thus, there
is progressive mineralization of the hypertrophic
(juxtametaphyseal) zone of the physis, such that
longitudinal bone growth proceeds at the me-
taphysis. This pattern of metaphyseal growth de-
pends in part on a normal vascular supply to the

hypertrophic zone of physeal cartilage, which is
derived from the metaphysis (27). Studies have
shown that disruption of the vascular supply leads
to an abnormally thick physis, representing di-
minished mineralization at the chondroosseous
junction (28). Similar changes at the chondro-
osseous (physeal-metaphyseal) junction have
been observed in the CML, occurring distal to,
not within, the metaphyseal injury. It is believed
that the CML disrupts blood supply to the more
distal metaphyseal fragment and its neighboring
hypertrophic zone, resulting in persistence of the
hypertrophic zone and diminished matrix miner-
alization. Thus, unaffected regions of the me-
taphysis-physis complex grow and mineralize nor-
mally around the injured area; however, the area
distal to the CML does not mineralize normally,
and the chondrocytes persist abnormally. At his-
tologic analysis, this pattern appears as an area of
focal or diffuse (depending on the extent of the
CML) hypertrophic chondrocyte columns in the
primary spongiosa (Fig 5) (10). One study found
this pattern in 15 of 15 healing CMLs; in the
same study, only one of 25 fractures in which this
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a.

b.

Figure 6. CML in an abused 2-month-old girl. (a) Frontal radiograph of the ankle shows
a rim of bone (arrow) separated from the tibial shaft by the metaphyseal fracture lucency,
giving the appearance of a bucket handle. A CML of the distal fibula is also faintly seen (ar-
rowhead). (b) Lateral radiograph depicts the tibial and fibular fractures as corner fractures

(arrows).

finding was missing demonstrated evidence of
healing. No acute fractures in this study showed
physeal cartilage extension into the metaphysis
(29). The extension of hypertrophic cartilage into
the primary spongiosa is an excellent indicator of
a subacute CML.

Radiologic Appearance.—The radiologic ap-
pearance of the CML correlates very closely with
its histologic counterpart. It manifests as a lucent
area within the subphyseal metaphysis, extending
completely or partially across the metaphysis,
roughly perpendicular to the long axis of bone.
Because the wafer of bone that is the fracture
fragment may have a very thin center, this region
may be radiographically occult. The thicker pe-
ripheral rim is more readily visible and appears as
a triangular fragment when viewed in profile
(commonly referred to as a corner fracture). If the
fragment is separated from the remainder of the
long bone by a prominent fracture lucency, or if
the fracture is viewed at a slightly oblique angle,
the thick rim may be visible as a curvilinear struc-
ture resembling a bucket handle (Fig 6). Thus,
the appearance varies with the length and width
of the fracture fragment (ie, how far across with
metaphysis the fracture extends), as well as its
position at radiography (8). Healing of CML is
often difficult to assess, because callus and sub-
periosteal new bone formation are both unusual.
Focal or diffuse extension of the physeal cartilage
into the metaphysis, manifested as metaphyseal
lucency, is a highly specific indicator of healing,

although exact estimation of fracture age cannot
be determined from this finding alone (Fig 5)
(29).

Skeletal scintigraphy may demonstrate in-
creased uptake of technetium-99m methylene
diphosphonate (Tc-MDP) at the CML (Fig 7).
However, this finding may be subtle, especially if
the examination is not of technically excellent
quality and the reader is not experienced in pedi-
atric scintigraphic interpretation. Normal young
children may exhibit intense uptake of Tc-MDP
at the metaphyses, making it difficult to recognize
abnormally increased uptake, especially if it is
bilateral. Conway et al and others, in a report of
two studies and review of the literature, conclude
that skeletal scintigraphy is best conceived as
complementary in the evaluation of suspected
child abuse (24,30). The American Academy of
Pediatrics Section on Radiology reached a similar
conclusion in a recent recommendation (31).
Scintigraphy is superior, however, to plain radiog-
raphy for the detection of some injuries, particu-
larly rib fracture.

Rib Fracture

Rib fractures occur in older children and adults as
a result of trauma such as falls and motor vehicle
accidents. In infants without metabolic bone dis-
ease, however, they are distinctly unusual injuries
outside the setting of abuse (32-34). In part, this
reflects the plasticity of the young child’s skeleton
and rib cage, which allows the skeletal structures
to deform (rather than break) until a threshold is
met. Rib fractures in infants are strongly corre-
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Figure 7. Tibial CML in an abused 10-week-old girl. (a) Frontal radiograph demonstrates a CML,
which has a corner fracture appearance (arrowhead). There is subtle periosteal new bone along the me-
dial tibial shaft (arrow). (b) Tc-MDP scan of the lower extremities demonstrates increased uptake along
the right tibial shaft (straight arrow) and metaphysis (curved arrow).

lated with abuse because the mechanism that gen-
erates the fractures is relatively specific. A very
tight hold around the infant chest by adult hands
generates substantial squeezing force on the im-
mature skeleton and may result in fractures of the
anterior, lateral, and posterior aspects of the rib
(35,36). Fractures of the first rib are considered
virtually diagnostic of child abuse, since they re-
quire considerable force (37). In rare cases, rib
fracture (including posterior rib fracture) may be
produced by birth trauma (38,39). All reported

Figure 8. Rib fracture
mechanism in tight squeezing.
Diagram of the midthorax
during tight squeezing reveals
anteroposterior compression,
which causes compression and
fracture of the ribs laterally
(arrow). There is hyperexten-
sion of the posterior rib ends
over the transverse process,
with fracture of the ventral
cortex (black arrowhead). An-
teriorly, the chest wall com-
pression leads to inward bend-
ing of the anterior ribs and
fracture (white arrowhead).

birth-related rib fractures to date have been docu-
mented in large babies (>>3,300 g), difficult deliv-
eries, or both. Of note, one study of 34,946 live
births found no rib fractures (40). Thus, birth-
related rib fracture is a rare but reported event.
The rib cage is a roughly tubular structure,
with 12 paired ribs attached posteriorly to the
spine. When an infant is abusively squeezed
around the chest, different mechanical forces are
exerted on different parts of the rib cage (Fig 8).
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Figure 9. Acute posterior rib fracture in a fatally abused 7-month-old boy. (a) Autopsy photograph of the ventral
surfaces of the right posterior ribs, after the pleura has been removed, clearly shows the acute rib fractures (arrows).
(b) Axial specimen radiograph of one of the injured ribs with its vertebral articulations intact shows that the fracture
(arrow) is limited to the ventral cortex. (The anomaly of the vertebral arch is an artifact incurred during autopsy re-
section.) (c) In an axial photomicrograph (unmagnified, hematoxylin-eosin stain) of one of the injured ribs with its
vertebral articulations intact, the fracture is clearly visible (arrow), as is the cartilage of the rib head (*) and rib tu-

RadieGraphics

bercle (#).

Posteriorly, the ribs are attached relatively tightly
to the vertebral bodies and transverse processes;
as the posterior rib arcs are squeezed, the poste-
rior rib arc is levered over the transverse process,
resulting in ventral (and sometimes complete)
cortical disruption (41-44). This levering action
is unusual; it is not a feature of most traumatic
and iatrogenic (eg, cardiopulmonary resuscita-
tion) forces. For this reason, posterior rib fracture
in particular is highly specific for inflicted trauma.
Laterally, squeezing creates both anterior and
posterior compressive forces, resulting in buckling
and impaction of the inner cortex and distraction
of the outer cortical fracture margins (44). At the
costochondral junction, sternal compression pro-
duces inward bending of the costochondral junc-
tion, also leading to fracture (44). Thus, tight
squeezing of the infant’s chest results in a com-
plex array of compressive and levering forces that
leads to fractures of the posterior, lateral, and an-

terior rib. Because the forces are distributed in an
area similar to the size of the perpetrator’s hands,
fractures are typically seen in similar locations in
multiple adjacent ribs and are often bilateral.

Pathologic Characteristics.—Acute fractures
of the rib are characterized by disruption of the
cortex and subjacent bony trabeculae (Fig 9).
Hemorrhage is often observed at the fracture site;
the periosteum may be intact or disrupted. Frac-
ture healing rapidly ensues and may be divided
into four stages: inflammation, soft callus (also
called reparative), hard callus, and remodeling.
Initially, an intense inflammatory response is elic-
ited by the necrotic bone ends at the fracture site.
Cells delivered by blood vessels (predominantly
in the periosteum) enter the hematoma, which
serves mainly as a scaffold for the repair process
(45). The invading cells produce fibrous tissue,
cartilage, and finally immature (woven) bone (Fig
10). The soft callus phase of repair is heralded by
the appearance of woven bone and cartilage. The
woven bone will remodel into mature lamellar



RadieGraphics

RG B Volume 23 « Number 4 Lonerganetal 819

Figure 10. Acute lateral and healing posterior rib fractures in a fatally smothered 7-week-old boy. (a) Frontal chest
radiograph of the deceased infant reveals widening of the posterior right third through eighth ribs (arrows). (b) Mag-
nified view of the lower lateral left chest wall reveals fractures of the lateral left seventh and eighth ribs, without callus
(arrows). (c) Specimen radiograph of the anterolateral part of the left eighth rib reveals a fracture of the inner cortex
(arrow). (d) Autopsy photograph of the resected chest cage shows the healing posterior rib fractures (arrows), which
are subtle but distinctly larger and more bulbous than the contralateral normal posterior ribs. (e) Axial specimen ra-
diograph of the right sixth posterior rib clearly shows the fracture callus (arrow). The vertebral articulations and the
contralateral left sixth rib in the specimen are intact. (f) Axial photomicrograph (unmagnified, hematoxylin-eosin
stain) of the rib fracture depicted in e shows mineralized callus (arrow).
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Figure 11. Posterior rib fractures in an
abused 3-month-old girl. Frontal chest
radiograph reveals fractures without visible
callus (white arrows) of the posterior
eighth through tenth ribs. The posterior
left fourth through seventh ribs are slightly
thicker and more opaque than the oppo-
site, normal right posterior ribs, indicating
healing posterior rib fractures (black ar-
TOws).

RG H Volume 23 « Number 4

Figure 12.

bone (hard callus); at this time, the fracture line is
bridged by callus and solidly united (46,47). Over
the following months (and even years), more tra-
becular bone will be laid down along stress lines
and the marrow cavity will be reconstituted (48,
49). Within different parts of a given fracture,
competing inflammatory and callus-forming ac-
tivities may occur at the same time.

Radiologic Appearance.—Acute rib fractures
appear as linear lucent areas (which may be com-
plete or incomplete) across the rib (Fig 11). How-
ever, acute rib fractures may be quite difficult to
discern, especially if the fracture is incomplete,

Increased rib fracture conspicuity over time in an abused 5-month-old boy. (a) Frontal chest radio-
graph obtained at presentation with seizure reveals right lateral sixth rib fracture with callus (arrow) and possibly frac-
tures of the right lateral fourth, fifth, and seventh ribs. (b) Frontal chest radiograph obtained 2 weeks later depicts
healing right lateral fourth through seventh rib fractures (white arrows). New from comparison is callus of the poste-
rior left seventh through tenth ribs (black arrows). Also noted are fractures of the anterior left fourth through sixth
ribs (arrowheads).

nondisplaced, or viewed in an area with many
superimposed structures or if the fracture line is
oblique to the x-ray beam. Fractures of the rib
head (at the costovertebral articulation) are par-
ticularly difficult to appreciate radiologically for
all of these reasons, because they are often super-
imposed on the transverse process, are nondis-
placed, and are oriented obliquely relative to the
x-ray beam (41). In a series of 29 posterior rib
fractures, only four were clearly visible at high-
detail frontal radiography (42). With healing,
most fractures become more visible, as subperios-
teal new bone and callus become evident (Fig
12). Thus, follow-up radiography performed sev-
eral weeks after the injury increases detection of
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b.

Radiographically occult posterior rib fractures detected at bone scintigraphy in an abused 1-month-old

boy. (a) Frontal chest radiograph reveals subtle increased width of the posterior sixth and seventh ribs (arrows).

(b) Posterior Tc-99m MDP scan obtained the same day demonstrates increased uptake in multiple adjacent poste-
rior left ribs. Incidentally noted is increased uptake of both proximal humeri, determined at skeletal survey to be sec-
ondary to a CML of the left proximal humerus (arrowhead) and periostitis of the right proximal humerus (*).

a.

b.

Figure 14. Healing posterior rib fracture in an abused 2-month-old girl. (a) Frontal chest radiograph shows focal
widening of the posterior left ninth rib (arrow). (b) Axial CT scan of the chest windowed for bone detail shows the

posterior rib fracture with callus (arrow).

rib fracture (50). Fractures involving the anterior
and posterior ends of the ribs sometimes have an
injury pattern very similar to that of the CML;
indeed, the chondroosseous junction of the rib
ends is analogous to that of long bones. Callus
may not become evident when fractures of the rib
occur in these locations, rendering them difficult
to see even when healing. Oblique chest radiogra-
phy (performed with high-detail systems and
bone technique) and bone scintigraphy are espe-
cially helpful for the improved detection of rib
fracture (50). In one study, scintigraphy demon-
strated radiographically occult rib fractures in

10% of abused children (51). Other studies con-
firm that scintigraphy is sensitive for the detection
of abuse-related fracture and is a useful adjunct
to the radiographic skeletal survey (Fig 13) (30,
52,53). To increase detection of rib fracture,
oblique chest radiography, bone scintigraphy, or
follow-up chest radiography in 2 weeks is recom-
mended (54). Computed tomography (CT) is a
valuable adjunct, although no studies comparing
CT with established imaging modalities for the
detection of nonaccidental skeletal injury have
been reported to date (Fig 14).
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Cardiopulmonary Resuscitation and Rib
Fracture in Children.—Cardiopulmonary re-
suscitation (CPR) may result in rib fracture, al-
though fracture is considerably more common in
adults than in children receiving CPR (55). Nu-
merous reports in the literature attest to the rarity
of CPR-related rib fracture in children. Four se-
ries described a total of 446 children who under-
went CPR, of whom three had CPR-related rib
fracture. Notably, all of these fractures involved
the anterior ribs (56-59). The highly specific pos-
terior rib fracture has never been definitively
documented to result from CPR. In an experi-
mental study on CPR in rabbits, no posterior rib
fractures could be induced, despite vigorous chest
compression. Axial CT performed during chest
compression helped confirm that levering of the
posterior rib over the transverse process does not
occur when the back is supported, as it is during
CPR (back support limits excursion of the poste-
rior rib arc relative to the spine, therefore limiting
levering of the posterior rib head over the trans-
verse process) (43). Thus, posterior rib fracture is
highly specific for abuse and does not result from
CPR. Not surprisingly, it has never been docu-
mented in the scientific literature.

Fracture Healing in Children

The process of fracture healing described in the
preceding sections occurs in children as in adults.
Questions arise about the age of fractures in
abused children, since there may be more than
one fracture or the history given may be suspect.
Unfortunately, there is little in the literature that
aids us in precise dating of fractures in the very
young child. One study in infants found that sub-
periosteal new bone (soft callus) is visible by 10
days after the injury (60). Another study evalu-
ated the radiologic signs of healing of immobi-
lized fractures in children 1-17 years old with
known fracture ages. The earliest finding was
blurring of the fracture margins, although this was
observed in only 60% of fractures (the presence of
casting material likely made this difficult to dis-
cern in many patients). Periosteal new bone was
not observed before 2 weeks but was seen in all at
4 weeks. Visible (calcified) callus was observed in
all fractures by 4 weeks and was seen as early as 2
weeks in some cases. Incomplete bridging of the
fracture line was noted as early as 3 weeks after
injury, and complete bridging (absence of a vis-
ible fracture lucency) was evident in almost half
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Figure 15. Sacral fracture dislocation in an
abused 2-month-old girl. Lateral radiograph de-
picts a fracture between the fourth and fifth ver-
tebrae, through the intervertebral disk space. The
fifth sacral vertebra and coccyx (arrows) are ante-
riorly displaced. The injury was originally ex-
plained as resulting from a changing table fall;
the mother’s boyfriend later confessed to slam-
ming the child down in a sitting position.

(40%) at 10 weeks (61). For a number of reasons,
care must be taken when extrapolating these find-
ings and conclusions to infants. Rib fractures are
subject to continual motion as a result of breath-
ing and handling; the effect of motion on the ra-
diologic evolution of infant fracture healing is un-
known. Infants appear to heal more quickly than
do older children and adults (46,47).

Other Fractures

Virtually every type of fracture has been described
in the setting of inflicted trauma. Therefore, any
fracture is possibly abusive in origin. Particular
attention should be paid to the age and develop-
mental abilities of the injured child as well as to
the injury and its mechanism. A 6-week-old child,
who cannot yet crawl, is unable to arrive at the
top of a flight of stairs and cause his own fall
down the stairs. Once a child can walk, he is ca-
pable of causing himself considerable harm. The
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Figure 16. Spiral femoral fracture in an abused 3-
month-old boy. Lateral radiograph shows a displaced,
spiral fracture of the femur.

history given for the injury is also extremely im-
portant, since it reveals the degree of force and
how likely the child was to cause his own injury.
Household falls (eg, from a kitchen counter,
changing table, sofa, crib, bed) are common acci-
dents, but they are also frequently fabricated as a
cause of injury by child abusers attempting to
conceal their actions. Household falls infre-
quently result in fracture or other serious injury
(Fig 15). In three separate studies, a total of 529
children sustained falls from heights up to 150 cm
(283 of them were witnessed falling onto hard
vinyl floors in the hospital). These falls resulted in
a total of nine fractures: four skull, four clavicle,
and one humerus (62—64). This represents a
1.7% incidence of fracture from household falls.
A fall down stairs is often offered as an expla-
nation for an inflicted injury. It is important to
note that although a household staircase will typi-
cally traverse 8—10 vertical feet, falls down stairs
are not comparable with free falls of that distance.
Some have characterized a stairway fall as an ini-
tial moderate fall (the initial impact) followed by
multiple short falls (subsequent tumbles down
adjacent stairs) (65,66). Accordingly, epidemio-
logic studies of stairway falls demonstrate a lim-
ited injury pattern (65,67). Head injury from
stairway falls is most commonly seen, followed by
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extremity injury, and much less often are trunk
injuries observed (intestinal perforation has
largely been excluded as a possible outcome of
simple stairway falls) (68). The injuries are typi-
cally mild to moderate, including skull and ex-
tremity fracture, concussion and brain contusion,
and uncommonly a small subdural hematoma.
The occurrence of more than one locus of injury
(eg, a femur fracture and a skull fracture) is dis-
tinctly unusual. Certain factors can increase the
severity of stairway falls, such as falling down
stairs from the arms of an adult (which may sig-
nificantly increase the vertical distance of the ini-
tial fall). Falling down stairs while in a walker,
however, is considerably more injurious and may
result in fatal head injury (69).

Spiral long bone and spine fractures deserve
special mention because they are unusual injuries
and imply mechanisms of force that are unusual,
at least in infants. Spiral fractures wind around a
long bone and are the result of torsional forces
applied to the bone. Because of this unusual
force, they are distinctly uncommon in infants,
who typically sustain accidental injury from falls
(Fig 16). Unless there is a good accidental expla-
nation, spiral fractures in nonambulatory children
are quite suggestive of inflicted injury (70,71).
Once a child is walking, spiral fractures of the
tibia (“toddler’s fracture™) are quite common,
often have no memorable traumatic antecedent,
and by themselves are not suggestive of abuse.

Any spinal fracture without good accidental
explanation, especially in an infant, is suggestive
of abuse. Thoracolumbar compression fracture
may be caused by shaking; when a baby is held
around the chest and shaken, there is extension
and flexion, centered at the thoracolumbar junc-
tion. Compression fracture of lower thoracic and
upper lumbar vertebrae may result (with loss of
vertebral body height or other compression defor-
mity), as may avulsion of the posterior interspi-
nous ligament at these levels (Fig 17) (17). Injury
to the vertebral body is usually readily apparent at
radiography irrespective of the age of the injury,
because these deformities tend to persist. How-
ever, an interspinous ligament avulsion, with
avulsion of the spinal apophysis, may be occult
initially, since it is a cartilaginous and soft-tissue
injury in infants. Over days to weeks, calcification
may become evident (72,73).
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Postmortem Radiography

Children who die an unexplained or unexpected
death normally undergo autopsy to determine the
cause and manner of death. A complete forensic
autopsy consists of external evaluation for bruises,
burns, penetrating injuries, etc. For the internal
evaluation, the cranium, thorax, and abdomen
(and sometimes neck) are opened and thoroughly
inspected. Radiographs may be obtained as part
of the autopsy, although they are usually images
of large areas of the body or even the whole body
of a small child (a “babygram”). Although these
images may be adequate to detect a foreign body
such as a bullet, they are inadequate for the detec-
tion of subtle injuries of abuse such as CML and
rib fracture. In addition, the metaphyses are not
routinely evaluated at autopsy. Detection of CML
(regarded as the most specific, radiographically
detectable injury in abuse) depends on high-qual-
ity, small field of view radiographs (9,44,74). In
the landmark study by Kleinman et al (9) of post-
mortem radiography, fully 93% of infants had
evidence of older, highly abuse-specific injuries
detected radiographically. Another study revealed
that the findings at postmortem radiography in-
fluenced the determination of manner of death
for six of eight fatally abused infants (74). For all
these reasons, it is imperative that children dying
under any suspicious circumstances undergo a
skeletal radiographic survey as part of the post-
mortem evaluation. This survey is most easily
accomplished while the child’s body is still in the
hospital, before it is transported to the medical
examiner’s office or morgue.

Central Nervous System Injury
Nonaccidental head injury (NAHI) occurs in ap-
proximately 12% of physically abused children
and, in children under 2 years of age, accounts for

80% of deaths from head injury (75).In children

(76). The outcome of infants suffering NAHI is
considerably worse than for those of the same age
who have sustained accidental brain injury (75).
NAHI in infants is associated with 12.5%—-40%
mortality (77—-80). Mental retardation and dis-
ability are common sequelae of abuse in those
infants who survive. In one study of 14 surviving
children of infant NAHI, seven (50%) were se-
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Figure 17. Vertebral body compres-
sion fracture in a shaken 3-month-old
boy. Lateral radiograph of the lower
thoracic and upper lumbar spine reveals
anterior wedging of the second lumbar
vertebra (arrow).

verely disabled or vegetative, two were moder-
ately disabled, and five had a “good” outcome
(although three from this last group repeated
grades or needed tutoring) (81). NAHI is the
leading cause of morbidity and mortality in
abused children.

Skull Fracture

Skull fractures are relatively common in both ac-
cidental and abusive injury. In all cases and age
groups of abused children, they represent ap-
proximately 8%—13% of fractures (21). However,
in children less than 2 years of age, the percentage
rises to 29%—-33%. In abuse-related homicides in
infants, skull fracture is discovered in up to 41%
of cases (Fig 18) (9). Overall, there is generally
poor correlation of skull fracture and underlying
hemorrhage or brain injury, and skull fracture is
found in children with brain injury in 23%—-56%
of cases (82—86). It is believed that deformation
(inbending) of the infant skull injures the subja-
cent brain and meninges without fracture.
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a. b.

Figure 18. Linear parietal skull fracture secondary to abuse. (a) Frontal skull radiograph depicts a linear, right pa-
rietal skull fracture (arrow). (b) Lateral TC-MDP scan of the head appears normal.
Chute de < 1,8 m =risque que del-3% de fracture du crane !

=> Suspicion de mlatraitance !
skull fracture will result: The larger and softer the

surface area, the less likely a fracture will occur. A
small contact area, given sufficient velocity, will
result in a depressed skull fracture. The infant
skull is relatively plastic (deformable) and thus
tends to be more resistant to fracture. Not sur-
prisingly, studies repeatedly show that skull frac-
tures occur in only 1%—3% of children as a result
of short (usually defined as 6 feet or less) falls
(62—-64,87,88). It is important to note that al-
though skull fractures are not rare in household
trauma, significant underlying brain injury (with
the exception of epidural hematoma) is rare in
household trauma. Only very rarely has severe
brain injury and even death been reported from
witnessed short falls (63,77,89). Cerebral contu-
sions underlying direct trauma may result from
more complex falls, such as stairway and bunk
bed falls (67,90,91). Soft-tissue swelling may be
absent, even in acute skull fracture; thus, lack of
swelling should not be construed as evidence that
the fracture is subacute (92-94).

Skull fracture patterns have been investigated
to determine if any suggest an abusive cause, and

Figure 19. Complex skull fractures in an abused
3-month-old girl. Lateral skull radiograph reveals mul-
tiple skull fractures (arrows).

Skull fractures result from contact injury. The none reliably do so. Studies have demonstrated,
velocity of the object striking the skull, or of the however, thatimultiple fractures, fractures that
skull as it strikes a stationary object (as in a fall), cross sutures, and bilateral fractures are more
dictates the magnitude of the contact force and likely to be associated with abuse (Fig 19)

thus the likelihood of fracture. The surface area
and type of surface contacted influence whether a
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Figure 20. Subdural hemorrhage. Dia-
gram of a coronal view through the brain
depicts blood subjacent to the inner dura
mater along the left cerebral convexity and
adjacent to the interhemispheric falx.

(55,76,84,95,96). Reports vary as to the signifi-
cance of diastasis; in one report, diastasis greater
than 3 mm was associated with inflicted injury
(96). Discovery of any fracture for which the his-
tory or developmental capabilities of the child are
inconsistent should prompt a thorough evalua-
tion, and skull fracture is no exception (95,96).

Radiologic Appearance.—Radiography of the
skull is preferred over CT, because fractures par-
allel or nearly parallel to the section orientation
are missed at CT (97). Four views of the skull
(anteroposterior, both lateral views, and a Towne
view) constitute the standard skull radiographic
series. Two views (anteroposterior and lateral) are
recommended as part of the skeletal radiographic
survey, with additional views taken as necessary,
especially if head trauma is suspected (98). Frac-
tures appear as linear or branching lucent areas
with sharp margins. Diastasis (separation of 3
mm or more) may also be observed. Scintigraphy
is not recommended, since it has been shown to
be relatively insensitive for the detection of skull
fracture (Fig 18) (30).

Interhemispheric

Extraaxial Hemorrhage

Subdural hemorrhage (SDH) and subarachnoid
hemorrhage (SAH) are common abusive injuries.
Epidural hematoma is much more often acciden-
tal than inflicted and may result from relatively
short falls. Thus, epidural hematoma is not a spe-
cific indicator of inflicted injury. In three studies
of 177 children with intracranial injury, only four
cases of inflicted epidural hematoma were discov-
ered (77,84,99). SDH and SAH are much more
common injuries in the abused child. In a series
of 287 children aged 1 week to 6.5 years old with
head injuries, SDH was found in 46% and SAH
was discovered in 31% of children with NAHI
(compared with 10% and 8%, respectively, in
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Hématome sous dural chez < 2 ans= risque x 10 de maltraitance

children with accidental head injury) (100). An-
other study of 99 children with head trauma who

were less than 2 years old determined that SDH
‘occurred in 69% of children with NAHI, com-
pared with 7% in those with accidental head in-
fjury (101). The prevalence of SAH varies consid-
erably with the report; it is almost invariably
documented at autopsy in children who die of
NAHI (77). Neither SDH nor SAH are specific
for abuse, however, since SDH may result from
birth. In two recent reports of 35 asymptomatic
term infants who underwent brain magnetic reso-
nance (MR) imaging within a few days of birth,
16 infants (all vaginally delivered) had evidence of
parafalcine or tentorial SDH (102,103).

SAH results from shearing of bridging veins as
they exit the brain, cross the extraaxial spaces and
membranes, and continue to the venous sinuses.
SAH may also occur from direct contact forces (a
blow to the head), which cause tearing of vessels.
Blood accumulates subjacent to the arachnoid
membrane, in the subarachnoid space, which
normally contains only cerebrospinal fluid. SAH
fills the fissures and sulci in the region of hemor-
rhage (104). SAH is best demonstrated with CT;
the use of MR imaging for detection of acute
SAH remains controversial, although the addition
of specialized pulse sequences may increase the
detection rate (105).

Probably the most common location of in-
flicted SAH and SDH diagnosed radiologically is
a layer of hyperattenuating material adjacent to
the falx; bleeding in this site represents an inter-
hemispheric extraaxial hemorrhage (Fig 20) (94).
In this location, it is often difficult, radiologically,
to distinguish SAH from SDH, and SDH and
SAH may coexist here (86,106,107). Interhemi-
spheric extraaxial hemorrhage is the result of
shearing of bridging veins as they travel to the
sagittal venous sinuses; it is often associated with
convexity extraaxial hemorrhage that may be dif-
ficult to discern at CT as the convexity transitions
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Dura from an abused 3-month-old infant
who sustained a head injury. Low-power photomicro-
graph (original magnification, X20; hematoxylin-eosin
stain) shows that the subdural membrane (within the
brackets) is composed of organizing granulation tissue,
indicating prior hemorrhage. The normal dura () is at
the bottom of the image. Hemosiderin-filled macro-
phages (arrows) are plentiful.

to the skull (104). In one experienced pediatric
neuroradiologist’s opinion, interhemispheric
SDH has the highest specificity for abuse of any
intracranial injury,

(accidents (94). Its significance for abuse rests
with the causative mechanism: to-and-fro head

motion with shearing of midline veins (82,108).
SDH, like SAH, usually results from shearing
of bridging vessels when they are subjected to sig-
nificant forces (109,110). A brief review of the
meningeal coverings of the brain may help one to
better understand the predilection of the subdural
space for hemorrhage. The outermost layer of
dura mater is adherent to the inner table of the
skull and is in fact the inner periosteum (also
known as the periosteal dura). Bleeding between
the periosteal dura and the skull is an epidural
hematoma. Contiguous with, and immediately
subjacent to, the periosteal dura is the inner, or
meningeal, dura. These two dural layers are inti-
mately apposed everywhere except the venous
sinuses, where they separate to form the sinuses.
Just deep to the meningeal dura (and contiguous
with it) is the arachnoid membrane. There is nor-
mally no subdural space between the meningeal
dura and the arachnoid membrane, and nothing
naturally exists here (111,112). However, when
vessels traversing the extraaxial space bleed, they
may do so into this potential space, resulting in a
SDH. Beneath the arachnoid membrane is the
subarachnoid space, which contains vessels and
cerebrospinal fluid. Hemorrhage into this space is
called SAH (113). Finally, the brain is tightly cov-
ered by pia mater, which delimits the inner extent
of the subarachnoid space. Bleeding deep to the
pial surface is considered intraaxial in location.
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What is unusual about SDH is the frequency
with which hemorrhage occurs in the potential
space. One possible explanation is that cortical
bridging veins, as they pass through this space,
have very thin areas in the vessel walls, which are
believed to be prone to rupture when stressed
(114). Another factor may be that the innermost
portion of the meningeal dura (the so-called dural
border cell layer, immediately adjacent to the
arachnoid membrane) is itself weak, lacking much
of the collagen and intracellular junctions found
in the arachnoid membrane (115). Thus, a cleav-
age plane may form within the dural border cell
layer from mechanical separation. Hemorrhage
into this cleavage plane results in a SDH (116).

Typically, the small volume of SDH seen in
most cases of childhood NAHI is not, in and of
itself, responsible for neurologic compromise
(117). In infants and small children, the SDH
serves as a marker for rotational brain movement
(acceleration and deceleration). Larger SDHs,
although rare, may be associated with effects typi-
cal of a space-occupying lesion (118). This is in
contrast to the larger SDHs often seen in adults—
particularly frequent in alcoholics and the el-
derly—for whom the size and mass effect of the
hemorrhage warrant the more appropriate desig-
nation of “hematoma.” In this adult population,
these space-occupying hematomas readily ac-
count for neurologic effects through a variety of
mechanisms not yet well understood, including
local vascular compromise and remote mechani-
cal forces on structures such as the thalamus and
corpus striatum (119).

Pathologic Characteristics.—At gross exami-
nation, an acute SDH appears as a clot deep to,
and easily separable from, the pristine dura ma-
ter. A fresh SDH shows no reactive changes histo-
logically. Subsequent changes develop between
the clot and dura, with the associated meninges
serving as the source of connective tissue ele-
ments and migrating leukocytes. The earliest
changes in subdural organization include leuko-
cytic infiltration (initially granulocytes, then mac-
rophages), followed by hemosiderin deposits with
neovascularization and then collagen production
in the clot. Reactive changes are variable and do
overlap. The earliest changes probably begin
within 1-2 days after injury; the others, subse-
quently.

The connective tissue eventually organizes into
a membrane. Studies of adults with atrophy and
chronic SDH indicate that an outer membrane
forms within 24 hours; it is completely formed
within a week (Fig 21). A thinner inner mem-
brane forms gradually over the first 3 weeks.
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a.

Figure 22. Extraaxial hemorrhage and edema in a
fatally abused 3-year-old boy. (a) Axial unenhanced
CT scan, obtained through the cerebral hemi-
spheres at the level of the lateral ventricular atria,
reveals diffuse left hemispheric edema, manifest as
parenchymal low attenuation (*), sulcal effacement,
and left lateral ventricular effacement. There is
high-attenuation blood in the posterior interhemi-
spheric fissure, extending to the left of the superior
sagittal sinus (arrows) and along the left convexity
(arrowheads). (b) Axial CT scan obtained at the
level of the mesencephalon reveals high-attenuation
extraaxial blood along the left tentorium cerebelli
(arrow) and left hemispheric edema. (c) Autopsy
photograph of the brain (vertex view, with the skull
removed, patient’s left on the left) reveals blood in
the interhemispheric fissure (arrow), extending as
thin layers of SAH and SDH over both convexities,
left greater than right.

Thus, within several weeks, the SDH is encapsu-
lated by fibrous inner and outer membranes,
which are fused at the periphery of the SDH, re-
sulting in a chronic SDH (116,120). Within these
membranes are numerous, proliferating capillar-
ies, some of which are fragile and lack complete
basement membranes; this suggests that they may
be prone to hemorrhage, and studies in adults
have shown that these vessels do in fact bleed into
preexisting chronic SDH (114,121-123). Other
studies have suggested that defective coagulation
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in adult chronic SDH may interfere with hemo-
stasis if these fragile vessels bleed (124-126). The
classically described chronic SDH, which is typi-
cally seen in patients with brain atrophy (the el-
derly or alcoholic patient) is rarely, if ever, discov-
ered in children (118).

For a number of reasons, relating radiologic
and histologic changes within subdural hemato-
mas may be difficult. Histologic “dating” of sub-
dural hematomas is imprecise, and caution must
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be emphasized in such interpretations, since the
published database for hematoma aging is rather
old and based on an adult population (127). In
children who survive initial inflicted head injury
but later succumb to complications, there may be
considerable time elapsed between initial radio-
logic examination and postmortem examination.
Finally, as with many types of abusive injuries,
there are few (if any) known standards against
which to compare. Corroborated or witnessed
accidental injuries are uncommon, and if initially
survived, are less likely to be fatal than inflicted
injuries. In abusive injuries, the actual timing of
the injury is often suspect, as histories are mis-
leading and at odds with the physical and radio-
logic findings.

Radiologic Appearance.—SDH appears as a
crescentic convexity or interhemispheric (parafal-
cine) collection (Fig 22). The appearance of SDH
at CT is classically described as high attenuation
when the hemorrhage is acute, becoming isoat-
tenuating relative to brain, and finally hypoat-
tenuating as the SDH ages over days to weeks
(128). However, the exact time frames of these
changes are not well established and may vary
considerably from patient to patient (129,130).
Layering may also occur, with a more cellular,
hemoglobin-rich dependent area with an upper
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Figure 23. Mixed attenuation SDH and cerebral edema
in an abused 8-month-old infant. Axial unenhanced CT
scan obtained at the level of the lateral ventricles depicts a
mixed attenuation SDH along the left convexity (arrows).
There is also a thin interhemispheric extraaxial hemor-
rhage (arrowheads) and left cerebral edema.

layer of fluid with low hemoglobin content (131).
Membrane(s) may be visible with contrast mate-
rial enhancement, suggesting a SDH that is a
week or more old (132,133). Active bleeding may
cause a mixed attenuation in an acute SDH,
which may be mistaken for a subacute SDH or
multiple SDHs (Fig 23) (94,134,135). A recent
study of SDH resulting from known motor ve-
hicle accidents in 18 children less than 2 years old
was remarkable in that three of the SDHs were in
part hypoattenuating on the day of trauma. It is
theorized that disruption of the arachnoid mem-
brane during trauma allows cerebrospinal fluid
flow into the SDH, diluting the hemorrhage and
reducing its attenuation at CT (136).

MR imaging shows even small SDHs particu-
larly well, given its multiplanar imaging and abil-
ity to exploit tissue differences with different pa-
rameters (Fig 24). MR imaging is superior to CT
for differentiation between hypoattenuating SDH
and cerebrospinal fluid and for detection of small
extraaxial fluid collections (79,105). Acute SDH
(1-3 days after injury) appears isointense to hy-
pointense on T'1-weighted images and hypoin-
tense on T2-weighted images. In the early sub-
acute time frame (3-7 days), blood is hyperin-
tense on T'1-weighted images and becomes
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Figure 24. Multiple SDHs in a head-injured 4-month-old boy. (a) Axial unenhanced CT scan of the brain ob-
tained at the level of the frontal horns reveals subtle increased attenuation of the extraaxial fluid over both convexities
(arrows). (b) Coronal MR image (repetition time msec/echo time msec = 9,002/162; inversion time, 2,200 msec) of
the brain taken 4 days later reveals intermediate- to high-signal-intensity SDH over the left convexity and high-signal-
intensity SDH over the right (white arrows). Both of these fluid collections are brighter than the intraventricular cere-
brospinal fluid. Small, high-signal-intensity SDHs are visible in the posterior fossa (arrowheads), and there is high
signal intensity in the right hemispheric parenchyma, indicating edema (black arrows).

hypointense on T2-weighted images. Late sub-
acute blood (814 days) appears hyperintense on
both T1- and T2-weighted images. Finally, as the
blood products age, they transition from being
hyperintense on both T1- and T2-weighted im-
ages to being isointense to hypointense on T1-
weighted images and hypointense on T2-
weighted images (137). These are general guide-
lines, however, and as with the appearance of
SDH at CT, injury dating should be approached
cautiously. Contrast material enhancement of
SDH and meninges has been observed in an
abused infant, increasing lesional conspicuity
(138).

Recently, ultrasonography (US) has been in-
vestigated as a means to visualize the extraaxial
spaces and brain in infants. It is very useful for
discrimination of symmetric, diffuse enlargement
of the subarachnoid spaces (also known as benign
external hydrocephalus of infancy) from low-at-
tenuation SDH, which may be difficult at CT. At
US, the subarachnoid space is characterized by
multiple crossing vessels (cortical veins) in an-
echoic fluid, lack of any linear echogenicities par-
alleling the cortex that would suggest membranes,
and lack of mass effect. An abnormal subdural
collection (which may be due to meningitis or
SDH) at US typically appears as variable echoge-
nicity fluid with few or no cortical veins (Fig 25).
A thickened inner membrane may be seen; this
finding is regarded as a useful sign of an abnormal
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Figure 25. SDH in an abused 3-month-old girl. (a) Coronal T2-weighted (2,000/105) MR im-
age reveals a high-signal-intensity SDH over the right convexity, extending into the interhemi-
spheric (parafalcine) region (arrows). (b) Magnified coronal sonogram of the brain vertex obtained
with a linear 7.5-MHz transducer shows the echogenic fluid over the right convexity and in the
parafalcine subdural space (arrows). The lateral ventricles are filled with anechoic cerebrospinal
fluid (). Normal, prominent subarachnoid cerebrospinal fluid is visible over the left convexity (ar-
rowhead).

subdural space. Limitations of US include its
relatively poor depiction of the posterior fossa and
far convexities and its inability to demonstrate the
nature of abnormal fluid collections (SDH or ef-
fusion associated with meningitis) (139). Its
greatest utility at the present time is as a conve-
nient method of following an abnormality previ-
ously documented at CT or MR imaging.

Rebleeding.—It is well established that the outer
membrane of SDH may bleed into the existing
hematoma cavity in chronic SDH in adults. This
fact has led to speculation that preexisting SDH
could undergo spontaneous, massive rehemor-
rhage (with little or no precipitating trauma), re-
sulting in severe neurologic compromise and even
death. However, there is nothing in the literature
to support this contention, and no such case has
ever been reported in an infant or child, even un-
der verifiably accidental circumstances. Thus, a
massive, symptomatic rehemorrhage into a preex-
isting SDH remains a speculative, unproved
theory (93,118,140-142).

Brain Parenchymal Injury

The brain itself may be intentionally injured in
virtually every way imaginable, particularly when
the head is subjected to excessive rotational
movement resulting in acceleration-deceleration
(also known as shearing or shear-type) forces.
The three most commonly observed patterns of
brain parenchymal injury are shear injury, contu-
sion, and edema.

Shear Injury.—The brain is relatively intolerant
of shearing forces and deforms readily in response
to shear stress (143,144). The brain parenchyma
shears at the gray-white junction, where the dif-
fering densities of the tissue make the brain par-
ticularly susceptible to shearing forces. Shear in-
jury is detectable on a microscopic and sometimes
a macroscopic level. Shear injury is often referred
to as axonal injury, which may be diffuse or focal.
Macroscopic shear injury has been variously
called white matter tear and contusion tear, which is
a rare, although well-described, manifestation
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Figure 26. White matter tear in a fatally abused 7-week-old boy. (a) Axial CT scan of the brain shows a fluid-filled
cavity in the left frontal white matter, with blood layering posteriorly (arrow). (b) Autopsy photograph of the fixed
and sectioned brain shows the collapsed tear (arrow) in the left frontal lobe.

of rotational head injury (Fig 26) (118). Typically,
when this rare lesion is found, it is in infants
younger than 5 months (145-147).

The histologic hallmark of axonal injury is the
spheroid or retraction ball (Fig 27) (148). Briefly,
shear stress imparted to the brain initiates a series
of events, resulting in disruption of axonal cyto-
plasmic flow. There is focal accumulation of cyto-
plasm (retraction balls or spheroids) along por-
tions of the axon, which is best demonstrated with
beta amyloid precursor protein (BAPP). This in-
jury occurs in infants and young children most
commonly in the deep white matter, corpus callo-
sum, and midbrain (149).

The demonstration of BAPP within these tis-
sues can help delineate axonal injury. BAPP
is a neuronal protein that accumulates in the in-
jured axon and may function as a protectant
(150-152). A monoclonal antibody directed
against an antigen of BAPP, when used in the
form of a special stain, reveals injured axons
within tissue sections with greater sensitivity than
standard staining techniques. This staining
method is not absolutely specific for trauma,

however, since it identifies ischemically injured
axons as well (152). Pathologists rely on different
staining patterns at the histologic level to distin-
guish between these two conditions. Traumatic
patterns include discrete retraction ball labeling
in corticospinal tracts and the deep white matter.
Hypoxic changes include a relatively diffusely
stained background of hypoxic-ischemic tissue
with perivascular absence of staining, as well as
delineation of infarcts and vascular boundary ar-
eas (149,153). Such distinctions are not always
possible in actual practice.

One advance already obtained with this tech-
nology is the demonstration of axonal injury
within the cervical spinal cord and nerve roots
(149,153,154). At present, it is not known
whether this finding is caused by a concentration
of mechanical forces at the neck region or by
preservation of perfusion that allows BAPP to ac-
cumulate. In either event, these findings correlate
with the apnea commonly encountered clinically
(155).

Global hypoxic changes are a common, and at
times disastrous, consequence of abusive head
trauma. Injury and swelling result in severe dam-
age due to inadequate perfusion. The so-called
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Figure 27. Axonal spheroids in shear-type NAHI. (a) High-power photomicrograph (original magnification X400;
hematoxylin-eosin stain) of the medullary corticospinal tract from a 3-month-old infant reveals axonal injury as ax-
onal enlargements or spheroids (arrows). (b) High-power photomicrograph (original magnification, X400; BAPP
with hematoxylin stain) of a pontine corticospinal tract from a 2-year-old child clearly shows axonal spheroids

(arrows).

respirator brain, or more preferably nonperfused
brain, is diffusely edematous, friable, and com-
monly herniated. The histologic specimen may
show red discoloration of neurons (indicating ne-
crosis) and edema, whereas additional changes
are hampered by diminished perfusion. This in-
cludes diminished BAPP accumulation, since
BAPP accumulation relies on active transport.
For these reasons, histologic studies are most use-
ful in the early postinjury period (156). With
longer postinjury intervals, one must rely on other
features of injury such as SDH and eye findings.

At CT, axonal injury may be occult, especially
because it is uncommonly hemorrhagic in infants.
High-attenuation petechiae may be evident at CT
if the axonal injury is hemorrhagic. There is often
a background of focal or diffuse edema (low at-
tenuation). MR imaging is preferred for the de-
tection of axonal injury. Nonhemorrhagic axonal
injury is hyperintense on T2-weighted images;
when hemorrhagic, axonal injury is typically hy-
perintense on T1-weighted images and hypoin-
tense on T2-weighted images. Fluid attenuating
inversion-recovery (FLAIR) MR imaging may
show axonal injury to particular advantage as hy-
perintense areas (157).

Gross white matter tears are detectable with
CT, MR imaging, and US (which was shown to

be superior to CT for detection of white matter
tears in one study). At CT, they appear as well-
defined, low-attenuation areas in the subcortical
white matter (often frontal or parietal in loca-
tion), occasionally with blood layering depen-
dently (Fig 26). At MR imaging, they follow cere-
brospinal fluid signal intensity (158). At US, they
appear as anechoic or hypoechoic fluid collections
within the brain substance, often with an echo-
genic rim (159).

Contusion.—Cerebral contusion is a focal hem-
orrhage within the brain parenchyma (usually
involving the cortex) that results from direct con-
tact forces. Such injuries are distinctly rare in in-
fants. They are typically small and thus difficult to
demonstrate at CT, unless they are grossly hem-
orrhagic (Fig 28) (160). Commonly contused
areas are the frontal lobes, temporal lobes, and
parafalcine cortex. MR imaging provides superior
lesional conspicuity, especially with the use of
gradient-echo pulse sequences to detect small
amounts of hemoglobin (79,105). Contusions
may evolve into focal areas of encephalomalacia
with cystic cavities (161,162).
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Figure 28. Occipital contusion in a fatally abused 2-month-old girl. (a) Axial unenhanced CT scan
shows interhemispheric hemorrhage (black arrow) and a small area of high attenuation in the right oc-
cipital lobe (white arrow). (b) Axial T'1-weighted (600/15) MR image shows areas of high signal intensity
in both occipital lobes (black arrows), as well as interhemispheric and left convexity extraaxial hemor-
rhage (white arrow). (c) T2-weighted (2,200/115) MR image reveals these areas of parenchymal contu-
sion (arrows) as slightly larger than those seen with T'1-weighted imaging and of high signal intensity,
compatible with hemorrhage and edema. (d) Autopsy photograph of the fixed brain shows the hemor-
rhagic nature (brown pigmentation) of the right occipital contusion (arrow). Scale is in centimeters.
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Figure 29. Reversal sign in a 3-month-old boy with abusive head injury. (a) Axial unenhanced CT scan depicts
low attenuation, with loss of gray-white matter differentiation, throughout both hemispheres. There is relative high
attenuation of the basal ganglia and thalami (white arrows). Also seen is low-attenuation SDH bilaterally (*) and in-
terhemispheric and tentorial hemorrhage (black arrows). (b) Axial unenhanced CT scan obtained 18 days later re-
veals generalized cerebral atrophy and large bilateral low-attenuation SDH (*), likely enlarged by the rapid atrophy

with resultant tension on the bridging veins.

Cerebral Edema.— Edema, focal or diffuse, is a
common feature of NAHI. It may be a manifesta-
tion of primary injury or the consequence of hyp-
oxia, and it may be seen in a variety of other set-
tings including strangulation, suffocation, post-
traumatic apnea, and other causes. Thus, edema
is a marker of brain injury and not a specific find-
ing (104). Edema may also be caused by imped-
ance of venous return from chest compression
(162). As the brain swells, compression of vessels
and elevated intracranial pressure may further
compromise the cerebral vascular supply, result-
ing in more injury, edema, and possibly hernia-
tion. Posttraumatic apnea has been suggested as a
cause of some of the edema noted in abused in-
fants (155). This theory is supported by several
discoveries, one being the presence of craniocervi-
cal junction and cervical spinal cord injuries in
victims of shaking, which may lead to apnea or
hypoventilation, as already discussed (149,163—
165). The other is the visualization of normal vas-
cularity on a background of restricted free water
diffusion (see the following discussion on MR
imaging) seen in early posttraumatic diffusion-
weighted MR imaging of abused infants
(166,167).

At CT, edema manifests as focal or diffuse low
attenuation, associated with loss of distinction
between gray and white matter and, if the edema

is of sufficient magnitude, evidence of mass effect
(sulcal effacement, herniation) (86). Global
edema may contrast sharply with the normal hy-
perattenuating vascular structures of the brain
(eg, venous sinuses, circle of Willis) and may
simulate the appearance of SAH or parafalcine
hemorrhage. Profound, diffuse edema in infants
has an unusual tendency to maintain normal at-
tenuation of the basal ganglia, thalami, brain
stem, and cerebellum (Fig 29). This appearance
has been called the reversal sign by Han and col-
leagues (168); it is also referred to as the bright
cerebellum sign (169). The reasons for the normal
attenuation of these structures is not well under-
stood.

At MR imaging, edema appears as hyperin-
tense cortex on T2-weighted images (105). The
white matter edema may be difficult to appreci-
ate, given that the very immature, unmyelinated
brain has a high water content. Recently, diffu-
sion-weighted imaging has been used to detect
early cytotoxic edema in NAHI when findings
from MR imaging performed with other pulse
sequences appear normal. Areas of restricted wa-
ter diffusion appear bright on diffusion-weighted
images (Fig 30). Not only does diffusion-
weighted imaging depict changes of ischemia
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Figure 30. Diffusion-weighted MR imaging in a 9-month-old girl with abusive head injury. (a) Axial unen-
hanced CT scan obtained on the day the child presented with seizure shows right hemispheric sulcal efface-
ment, loss of gray-white matter differentiation, and a thin rim of extraaxial blood along the right convexity and
in the interhemispheric region (arrows). (b) Axial T1-weighted (516/12) MR image obtained the same day as
the CT scan reveals low signal intensity of the right temporal and occipital lobes (white arrows) and high-sig-
nal-intensity SDH over the convexities, in the posterior interhemispheric region, and in the tentorial incisura
(black arrows). (c) Axial T2-weighted (3,200/99) MR image at the same level and from the same day reveals
increased signal intensity of the right temporal and occipital lobes (black arrows) and high-signal-intensity SDH
over the convexities bilaterally (white arrows). (d) Diffusion-weighted (9,999/96) MR image obtained the same
day reveals marked elevated signal intensity throughout the right hemisphere compatible with restricted free
water diffusion.
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very early, it also demonstrates more and larger
areas of involvement in NAHI compared with
MR imaging performed with other sequences
(166,167). This finding is seen in 10 minutes to 2
hours in experimental animals; in adult humans,
it has been seen as early as several hours after on-
set of symptoms (170). The abnormality seen at
diffusion-weighted imaging normalizes in ap-
proximately 10—14 days, although the normal
appearance of the tissue should not be taken as
evidence that the injury has resolved (171).

Biomechanics of Head Trauma

Although abuse can produce any head injury, in-
cluding scalp contusion, subgaleal bleeding, skull
fracture, epidural hematoma, and cerebral con-
tusion, attention has largely been focused on

the SDH and brain injury characteristic of the
“shaken baby syndrome.” Experimental work
done with primates in the 1960s established rota-
tional acceleration as the leading biomechanical
explanation for these injuries (172). Caffey cited
this work when developing his theories on infant
shaking and abusive injury (173). Ommaya et al
(174), the principle investigators in the primate
experiments, have objected to Caffey’s hypoth-
esis, stating that shaking is unlikely to produce
adequate rotational acceleration to be injurious
(174). Duhaime et al (160) demonstrated this by
shaking instrumented doll models in the 1980s.
Although these authors have raised questions
about the injuriousness of shaking-induced rota-
tion, rotational acceleration has remained the
leading biomechanical explanation for these inju-
ries.

Under the rotational acceleration theory, sud-
den changes in rotational motion produce relative
movement between the brain and the skull and
shearing strains within the brain (175). This mo-
tion is analogous to giving a sharp twist to a cup
of coffee. The cup twists around the coffee, and
the outer rim of coffee spins at a different rate
than the center. When the brain is subjected to
rotational acceleration (such as when an infant is
shaken), bridging veins that cross from the dural
sinuses to the brain are stretched, tear, and bleed
into the subdural and subarachnoid spaces. Ax-
ons that run between superficial and deeper areas
of the brain are also stretched, resulting in axonal
injury. The same concept has been used to ex-
plain retinal hemorrhages (176,177). During sud-
den rotation of the eye, the globe moves relative
to a lagging vitreous. This disparity in movement
produces traction on the retina, leading to retinal
bleeding, retinal folds, and retinoschesis (a tear-
ing apart of the layers of the retina) (177).

Lonerganetal 837

The principal biomechanical controversy in
abusive head trauma questions the circumstances
under which injurious rotational acceleration oc-
cur. As noted, experiments with instrumented
dolls failed to produce the quantities of accelera-
tion found to be injurious in primates (160). Al-
though recent experiments with new biofidelic
(ie, simulating normal) infant models have sug-
gested that the forces occurring during shaking
may be greater than earlier estimates, levels asso-
ciated with diffuse axonal injury were still not
reached. These results have led to biomechani-
cal arguments that shaking alone cannot cause
shaken baby syndrome and that impact-associ-
ated acceleration is a necessary factor in causing
these injuries. A major weakness in any biome-
chanical analysis of intracranial injury of infants is
the lack of data on the rotational tolerance of the
immature brain and the effect of repeated accel-
eration, similar to shaking, on the brain and
bridging vessels. Until these issues are resolved,
the biomechanical answer to the shaking versus
impact controversy will not be forthcoming.

Epidemiologic studies have found that many
babies with shaken baby syndrome lack any exter-
nal evidence of impact (178,179). In addition, a
well-documented case of a repeatedly and vio-
lently shaken adult with no history or pathologic
evidence of impact demonstrated thin convexity
SDH and malignant cerebral edema, similar to
that found in infants with shaken baby syndrome
(180). Also of note, retinal hemorrhages are
found much less frequently in infants with intra-
cranial injuries from motor vehicle collision and
other accidental causes (2% of cases) than in in-
fants with abusive injuries (28%) or the classic
shaken baby syndrome (80%-90%) (77,176,181—
184). The clinical outcome of infants with shaken
baby syndrome is generally worse than that of
infants with intracranial injuries from motor ve-
hicle collision (182). It is clear that something is
different about these shaken babies, and many
believe that this difference is explained by shak-
ing.

Recently, the rotational acceleration hypothesis
itself has been questioned. Physicians have often
wondered why the violent shaking they hypoth-
esized did not result in cervical injury (174). Cer-
vical injury is infrequently found in living patients
with shaken baby syndrome, even with modern
imaging techniques (185). Injuries to the cranio-
cervical junction, cervical spinal cord system, and
cervical tissues have been described at autopsy,
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however (149,163,185). Pathologic studies, look-
ing for evidence of both diffuse axonal injury and
cervical injury, have supported the supposition
that brain injury is actually from hypoxic-isch-
emic causes, due to cardiorespiratory changes
from mechanical injury to pontine, medullary,
and cervical nuclei (154). According to this
theory, flexion and hyperextension of the neck
during shaking may cause brain stem injury and
attendant difficulties with breathing and circula-
tion, resulting in acute and chronic injury to the
brain. Unfortunately, this theory fails to address
the additional findings of SDH and retinal hem-
orrhage.

The term shaken baby syndrome has become
entrenched and comes all too easily after 30 years
of use. Although shaking is likely to be an impor-
tant factor in abusive head injury, contact injuries
and injury during the acceleration that accompa-
nies impact are often found but are not strictly
consistent with the diagnosis of shaken baby syn-
drome. Physicians who use the term shaken baby
syndrome must understand both the foundation
and the controversies surrounding the shaking
hypothesis. Additional injuries not explained
within the shaking hypothesis must be explained
by additional or alternate diagnoses. It is impor-
tant that abusive injury be recognized as abuse
independent of the biomechanical controversies.

Visceral Injury
Visceral injury is estimated to account for just
2%—4% of all abusive injuries, although it is re-
sponsible for 12% of all abuse-related deaths
(24,186,187). These reports are from older litera-
ture, however, before the widespread use of CT,
and therefore likely underestimate the true preva-
lence of visceral injury. Clinically apparent vis-
ceral injury is associated with a 45%-53% mortal-
ity rate (188-190). Delay in seeking care (itself a
form of child abuse) contributes, often substan-
tially, to the high mortality, as often these chil-
dren are not seen until they have developed peri-
tonitis, sepsis, or vascular collapse (191). Thus,
abdominal injury is not the most common form of
abuse-related injury, but it is highly lethal. Vis-
ceral injury has been reported in abused children
of all ages.

RG H Volume 23 « Number 4

Figure 31. Bowel injury and perforation in an 18-
month-old boy who was beaten. Axial CT scan through
the midabdomen, obtained after oral and intravenous
administration of contrast material, demonstrates as-
cites (*), free intraperitoneal air (arrow), and thick-
walled bowel (arrowhead).

A

Figure 32.
who was beaten by a caretaker. Image from a barium
study of the stomach and duodenum reveals a mass
(arrow) in the lateral wall of the descending duode-
num.

Duodenal hematoma in a 6-year-old boy

Small Bowel Injury

The most commonly injured abdominal organ in
child abuse is the small bowel (16,186). Hemato-
mas, lacerations, mesenteric injury, and posttrau-
matic stricture are all frequently reported in the
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literature as a result of inflicted injury (85,188 —
194). All these injuries tend to occur in the duo-
denum and proximal jejunum. This is thought to
be due to the rich vascular supply of the duode-
num (where hematoma predominates) and the
relatively fixed position of this portion of the small
bowel (with perforation predominant in the jeju-
num). Both blunt abdominal trauma and acute
deceleration of the abdomen are theorized to
cause most of the intestinal injuries in these chil-
dren.

With intestinal perforation, the child presents
clinically with pain and fever. Plain radiography
and CT may demonstrate free intraperitoneal air,
although it is not an invariable finding and was
documented at CT in only 33% of cases in one
study. When present, free air is highly specific for
bowel perforation (Fig 31). Ascites is the most
common finding at CT; it may be the result of
bleeding, peritonitis, or other abdominal injury
such as pancreatitis (188,195,196). Children with
hematoma of the bowel wall present most often
with pain and vomiting from obstruction. At
barium upper gastrointestinal studies or CT, a
submucosal mass is evident (usually on the lateral
wall of the descending duodenum) (Fig 32). As
the hematoma resolves, the mass becomes smaller
and is replaced by fold thickening, which may be
smooth or nodular (16). At CT, hematoma mani-
fests as a high-attenuation mural mass, which di-
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Figure 33. Pancreatic laceration in a
2-year-old girl who was beaten by a care-
taker. Axial CT scan of the upper abdo-
men, obtained after intravenous adminis-
tration of contrast material, reveals a linear
defect (arrow) in the ventral body of the
pancreas and generalized abdominal and
retroperitoneal ascites.

minishes in attenuation over time (188,195). He-
matomas have been documented sonographically,
appearing as hyperechoic masses initially, transi-
tioning to mixed echogenic masses, and appear-
ing finally as hypoechoic masses over days to
weeks (197,198).

Pancreatic Injury

In children, trauma is the leading cause of pancre-
atitis and pancreatic pseudocyst, and it is esti-
mated that one-third of all posttraumatic pan-
creatitis is abuse-related (199-201). Children
present with vomiting, fever, and elevated serum
levels of amylase. Pancreatitis and pseudocyst are
best imaged with US and CT, which show an en-
larged pancreas that is hypoechoic at US and hy-
poattenuating at CT (199-203). In one of the
largest series of pediatric pancreatitis, the pan-
creas appeared normal at CT in 71% of patients.
Extrapancreatic fluid was the most common im-
aging finding (50% of patients), which predomi-
nated in the anterior pararenal space (71%), the
lesser sac (57%), and the lesser omentum (50%).
Intrapancreatic fluid collections in childhood
pancreatitis were distinctly unusual, discovered in
only 7% of patients (204). Pancreatic transection
has also been observed in abusive injury (Fig 33)
(205).
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Other Visceral Injuries

Injuries in virtually all sites in the human body
have been seen in abused children. Lacerations,
contusions, and rupture of the stomach, liver,
spleen, adrenal gland, kidney, bladder, colon,
esophagus, and pharynx have been described (Fig
34) (188,189,206-210). In the thorax, lung con-
tusion, pleural effusion, cardiac laceration, and
fatal commotio cordis have also been described
(11,211-214). Any injury pattern may occur in
child abuse, although none in the viscera is as
specific for abusive injury as is the CML or poste-
rior rib fracture in the skeleton. Therefore, careful
consideration of the given history and evidence of
any delay in seeking treatment are critical to dis-
covery of abusive injury.

Conclusions

Child physical abuse is an unfortunately common
occurrence that may manifest as a clinically inap-
parent metaphyseal fracture or as a devastating
neurologic injury. Every part of the human body
may be injured intentionally. Some patterns of
injury (CML, posterior rib fracture, interhemi-
spheric extraaxial hemorrhage) are highly sugges-
tive of abuse; many more are not. Thus, careful
observation of radiologic findings and their corre-
lation with the proposed mechanism of injury and
with the developmental capabilities and clinical
status of the child are imperative in the evaluation
of any child, lest we overlook an important clue to
the inflicted nature of an injury and return a child
to an abusive environment, with potentially disas-
trous consequences.
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