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Abusive head trauma (AHT) is the most common and serious form of child abuse and a leading cause of traumatic death in
infants and young children. The biomechanics of head injuries include violent shaking, blunt impact, or a combination of both.
Neuroimaging plays an important role in recognizing and distinguishing abusive injuries from lesions from accidental trauma
or other causes, because clinical presentation and medical history are often nonspecific and ambiguous in this age group.
Understanding common imaging features of AHT can increase recognition with high specificity for AHT. In this review, we discuss

the biomechanics of AHT, imaging features of AHT, and other conditions that mimic AHT.
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INTRODUCTION

In 1946, John Caffey, the most eminent of the pioneers of
pediatric radiology, described a series of six cases of unex-
plained chronic subdural hematoma (SDH) and long-bone
fractures in infants, and this observation led to the formation
of a unique medical entity of child abuse”. The term “battered
child syndrome” was coined by Kempe et al.” in 1962 and the
authors suggested that the syndrome should be considered in
any child with a combination of multiple fractures, SDH, and
bruises. In 1974, Caffey” coined the term “whiplash shaken
infant syndrome” to describe children suffering from SDH,

retinal hemorrhages, and neurologic injury. The terms “bat-

tered child syndrome,” “parent-infant traumatic stress syn-
drome,” and “shaken baby syndrome” have all been used;
however, in 2009, the American Academy of Pediatrics Com-
mittee on Child abuse and Neglect recommended that the
term “abusive head trauma (AHT)” should be used because it
more appropriately described traumatic injuries to the brain
resulting from abuse'”. While the term “shaken baby syn-
drome” implies a single mechanism of head trauma, AHT
further encompasses multiple abusive mechanisms, such as
crushing head injury, shaking, shaking with impact, impact
alone, and strangulation.

AHT accounts for 80% of non-accidental trauma deaths

and remains a leading cause of death in infants and young
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children'"””. Adverse neurodevelopmental outcomes are com-
mon among survivors of AHT'****Y_ AHT is a global issue
that requires regional and global sharing of clinical and bio-
mechanical data to increase the efficiency and speed of devel-
oping and implementing prevention, detection, and treatment
programs for AHT in children. In South Korea, the number of
child abuse reports is increasing every year and the number of
child abuse reports reached approximately 42000 cases in
2020™.

Imaging plays a crucial role in the evaluation of children
with suspected AHT and aids in accurate diagnosis, as clinical
presentation may be non-specific. This review investigates the
central nervous system (CNS) injuries that characterize AHT,
with a focus on pathophysiology and imaging appearance.
Readers are encouraged to explore the various imaging fea-
tures of these AHTS.

BIOMECHANICS OF AHT

The biomechanics of AHT may include both impact load-
ing and impulsive loading. The “impact loading” refers to the
application of direct forces to the head, whereas “impulsive

loading” refers to non-impact forces produced by alternating

angular acceleration and deceleration of the cranial vault (i.e.,
shaking injury, Fig. 1). With inflicted injury, the brain moves
more than fixed structure such as the falx cerebri, tentorium
cerebelli, dural venous sinuses, and bony eminence. The
shearing forces created may cause a spectrum of injury, in-
cluding SDH, subarachnoid hemorrhage, contusion, diffuse
axonal injury, and parenchymal laceration. In previous stud-
ies, authors described the association of a shaking-type injury
with SDH, retinal hemorrhage, and focal or diffuse parenchy-
mal injury, referred as the “triad” of AHT*" (Figs. 2 and 3).
Impact loading typically results in skull fracture and paren-
chymal contusions with associated focal extra-axial and sub-
periosteal hemorrhage” (Figs. 4-7). Impact injuries are less
common in infants with AHT, but occur more frequently in
older children**". Short-distance falls, such as from a couch or
standing height, are common in infants and young children
and usually result in minimal injury”*". However, a reported
short-distance fall is a common history provided by caretak-
ers of infants who are subsequently determined to have been
abused™"”**". Therefore, serious injury from a reported short-

distance fall should always prompt concern for abuse.
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as the space widens
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against the skull
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~ cannot restrict shaking

Fig. 1. lllustration explaining the mechanism of abusive head trauma by vigorous shaking of the baby. Rapid alternating angular acceleration and
deceleration of the head results in subdural hemorrhage, parenchymal injury, and retinal hemorrhage, often without external signs of injury.
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Fig. 2. Three-month-old boy with seizure-like movements, multiple bruises, and retinal hemorrhage. A : Non-contrast-enhanced computed
tomography image shows bilateral subdural fluid and ill-defined low attenuation of the cerebral parenchyma. B and C : Follow-up magnetic resonance
images reveal an atrophic brain with multifocal tissue loss and increased amount of subdural hemorrhage (SDH) at both convexities, which shows
higher signal intensity than that of the cerebrospinal fluid on both T1- (B) and T2- (C) weighted image. Separated compartments with fluid levels
(arrows) containing blood products exhibiting different signal intensities are suggestive of multistage SDH.

Fig. 3. Four-month-old girl observed with lethargy and whole-body cyanosis in bed. A : Initial Non-contrast-enhanced computed tomography (NECT)
at the level of the vertex shows multiple small high-density hemorrhages (arrows) at the gyral surface. B and C: Follow-up T2-weighted image (T2WI) (B)
and gradient echo image (C) at the same level demonstrate multiple dark signal intensities (arrows) at the site of bridging vein rupture. Focal distension
or blooming of the veins is suggestive of clots or thrombi. D : NECT obtained 2 days after the initial CT shows subdural hemorrhage posteriorly (arrows)
and rapid onset bilateral subdural hygroma at the convexities. E : T2WI shows ill-defined increase in signal intensity of the cerebral hemispheres and
splenium (arrow). F : Diffusion weighted image also shows increased signal intensity in the splenium (arrow), as well as both occipital lobes, and gray-
white junction of the left frontal lobe. Diverse degrees of apparent diffusion coefficient (ADC) decline was demonstrated on an ADC map (not shown).
G Axial gradient echo images reveal tiny dark spots at the posterior wall of both eyes, indicating retinal hemorrhage (arrows). Hemorrhage is also noted
in the right anterior chamber (black arrow). Although she had only a minor trauma history of being bumped into the door, skeletal survey revealed
fracture of the clavicle, metacarpal bone, and spine, and eye examination disclosed fresh, multifocal, and multi-layered retinal hemorrhage.
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Fig. 4. Two-month-old girl with a history of minor trauma. A and B : Anteroposterior (AP) and lateral skull radiographs demonstrate multiple linear
fractures (arrows) of eggshell type. C : Non-contrast-enhanced computed tomography (NECT) coronal reconstructed image well demonstrates high
density subdural hemorrhage adjacent to the falx and tentorium (arrows), as well as scalp swelling with hemorrhage. lll-defined, decreased attenuation
of the parenchyma suggests an acute edematous lesion. D : Bone window setting image clearly shows multifocal fracture and displaced fragments
(arrows). E : Coronal T2-weighted image (T2WI) shows hemorrhagic contusion of the left temporal lobe (arrowhead), extra-parenchymal fluid or
hemorrhage, and increased signal intensity at the parasagittal areas (arrows) suggest watershed injury. F : Diffusion restriction is mainly distributed in
parasagittal areas and posterior thalami (arrows), although other parts of the brain are involved, on an apparent diffusion coefficient (ADC) map. G: The
areas of ADC decline and T2 high intensity eventually evolved to a severe encephalomalacia on a follow-up T2WI.

Fig. 5. Five-month-old girl with incidentally detected subdural hemorrhage (SDH) during follow-up for retinoblastoma, and another episode of head
trauma. A : Small amount of left frontal SDH (arrow) is incidentally noted on a coronal T1-weighted image (T1WI) of the orbit magnetic resonance
imaging (MRI). B : Subsequent contrast-enhanced computed tomography for evaluation of abusive head trauma shows bilateral subarachnoid space
widening where enhanced vessels are traversing. Note a localized cerebrospinal fluid space at the left frontal convexity (arrow) displacing a vascular
structure, that corresponds to the subdural collection noted on a previous MRI (A). There is no visible skull fracture. C : Skull radiography, obtained after
a week, when the baby was presented to the emergency room for irritability and scalp swelling, reveals linear fracture of the left parietal bone (arrow).
D : Non-contrast-enhanced computed tomography shows SDH at the right convexity (arrow), while there is a hemorrhagic swelling of the left scalp
adjacent to the left parietal fracture site. Eye examination under anesthesia revealed regressed calcified tumor and retinal hemorrhage.
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Fig. 6. Three-month-old boy with a growing skull fracture and repeated head injury. A and B : Anteroposterior (AP) and lateral skull radiographs show a
displaced fracture margin (arrows in A) and an enlarged defect (arrows in B). C : Volume-rendered computed tomography image demonstrates a
complex defect caused by a displaced fracture margin (arrows), suggesting a “growing fracture.” D : Coronal T2-weighted image (T2WI) demonstrates a
herniated pseudomeningocele or leptomeningeal cyst (arrow) via the enlarged fracture defect and focal parenchymal laceration (black arrow). E :
Follow-up non-contrast-enhanced computed tomography obtained 2 weeks after reveals multifocal additional high-density hemorrhage in the
protruded meningeal sac, parenchyma, and para-falcine areas (arrows) and parenchymal lesions of low attenuation (black arrow), suggesting repeated
injury. Past medical records revealed repeated episodes of physical injury, and skeletal survey demonstrated multistage fracture of the bones.

IMAGING PROTOCOL

Imaging protocol for AHT

Plain radiographs have a limited role in detecting head inju-
ry, although they are helpful in detecting fracture and are per-
formed as part of a skeletal survey in children with suspected
abusive injuries.

Computed tomography (CT) is the most sensitive imaging
modality for detecting skull fractures and acute intracranial
hemorrhage. Non-contrast-enhanced CT has been used as an
initial screening test for suspected AHT. Volume-rendered CT
images (Fig. 6C) and multiplanar reformatting (Fig. 4C and D)
can increase the conspicuity of subtle fracture lines and minor
extra-axial hemorrhage™*. Although CT has a risk of radia-

tion exposure, the benefit of promptly identifying skull frac-

tures, subtle intracranial hemorrhage, and potential life-
threatening cerebral edema usually outweighs these risks.

Brain magnetic resonance imaging (MRI) should be per-
formed in any child with an abnormal head CT, persistent
neurologic signs or symptoms, and a high index of suspicion
for abuse’***¥. Unenhanced MRI with diffusion weighted
imaging (DWI), gradient echo sequence or susceptibility-
weighted imaging (SWI) is sensitive in detecting parenchymal
injury and small amounts of hemorrhage. It can also provide
valuable prognostic information**. Gadolinium-based con-
trast material is not routinely administered, although it may
increase the accuracy of dating extra-axial collections in some
patients™*”

Intracranial injury may occur in asymptomatic patients

with extracranial injuries suspected for non-accidental trau-
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Fig. 7. Six-month-old girl found in a comatose state at home. A : Skull anteroposterior radiography shows multiple skull fractures (arrows). B and C :
Subsequent non-contrast-enhanced computed tomography images demonstrate extensive brain edema with high attenuation at the basal cistern
(sign of pseudo-subarachnoid hemorrhage) and tentorial areas. Note multifocal small subdural hemorrhages (arrows) in the computed tomography (B)
and sagittal T1-weighted image (D). E : T2-weighted image also shows massive cerebral swelling. Eye exam revealed retinal detachment and
hemorrhage.

ma"'*""*” Routine screening of the CNS in all children with
sufficient clinical concern of child abuse is therefore recom-
mended by many authorities.

Unsuspected spinal injuries develop in approximately 75%
of patients with AHT according to some estimates'"***”, MRI
of the cervical spine should routinely be performed at the time
of brain imaging to assess bone, ligament, and spinal cord in-
jury. Whole-spine MRI aids in detecting spinal SDH in the
setting of spinal injuries during trauma investigation or ab-

. . . . . 33,42)
normal findings on a neurologic examination™"".

Imaging of skeletal injuries associated with AHT
Skeletal injuries commonly occur with AHT in infants and
young children. Although certain patterns of intracranial in-
jury may suggest child abuse, they are commonly not diag-
nostic. Therefore, if suspected AHT is accompanied by unsus-

pected skeletal injuries, it has important implications,
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particularly when a highly specific fracture, such as metaphy-
seal corner fracture, is present. All infants and young children
with suspected AHT should undergo a radiographic skeletal
survey according to American College of Radiology (ACR)
guidelines”™. In most cases, follow-up skeletal examination
is required after 2 weeks. Focused MRI is especially valuable
in cases of epiphyseal separation and vertebral fractures or
dislocations.

IMAGING FEATURES OF AHT

Skull fractures

Isolated linear skull fractures (Fig. 5C) are low in specificity
for AHT. Linear skull fractures and small associated extra-ax-
ial or subperiosteal hemorrhage (Fig. 5) are common findings

in low-impact accidental head trauma. However, multiple



Fig. 8. Neonate with presumed birth-related subdural hemorrhage
(SDH). Sagittal T1-weighted image shows a small amount of SDH (arrow)
in the posterior fossa.

(Figs. 4 and 7), complex, diastatic, or growing skull fractures
(Fig. 6) suggest a high-energy mechanism and are associated
with AHT without an appropriate history of trauma. Never-
theless, an isolated skull fracture in children without a proven
incidental cause of injury should prompt a skeletal survey to
rule out additional injury.

CT performed in the bone algorithm reconstructed with
submillimeter slice thickness (Fig. 4D) is the best modality for
evaluating skull fractures in children. When skull fractures
occur, multi-planar reconstructions and three-dimensional
reformatting of the skull help to differentiate the accessory su-
tures and wormian bones from subtle fractures. Dating of
skull fractures on CT is very difficult unless coexisting super-
ticial soft tissue swelling or intracranial abnormalities are ob-

served.

SDH

SDH is the most common neuroradiological finding of
AHT***. It is commonly attributed to the rupture of fragile
veins crossing the subdural space secondary to shear forces,
typically due to shaking injury™ (Fig. 3A-C). Other potential
causes of SDH are injury to the dura itself. Extra-axial fluid
collections often occur in AHT, and information regarding
the age of these fluid accumulations are usually beneficial to

physicians. However, the dating of extra-axial hemorrhage is

Imaging of Abusive Head Trauma | Cheon JE, et al.

not always possible””. Dating these collections with CT at-
tenuation values is limited and should be evaluated by radiol-
ogists with caution. The presence of high-attenuated extra-
axial fluid collection is consistent with acute hematoma (Figs.
3A, 4C, 5D, 6E); however, homogeneously low-attenuated flu-
id collection can be manifested acutely by arachnoid shearing
(Fig. 3D). Due to these confounding variables, dating of extra-
axial hemorrhage using CT has to be reserved if previous im-
ages are available for reference.

Birth-related SDHs are typically posteriorly located*” (Fig,
8). Small clinically insignificant SDHs have been reported in
26—62% of newborns and occur following both vaginal and
caesarian deliveries. Most of them resolved within the first
month of life, and asymptomatic SDH related to birth was
found to be developmentally normal at 24 months of age™*”.
In contrast, SDH related to AHT, has a strong association with
parenchymal edema (Figs. 2A, 4C, E, 7B-E) and restricted dif-
fusion (Figs. 3F and 4F), and often progresses to severe en-
cephalomalacia (Figs. 2B, C, 4G)’". Unexplained SDH in in-

tants should always prompt concerns about AHT.

Diffuse parenchymal injury

The nature of the parenchymal injury seen in AHT by im-
pulse loading is not well understood. Although parenchymal
injury was initially assumed to reflect traumatic diffuse axo-
nal injury, several more recent studies have shown that the
predominant parenchymal injury in children with AHT is
likely hypoxic-ischemic injury (Figs. 2, 4, 7) rather than trau-
matic diffuse axonal injury”*”. Diffuse parenchymal injury is
not specific for AHT; however, when it is associated with SDH,
retinal hemorrhage, or cervicomedullary injury, it is highly

14,30,32

suggestive of AHT . AHT-related diffuse parenchymal
injury may not be apparent at early CT screening (Fig. 3D) or
may manifest as hemispheric or diffuse hypoattenuation with
mass effect (Figs. 2A, 4C, 7B, C). Early parenchymal injury is
better visualized on MRI. DWI dramatically increases the
conspicuity of cytotoxic injury (Figs. 3F and 4F) because the
T2 prolongation of brain edema is subtle in the unmyelinated

¥ Most AHT cases have shown a watershed pattern of

brain
diffusion restriction (Fig. 4F)***”; however, multiple patterns

of AHT-related parenchymal injury can be seen.

Focal parenchymal injury
Focal parenchymal injury may result from either impulsive-
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or impact-loading injury mechanisms in AHT and is less
common and lesser characterized than diffuse parenchymal
injury. Parenchymal lacerations (Fig. 6D), also known as con-
tusional tears, appear as linear disruptions of the brain paren-
chyma predominately within the subcortical white matter or
at the gray-white junction of the gyrus. They predominate in
the frontal lobes. They are commonly hemorrhagic with lay-
ering sedimentation levels on both CT and MRI and may be
associated with overlying subpial hemorrhage. Focal paren-

chymal lesions may rarely occur in older children and are pre-

sumed to be associated with traumatic diffuse axonal injury.

Fig. 9. Infant with type 1 glutaric aciduria. A : Axial T2-weighted image
(T2WI) shows bilateral subdural fluid collection (arrows). There are
multifocal high signal intensity lesions at the globi pallidi, thalimi, and
white matter. B : Typical hypoplastic opercula (arrows) became evident
by the resolution of the subdural fluid on follow-up T2WI. There are
additional parenchymal lesions exhibiting high intensity at the frontal
white matter, thalami, and midbrain.

They are characterized by multiple foci of T2 hyperintensity
that are most commonly seen in the frontotemporal white

matter, corpus callosum, and cerebral peduncles.

Venous sinus thrombosis

Non-traumatic dural sinus thrombosis has been suggested
as a cause of findings seen in AHT. A review of 45 children di-
agnosed with AHT found evidence of direct trauma to the
bridging veins in 44% of patients, with SDH in 91% of them
and retinal hemorrhages in 71% of them'”. However, non-
traumatic venous thrombosis is rare and often associated with
predisposing conditions, such as dehydration, malignancy,
thrombosis, and sepsis. McLean et al.” studied 36 children
with non-traumatic intracranial venous thrombosis, and none
of them had SDH; of these, 13 had an infectious cause, six had
dehydration, five had leukemia, and four had iron deficiency

:.37)
anemia .

Retinal hemorrhage

Retinal hemorrhages are estimated to occur in approxi-
mately 85% of infants and young children with AHT. Howev-
er, as with SDHs, retinal hemorrhages have only moderate
specificity for AHT*"*”. AHT is more predictable when retinal
hemorrhages are bilateral, multilayered (pre-, intra-, and sub-
retinal), and peripherally extend to the ora serrata at fundus-
copy. Retinal hemorrhages have been occasionally reported in
imaging but are yet to be traditionally considered an imaging

diagnosis”. They appear as punctate high-density foci in the

Fig. 10. Infant with Menkes disease. A : T2-weighted image shows very tortuous arteries (arrows) and multifocal high intensity in the white matter. B :
Fluid attenuated inversion recovery image shows a small amount of subdural hemorrhage (arrow) at the left convexity, which is associated with mild
brain atrophy. C: Magnetic resonance angiography demonstrates the “kinky vessels,” a typical finding of the trichopoliodystrophy (Menkes disease).
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posterior globes on CT images with corresponding low-signal-
intensity foci on magnetic resonance images because of sus-
ceptibility artifacts (Fig. 3G). Gradient echo or SWT has in-
creased the sensitivity of MRI for the detection of retinal
hemorrhages. A dedicated high-resolution orbital SWI se-
quence increased the sensitivity to 80%. Retinal hemorrhag-
es identified at MRI should prompt concerns of AHT, because
an increasing severity of retinal hemorrhage is correlated with
an increasing risk for AHT. In the absence of a history of se-
vere trauma, detection of a signal-intensity abnormality in the
posterior globes in children should prompt evaluation of ad-
ditional intracranial injuries and clinical consideration of di-

lated funduscopy.

Brainstem and cervical spine findings

The incidence of spinal cord injury in AHT cases was found
in only 3.2% of all children with spine injury. Injuries were
predominantly located in the cervical spine (73%) with a pre-
dominance of the upper cervical spine (88%). In AHT, the
whiplash-shaking injury mechanism plays an important role
in brainstem and cervical spine injuries. Autopsy results
showed cervical spinal cord contusions in five of six (83%)
children who were exposed to AHT***”. Focal axonal damage
to the brainstem and spinal nerve roots were found in a neu-
ropathological study in 11 of 37 (30%) AHT cases, but none in
controls. The presence of spinal injury indicates a severe form
of AHT with high risk, long-term neurological impair-
ment”*”. The radiological findings of cervical spine injury in
AHT can be subtle. Detection of cervical spine injuries by
MRI does not discriminate between accidental injury and
AHT. Kadom et al.’"” described hyperintensity of the spinal
cord on T2-weighted image with extensive brain injuries and
ligamentous injuries in two infants with AHT.

Cervical spine MRI should be included in the imaging eval-
uation of all infants with suspected AHT. The most commonly
reported finding in this region is ligamentous injury’”. Fat-sat-
urated sequences are especially helpful. Cervical ligamentous
injuries were identified in a significantly greater proportion in
AHT cases (78%) than in accidental injury cases (46%)"”.

Imaging of Abusive Head Trauma | Cheon JE, et al.

CONFOUNDING PATHOLOGIES : DIFFERENTIAL
DIAGNOSIS

Benign enlarged subarachnoid spaces (BESS) commonly
occur in children who are less than 1 year of age, and an asso-
ciation™ has been reported between SDH and BESS. An iso-
lated SDH in the setting of known BESS may be due to
AHT™. In cases of potential AHT, MRI can be helpful to de-
termine whether a subdural collection contains hemorrhagic
products (Fig. 5A and B). An additional confounding intracra-
nial pathology is glutaric aciduria type 1'¥, a condition associ-
ated with brain atrophy and subdural fluid collections (Fig. 9).
It is a rare metabolic disorder, occurring in one out of 30000
births and can be diagnosed through advanced serologic test-
ing. Menkes Syndrome (Fig. 10), also a rare metabolic disorder
involving copper accumulation that can be identified through
genetic studies and hair analysis, may generate findings that

. . 18
overlap with non-accidental trauma'”.

SUMMARY

Biomechanisms of AHT include both impact loading and
impulsive loading. Non-contrast-enhanced CT is the best
screening tool for suspected AHT. In addition, MRI, includ-
ing DWI and hemorrhage-sensitive sequences can provide
more detailed information concerning parenchymal injury,
hemorrhage, and even retinal hemorrhage. Skull fractures and
SDHs are common findings of AHT, and diverse patterns of
fractures may be seen according to the mechanisms of the in-
jury. Skull fracture or SDH without a proven incidental cause
should prompt a skeletal survey. Parenchymal injury patterns
can reflect diffuse hypoxic-ischemic injury, traumatic diffuse
axonal injury, or focal contusional tear. AHT-associated spinal
cord lesions or cervical ligamentous injuries can be revealed
by cervical spine MRI. In imaging interpretation, the presence
of BESS, birth trauma, and several metabolic encephalopa-
thies with SDH, should also be considered.
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