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Abstract

Background and Purpose Differentiating Abusive Head Trauma (AHT) from Non-abusive Head trauma (NAHT) has
profound clinical prognostic and legal implications, as certain imaging findings can individually be more suggestive of
NAHT, while others are more suggestive of AHT. This study was set out to evaluate for an association between the various
imaging findings in AHT with outcome.

Material and Methods Over 7-years, 55 children (age 0-4 years’) with head trauma and magnetic resonance imaging (MRI)
were included as either: abusive (n=16), non-abusive (n=35), or indeterminate (n=4). Two pediatric neuroradiologists
jointly reviewed the imaging. The frequency of imaging findings and their association with =6 months’ outcome were
calculated.

Results Comparing abusive versus non-abusive head trauma, complex subdural hematoma was present in 81% (n=13/16)
and 29% (n=10/35), hypoxic-ischemic injury in 44% (n=7/16) and 6% (n=2/35), and diffuse axonal injury in 12%
(n=2/16) and 26% (n=9/35), respectively. Susceptibility-weighted imaging (SWI) retinal hemorrhages were absent in
non-abusive trauma (0/35), but present in 44% (n="7/16) of the abusive group. In abuse, simple subdural hematomas were
absent. Significant associations were found between the presence of abusive trauma with both hypoxic ischemic insult
(OR=12.83, p=0.0024) and complex subdural hematoma (OR=10.83, p=0.0007). The presence of hypoxic ischemic
injury (HII) did correlate significantly with clinical outcome (p=0.017), while retinal hemorrhages on SWI and complex
subdural hematoma did not (p=0.1696-p=0.2496).

Conclusion Neuroimaging findings can be helpful in discriminating these two conditions on presentation, as well as in
helping solidify the suspicion of AHT. Regarding eventual outcome in AHT, the most important predictor is clearly HII.

Keywords Abusive head trauma - Susceptibility-weighted imaging - Retinal hemorrhage - Diffuse axonal injury -
Hypoxic ischemic injury

Introduction tend a worse outcome in both entities, but the most import

overall is the degree of initial injury severity [2].

Traumatic brain injury (TBI) is a leading cause of disability
and death in children and assessing the severity of the injury
is critical in predicting long-term outcome [1]. The sever-
ity and outcome are typically more severe in abusive head
trauma (AHT) than in nonabusive head trauma (NAHT) if
occurring at the same age [2]. Several factors generally por-
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As a limited number of clinical signs express the de-
gree of underlying neuronal damage in children, radiologic
findings commonly used by clinicians to assess the severity
and extent of injury include, but are not limited to, assess-
ing the presence of hypoxic ischemic injury (HII), diffuse
axonal injury (DAI) or cranial hemorrhage [3]. The pres-
ence of such findings correlates with the clinical outcome
in AHT [4]. As AHT and NAHT may have some overlap
on imaging, it is vital to recognize which findings are more
suggestive of AHT.

Differentiating AHT from NAHT has profound clinical
prognostic and legal implications, as certain imaging find-
ings can individually be more suggestive of NAHT, while
others are more suggestive of AHT [5-7]; however, there

@ Springer


https://doi.org/10.1007/s00062-018-0663-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s00062-018-0663-7&domain=pdf
http://orcid.org/0000-0001-5980-5637

254

M. Gencturk et al.

is some overlap in imaging findings that may be found in
either clinical scenario, albeit less commonly in one ver-
sus the other. While AHT is a clinicolegal determination
that may only be confirmed by law enforcement via a con-
fession or witnessed event, perhaps imaging patterns can
help solidify the clinical impression. Hence, this study set
out to evaluate an association between the various imaging
findings in AHT and outcome. Our hypothesis was that cer-
tain magnetic resonance imaging (MRI) findings would be
more likely in AHT, and that some of those findings could
correlate with outcome.

Material and Methods
Patient Selection

This retrospective study was approved by the local institu-
tional review board. The radiology information system of
the local level I trauma center was reviewed for the 7-plus
year period between 2 January 2008 and 11 January 2015
for the terms “head trauma”, “TBI”, “nonaccidental” and
“abuse” on reports of MRI examinations of the head in
children between 0—4 years old; a total of 59 patients were
found. The MRI images degraded by motion artifacts (n=4)
were excluded, whereas the remaining 55 patients were in-
cluded in the study for the imaging review.

Patients were categorized by the child abuse team’s clin-
ical assessment in the electronic medical record (in com-
bination with the legal assessment) as to whether they had
either: (1) suffered NAHT (witnessed trauma such as mo-
tor vehicle accident, confirmed mechanism, or other already
documented accidental injuries), (2) AHT (based on a le-
gal conviction or confession), or (3) as indeterminate. No-
tably, children classified as indeterminate were those that
had been considered clinically highly suspicious for AHT,
but a definitive determination had not been reached, typ-
ically lacking legal data, such as a confession or convic-
tion. In this respect, separately from the clinicolegal im-
pression, a radiologic impression of NAHT versus AHT
was also formed by consensus, with the neuroradiologists
being blinded to the clinical data, in order to eventually
compare to the clinical impression.

Patient Demographics

A total of 55 patients were included for imaging review,
consisting of 30 males and 25 females, with a mean age
of 16.46 months (+14.27). There were 16 patients (29%)
in the AHT group, 35 patients (64%) in the NAHT group,
and 4 (7%) in the indeterminate group. The mean age in the
AHT group was 11.15 months (£9.77), and in the NAHT
group was 19.06 months (+15.65). Notably, the most com-
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mon causes of NAHT were motor vehicle accidents 60%
(n=21), followed by falls 40% (n=14).

Image Acquisition

The MRI examinations over the study’s time period were
acquired with both 1.5T and 3T (Intera; Philips Health-
care, Best, The Netherlands) scanners. Of the 55 included
patients, 92% (n=151) were imaged on a 3T magnet, and the
remaining 8% (n=4) were obtained with a 1.5T magnet.
The brain MRI protocol for children with TBI included
a three-dimensional (3D) acquisition of 1.0mm isotropic
spoiled gradient echo T1-weighted imaging (T1WI) se-
quence with axial and coronal reconstructions, axial and
coronal T2-weighted imaging (T2WI), axial and sagittal
fluid-attenuated inversion recovery (FLAIR), susceptibil-
ity-weighted imaging (SWI) and axial diffusion-weighted
imaging (DWI) without the administration of intravenous
contrast medium.

Image Analysis

Both the MRI (n=55 within 1 week of presentation) and
computed tomography (CT) images (n=51/55 who had
a CT scan available within <1 week of the MRI) were
reviewed by two neuroradiologists, with 7 and 15 years
of pediatric neuroradiology experience, respectively (DN,
AM), via consensus review. The MRI images were eval-
uated for the presence of retinal hemorrhage (RH), DAI,
HII, subdural hematoma and contusions. Dilated fundus-
copic examination (DFE) reports in the electronic medical
records were also checked for the presence of RH (DFE-
RH) and DWI was checked for the presence of HII, with
T2WI and FLAIR evaluated for contusional edema. The
SWI was used to evaluate for RH or hemorrhagic DAI. The
initial presentation CT was used to evaluate for the pres-
ence of calvarial fracture, epidural hematoma, or subdural
hematoma; a subdural hematoma was defined as being com-
plex if it was either bilateral, had differing internal densities
or signal intensities, or had a neomembrane web, while it
was called simple if the hematoma was unilateral, had ho-
mogeneous signal intensity, and did not exhibit the other
aforementioned features of a complex subdural hematoma
(cSDH). Notably, CT was the preferred modality to evalu-
ate for a calvarial fracture (n=51/55), but was not consid-
ered necessary for inclusion in this study; thus, plain films
(n=4/55) were used to check for fracture in the minority of
cases. In addition to brain MRI and head CT images, other
available plain X-ray film and CT images were evaluated
for the presence of extracranial imaging findings.
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Table1 Summary of the statistics between AHT and NAHT groups (indeterminate category not included)

Variable #of AHT (%) (n=16) # of NAHT (%) (n=35) P-value OR (95%)
DFE-RH 2 (6) <0.0001 36.30 (6.15, 214.4)
SWI-RH 0 <0.0001 N/A

DAI 9 (26) 0.4663 0.41 (0.08, 2.18)
Contusion 11 31) 0.7532 1.31(0.38, 4.52)
sSDH 7(20) 0.0831 N/A

cSDH 10 (29) 0.0007 10.83 (2.53, 46.36)
Fracture 14 (40) 0.7560 0.68 (0.19, 2.39)
HIT 2(6) 0.0024 12.83 (2.26, 72.80)
Unilateral HIT 13) 0.0857 7.85 (0.75, 82.41)
SWI-RH, HII or cSDH 10 (29) 0.0007 10.83 (2.53, 46.36)

Note: p-values of <0.05 and odds ratios (OR) >5.0 are in bold type

AHT abusive head trauma, cSDH complex subdural hematoma, DA/ diffuse axonal injury, DFE-RH retinal hemorrhage on dilated fundoscopic
exam, HII hypoxic ischemic injury, NAHT non-abusive head trauma, sSDH simple subdural hematoma, SWI-RH retinal hemorrhage on

susceptibility-weighted imaging

Fig.1 A 34-month-old fe-
male with NAHT and sSDH
after a motor vehicle accident
(negative for skull fracture).
On NECT (a), a simple SDH
(sSDH, arrows) has uniform
hyperdensity, which was also
homogeneously hyperintense on
3T FLAIR (b), TIWI (¢), and
SWI (d) 1 day later. Note the
lack of RH within the posterior
globe (dotted arrows) on SWI
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Fig.2 A 20-month-old male
with DAI and sSDH in NAHT
from motor vehicle accident.
The NECT (not shown) raised
the question of multifocal
edema. The 3T MRI 2 days
later demonstrates multifo-

cal DAI (thin arrows), some
being hemorrhagic, with contu-
sions (asterisks) of the superior
cerebellar vermis, as shown
on FLAIR (a), SWI (b), and
DWI (¢). No RHs were seen
in the orbit (dotted arrows) on
SWI. On sagittal TIWI (d), ho-
mogeneously T1-bright sSSDH’s
are noted (arrows). On 2-year
follow-up, the child’s seizures
continued, with persistent left
hemiparesis

Clinical Outcome Evaluation, Scoring

Clinical outcome was based on abuse specialist’s clinical
assessment in follow-up visits. There were 5 categories of
outcome used for the >6 month long-term outcome scoring.
This scale was based on the pediatric cerebral performance
category scale [8], which consisted the following:

e Grade 1: return to clinical baseline, including all age-
appropriate activities,

o Grade 2: mild persistent neurologic deficit, meaning the
patient is able to interact in most age-appropriate activi-
ties but may have a mild neurologic deficit,

e Grade 3: moderate persistent neurologic deficit, i.e.
enough function to perform age-appropriate activities
but with substantial cognitive impairment,
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e Grade 4: severe outcome, meaning the patient is con-
scious but entirely dependent on others for daily support
due to severely impaired brain function,

e Grade 5: death or long-term coma.

Statistical Analysis

A biostatistician performed all analyses via SAS software
(v. 9.3; SAS Institute, Cary, NC, USA). For statistical pur-
poses, the two groups of patients compared were NAHT
versus AHT. The indeterminate group was not included in
statistical calculations. Group comparisons of imaging find-
ings in NAHT versus AHT were performed via two-sample
t-tests for continuous variables, or Fisher’s exact test for
categorical variables. Odds ratios (OR) and 95% confidence
intervals (CI) were also calculated for binary (positive ver-
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Fig.3 A 13-month-old fe-
male with ¢cSDH, HII, and RH
from AHT. Initial NECT (a),
depicts a mixed, complex den-
sity cSDH (arrows) underlying
a calvarial fracture. On a 3T
MRI 2 days later, T2WI (b) and
DWI (¢) shows predominantly
right-sided cerebral swelling and
reduced diffusivity indicative
of mostly unilateral HII, being
most consistent with AHT. On
SWI (d), a single, punctate right
RH is noted (dotted arrow), con-
firmed by DFE; note the lack of
hemorrhagic DAL This child did
not develop sensory or motor
deficits, but did have persistent
seizures

sus negative) intracranial findings. In the NAHT cohort,
associations were also calculated between the presence of
positive image findings and outcome severity scores, using
a Wilcoxon test. All p-values were two-sided, with p<0.05
being set as the threshold for what was considered to be
statistically significant.

Results

Being blinded to the clinical and legal data, and based solely
on imaging findings, the radiologic impression was AHT in
8 (15%), NAHT in 42 (76%) and indeterminate in 5 (9%)
of the 55 patients. Regarding the radiologic impressions of
whether or not AHT was present based on the MRI and CT
findings, moderate agreement was found between the clin-
icolegal and radiologic impressions (k=0.53, p<0.0001).

Prevalence of Cranial and Orbital Findings in AHT
and NAHT

The prevalence and statistical differences of various in-
tracranial findings in AHT versus NAHT (Table 1) are
provided. As demonstrated in the table, there were statis-
tically significant associations found between the presence
of AHT with respect to the findings of RH (p <0.0001),
HII (p=0.0024), and ¢cSDH (p=0.0007). The highest ORs
of having AHT were found with the presence of DFE-RH
(OR=36.30), HII (OR=12.83), or cSDH (OR=10.83). It is
important to note that no patient was positive for SWI-RH
in the NAHT group; however, DFE was positive for RH in
2/35 (6%) of NAHT and 11/16 (69%) of AHT patients. No
patient was positive for simple subdural hematoma (sSDH)
in the AHT group. Additionally, DAI was infrequent, be-
ing present in only 12% (2/16) of those children in AHT.
Notably, all 6 patients that had each of the three follow-
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Fig.4 A 4-month-old female
with RH and ¢SDH’s from AHT.
The NECT (not shown), showed
bilateral hypodense subdural
collections (arrows), without
skull fracture. A 3T MRI 2 days
later showed no evidence of
HII on DWI (not shown), but
there are cSDHs (arrows) on
axial T2WI (a, b) and SWI (c,
d); note the darker components
posteriorly (HHl) on SWI. On
SWI, a left RH is noted (dotted
arrows), which were also present
clinically on DFE. Also on SWI,
at a higher level, note a potential
neomembrane on the left (small
arrow, d). This child did not
suffer any neurologic sequela;

a 2-year clinical follow-up found
normal development for age

ing findings together were deemed to have AHT: SWI-RH,
HII, and cSDH. Representative findings are demonstrated
in Fig. 1, 2, 3, 4 and 5.

Of the 4 patients in the indeterminate group, 2 (50%)
had cSDH and 1 (25%) had HII. None of the 4 patients had
RH or other cranial findings.

Prevalence of Extracranial Imaging Findings

As seen in Table 2, a variety of extracranial imaging find-
ings were observed in the AHT group. The most common
extracranial imaging finding was rib fractures. Of 16 AHT
patients, 5 (31%) had rib fractures, 4 (80%) being bilateral
and multiple (greater than 3 levels). Of the four patients
within the indeterminate group, one patient had a single rib
fracture and another had a right distal humeral metaphy-
seal fracture. The remaining two patients did not have any
extracranial traumatic injury. In the NAHT group, differ-
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ent types of extracranial imaging findings were observed,
including a metatarsal fracture, pubic ramus fracture, clav-
icular fracture and diastasis of symphysis pubis.

Outcome

The follow-up data =6 months after presentation was avail-
able for all 16 patients in the AHT group. Of these 16 pa-
tients, 3 (19%) died, 2 (12%) suffered severe neurologic
impairment, 4 (25%) had moderate neurologic impairment,
4 (25%) had mild impairment, and 3 (19%) returned to
baseline. A statistically significant association was found in
AHT patients between the outcome severity and the pres-
ence of HII (p=0.0170), but not with the presence of either
c¢SDH or SWI-RH (p=0.249 and p=0.169, respectively).
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Fig.5 A 41-month-old male
with ¢cSDH and HII from AHT,
but being a false negative for
RH on SWLI. In an acutely
encephalopathic child, ini-

tial NECT (a) demonstrates

a mixed-density cSDH (arrows)
without calvarial fracture, but
with right cerebral hemispheric
swelling. On 3T MRI the next
day, FLAIR (b) and DWI (not
shown) with apparent diffu-
sion coefficient (ADC) map (c)
confirm diffuse hemispheric
swelling with mostly unilateral
HIIL. The SWI (d) depicts a false
negative for RH (dotted arrows),
as small RH’s were noted on
DFE. This child died 2 weeks
after presentation

Discussion

Imaging plays a very important role in the characterization
of pediatric head trauma. In daily practice, suspicion of
abusive head trauma is mostly based on imaging findings
and experience of the clinician. In this retrospective study,
we have demonstrated that the presence of certain cranial
MR imaging findings, such as RH, ¢SDH and HII favor
AHT over NAHT. Of these findings, HII is the only finding
that correlates with the long-term outcome severity.

The detection of RH is vital in the scenario of suspected
AHT, as RH can be a characteristic finding in AHT; rarely,
RH occurs in NAHT as well [6, 7]. Regarding the pres-
ence of HII, recent literature has confirmed that the most
severe clinical and histologic manifestations of AHT are
indeed related to HII [8, 9]. Meanwhile, DAI occurs in-

frequently in only a minority of patients with suspected
AHT, as confirmed in the current study, which is in con-
trast to hypotheses of older literature which had theorized
that the presence of DAI was an indicator of both outcome
as well as etiology (i.e. the presence of DAI was suggestive
of AHT) [8, 9]. Recent studies focusing on outcome have
demonstrated that the severity of outcome in AHT relates
to the mechanism of injury with the most severe outcomes
involving HII, especially if HII is combined with DAI-re-
lated microhemorrhages (found in only a minority of AHT)
[10, 11]. Accordingly, in a recent neuropathological study
by Matschke et al. HII-related necrosis was the dominant
pathological finding in children with AHT who underwent
autopsy [12]. Hence, with respect to outcomes in AHT, the
current study corroborates the findings of recent studies, in
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Table2 Extracranial imaging findings in the 16 AHT patients

Patient # Imaging findings

Patient 1 Left posterior 9th rib and right posterior 10th rib fracture

Patient 2 No extracranial finding

Patient 3 C1-C2 interspinous ligamentous injury

Patient 4 Bilateral pneumothorax, lung contusion, pneumomediastinum

Patient 5 No extracranial finding

Patient 6 Multilevel bilateral chronic posterior rib fractures, chronic thoracic (T7-10) and lumbar (L3-5) vertebral body compression de-
formities

Patient 7 Bilateral multilevel posterior rib fractures, lung contusion

Patient 8 No extracranial finding

Patient 9 No extracranial finding

Patient 10 Spiral fracture of left mid tibia, dislocation of right elbow joint, subacute appearing fracture of distal left clavicle

Patient 11 No extracranial finding

Patient 12 Upper thoracic spine subdural hemorrhage

Patient 13 Spiral fracture of the right tibia

Patient 14 Multiple bilateral posterior rib fractures

Patient 15 No extracranial finding

Patient 16 Multiple bilateral posterior rib fractures, Right posterior C2 pedicle cortical disruption, C5-6 ligamentum flavum disruption

that the presence of HII correlates with outcome if AHT is
present.

There are several proposed reasons for why AHT con-
tributes so heavily to outcome in such children. One the-
ory suggests that AHT children are exposed to chronic, re-
peated trauma with resultant hypoxemia, which puts them at
a greater overall risk for HII [13]. Another theory regarding
an exacerbator factor for HII in AHT is that a higher risk of
respiratory failure exists in AHT children secondary to less
mature airway protective reflexes; accordingly, higher risks
of respiratory failure and intubation have been noted fol-
lowing AHT in comparison to NAHT [14, 15]. This would
be consistent with studies showing that patterns of diffuse
HII on DW MRI have poor outcomes in both children and
adults with HII, regardless of etiology [16—19]. Interest-
ingly, a subtype of AHT with unilateral or mostly unilateral
hemispheric involvement may have slightly better survival,
but still with severe residual neurologic deficits ([10, 16,
17]; Figs. 3 and 5). In this respect, 3/7 patients in this study
with HII from the AHT group (i. e. suspicious for AHT) suf-
fered a mostly unilateral insult, a characteristic found more
often in AHT than NAHT. While the mechanism for uni-
lateral or mostly unilateral HII is still unknown, one theory
involves transient vascular compression, whether related to
hyper-flexion/extension involved in shaking, strangling, or
from blunt cranial impact [16-19].

Regarding the presence of subdural hematomas, cSDHs
are perhaps the most frequently described imaging findings
in infants with AHT [9]. As such, the current study found
a significant association and high OR between the presence
of cSDH and AHT. Accordingly, a meta-analysis of extra-
axial hemorrhage in AHT showed that cSDH was the type
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of hemorrhage most strongly associated with AHT [20].
When SDHs of mixed attenuation are discovered in victims
of AHT, the most commonly cited explanation has been
repeated episodes of head injury [21, 22]. The mixed-den-
sity on CT may reflect the combination of high-attenuation
blood from acute hemorrhage or clot retraction and lower
density fluid from unclotted blood, serum, or cerebrospinal
fluid (CSF) [23, 24]. It is postulated that the re-rupture of
fragile neovessels in an organizing subdural membrane may
explain this mixed-density hematoma; similarly, in adults,
a cSDH (mixed-density) may result from recurrent hem-
orrhage into a chronic SDH in the absence of traumatic
head injury [25, 26]; however, unlike adults, spontaneous
re-bleeding into a chronic SDH is much less common in
infants. Therefore, many authors believe that a heteroge-
neous, mixed-density SDH in an infant implies an acute-
on-chronic head injury, being a pattern suggestive of repet-
itive head injury [27, 28]. Regardless of the physiologic
mechanism, this study confirms that cSDHs are much more
likely in AHT, while homogeneous density/intensity sSSDHs
were present only in NAHT [29].

There are several limitations of this study, including the
retrospective nature; however, due to the nature of this phe-
nomenon it is almost impossible to perform prospectively.
In particular, to make a definitive diagnosis of abuse may
necessitate years of investigation and following a victim’s
course, where a confirmed diagnosis or conviction may
never be obtained (as was the case in four patients in this
study). A second potential limitation is that the overall num-
ber of NAHT patients in a population would be expected
to be much larger than the overall number with AHT; thus,
a selection bias for more severe findings in either entity
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could result when similar numbers of patients undergo MRI
for both entities, although NAHT is overall more common.
A third limitation of this study may be the use of two dif-
ferent MRI field strengths, which could have theoretically
lowered the sensitivity of SWI in detecting RH. The lack
of sSDH in the AHT group may raise the question of some
referral bias. Finally, the relatively low number of definitive
cases of AHT (n=16) and difference in sample size could
be a limitation.

Conclusion

The presence of either RHs on SWI or ¢cSDH and HII is
much more likely to occur in AHT, as compared to NAHT,
while both sSDHs and DAI are much more likely to occur
in NAHT. Thus, the abovementioned neuroimaging findings
can be helpful in discriminating these two conditions on
presentation, as well as in helping solidify the suspicion
of AHT. Regarding eventual outcome in AHT, the most
important predictor is clearly HII. Prospective studies could
confirm the likelihood that the triad of SWI-RH, HII, and
c¢SDH is highly indicative of AHT.
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