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Abstract

Background Spinal imaging has been a neglected part of
abusive head trauma (AHT) imaging. As most of the radio-
graphs and CT spine are negative in AHT in infants, the
cervical spine is assumed to be normal. There is increasing
evidence in the role of injury to brainstem and cervical cord in
the pathogenesis of AHT. In addition, in courts of law, there is
fierce debate about AHT, its mimics and other disparate
nontraumatic diagnoses explaining the neuroradiological and
skeletal findings. However, this discussion ignores the evi-
dence and significance of spinal injury. We sought to study the
cervical spine in an AHT cohort to understand the true prev-
alence of spinal injuries in AHT and contrast it with cohorts of
accidental and nontraumatic groups to give the clinicians a
robust diagnostic tool in evaluating AHT.

Objective The purpose of this study is to compare the
relative incidence of spinal ligamentous and soft-tissue
abnormalities on spinal MRI among three groups of chil-
dren ages <48 months: 1) those with AHT, 2) those with
accidental trauma, and 3) those with nontraumatic
conditions.

Materials and methods This comparative study included 183
children who underwent spine MRI: 67 with AHT, 46 with
accidental trauma and a clinical suspicion of spinal injury, and
70 with nontraumatic conditions. Clinical and radiographic
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findings were collected in all cases and were analyzed retro-
spectively to identify MRI evidence of traumatic spinal inju-
ries. The incidence of spinal injuries among the three groups
was compared. The incidence of spinal ligamentous injuries
was calculated for those with and without radiographic evi-
dence of hypoxic-ischemic encephalopathy. All comparisons
were performed using Fisher exact test with P<0.05 consid-
ered statistically significant.

Results Cervical spine ligamentous injuries (predominantly
the nuchal, atlanto-occipital and atlanto-axial ligaments) were
present in 78% of the AHT group, 46% of the accidental
trauma group and 1% of the nontraumatic group; all of these
differences were statistically significant. Among the AHT
group, ligamentous injuries were statistically correlated with
evidence of brain ischemia.

Conclusion Injury to the cervical spinal posterior ligamen-
tous complex is common in AHT and even more prevalent
than in clinically symptomatic traumatic cases. The high cor-
relation between the radiographic findings of occipitocervical
ligamentous injuries and hypoxic-ischemic brain injury is
consistent with an interpretation that transient upper
occipitocervical spinal cord injury in AHT leads to disordered
breathing and results in hypoxic-ischemic encephalopathy.
We recommend imaging the entire spine in AHT to properly
identify and classify these injuries.

Keywords Abusive head trauma - Spine trauma - Spinal
subdural hemorrhage - Infant - Magnetic resonance imaging -
Nuchal ligament injury

Introduction
Abusive head trauma (AHT) is the most frequent cause of

traumatic brain injury in infants with a mortality of 15-25%
and significant neurological morbidity in the majority of
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survivors [1]. Cranial injuries have been well described with
subdural hemorrhage (SDH) and retinal hemorrhages in an
average of 80% of cases; brain injuries such as focal or global
hypodensities on CT, edema and loss of gray-white differen-
tiation, superficial parenchymal contusions, and deep punctate
hemorrhages in many on CT or MRI; and extracranial injuries
such as rib and classic metaphyseal fractures [2].

Spinal injuries have rarely been reported in AHT [3—12].
However, with the proposal by Geddes [3] that the majority
of axonal injuries (particularly those cranial to the
cervicomedullary junction) are hypoxic-ischemic rather
than traumatic in origin, the discovery that apnea or disordered
breathing is common in cases of AHT [7], and the knowledge
that infants are more susceptible to occipitocervical and upper
cervical spine injuries [6], increasing attention has focused on
identifying spinal injuries in AHT. The rarity with which
spinal injuries have been identified in the past likely reflects
the fact that they were rarely considered (and therefore not
sought). In traditional autopsy protocols the brain is
removed from the calvarium by cutting crudely across
the cervicomedullary junction with a large scissors, which
destroys the precise area of potential injury. A change in the
autopsy protocol that led to removing the brain and spinal cord
en bloc and an increasing focus on the spine and spinal cord
have now allowed the identification of spinal injuries (most of
them in the upper cervical spine) in up to 70% of fatal cases of
AHT [4, 13]. Similarly, spinal injuries in cases of AHT have
only rarely been reported on neuroimaging [3—12] because
spinal imaging such as MRI is not routinely performed. In
2000, we began to routinely obtain cervical spine MRI scans
in infants with AHT; in 2008, we expanded our protocol to
include whole spine imaging. We have previously reported
our findings on spinal subdural hemorrhages in this cohort
[14].

In the present comparative study, we contrasted the find-
ings on spinal neuroimaging (CT and/or MRI) among three
groups of children ages younger than 48 months: 1) those with
AHT, 2) those with accidental trauma and 3) those imaged for
reasons other than trauma. The purpose of the study was to
identify the incidence, distribution and radiological character-
istics of bone, ligamentous and soft-tissue injuries of the spine
in these three groups, contrast the abnormalities in cases of
AHT with those in accidental trauma, and confirm these
abnormalities as traumatic in nature by their absence among
the control group with no identified trauma. Our aim was to
better understand the mechanism of injury in AHT.

Materials and methods
After approval by the Human Subjects Protection Office, three

groups of infants and young children <48 months of age were
identified retrospectively. The first cohort included children

with AHT identified from an institutional AHT registry be-
tween 2000 and 2012 inclusive who had undergone a dedi-
cated MRI of the spine (including a STIR [short tau inversion
recovery] sequence). The second cohort included children
with documented accidental trauma who were managed at
our institution during the same time period and who had
undergone a dedicated MRI of the spine (including a STIR
sequence) because of a clinical concern for spine injury. The
third cohort served as a control and included infants and
children who underwent spinal MRI imaging (including a
STIR sequence) between 2004 and 2012 inclusive for clinical
indications other than trauma. These included masses of brain,
spinal cord or neck, spinal cord malformation including con-
cern for tethering of the cord, vascular malformations includ-
ing concern for abnormalities of the vascular structures and
PHACES syndrome (posterior fossa brain malformation,
hemangioma, arterial anomalies, cardiac defect, eye abnor-
malities, sternal cleft/supraumbilical raphe), chiari, syrinx,
structural abnormalities of head and neck, infection, neuro-
logical abnormalities of the extremities, torticollis, concern for
neurofibromatosis type 1 (NF1), congenital kyphosis and
syndromes such as Ellis van Creveld.

The clinical charts were reviewed by a pediatric neurosur-
geon (M.S.D.) with 22 years of experience and pediatric
neuroradiologist (A.K.C.) to identify demographic informa-
tion, clinical presentation, radiographic findings and clinical
outcomes. All cross-sectional images (including CT and MRI)
of the brain and spine were independently analyzed by two
experienced neuroradiologists (A.K.C. and T.Z.) with 7 and
6 years of experience, respectively. The images of the acci-
dental and AHT cohorts were reviewed randomly with the
readers blinded to the clinical history and diagnosis. After
independent analysis, any interobserver differences were re-
solvedby consensus. The spinal ligaments, membrane and
paraspinal soft-tissue structures were assessed for evi-
dence of injury. The presence of tears or hyperintensity on
STIR sequence surrounding the ligaments or membranes was
considered evidence of trauma (Figs. 1, 2, 3, 4 and 5). The
images were also reviewed to identify hemorrhage within the
epidural or subdural spaces; the character of the blood (nod-
ular or smooth); the presence or absence of dural thickening,
and any effacement of the subarachnoid space and/or mass
effect on the cord (Figs. 6, 7 and 8). We identified blood
as subdural in location if the epidural fat was normal in
signal intensity and there was no displacement of dura; blood
was considered to be epidural in location if there was dis-
placement of the dura with nonvisualization of the epidural fat
or stranding of the dural fat [14]. Hemorrhages were less
hyperintense than fat on T1-weighted MRI sequences and
were therefore readily distinguished; correlating the T1 find-
ings with T2 and STIR imaging sequences also helped differ-
entiate hemorrhage from fat within the spinal canal and elim-
inate false-positives. When both cranial and spinal SDH were
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Fig. 1 Sagittal STIR image in an 8-month-old girl with AHT demon-
strates injury to the nuchal ligament (small arrow) with associated hema-
toma and edema, injury to the atlanto-axial ligament (dotted arrow) and
prevertebral edema (large arrow)

present, the similarity of the signal intensity in both locations
was compared in an attempt to relate the two temporally. The
contiguity of SDH in the posterior fossa and spine was also
noted. Evidence of bone and spinal cord injury was also
recorded. Finally, brain parenchymal injuries, particularly

Fig.2 Sagittal STIR image in a 3-month-old girl with AHT demonstrates
injury to interspinous (arrow) and nuchal ligaments
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Fig. 3 Sagittal STIR image in a 15-month-old girl with accidental
trauma demonstrates a partial tear with edema along the nuchal ligament.
Injuries to the atlanto-axial (white arrow) and interspinous (black arrow)
ligaments are also identified

Fig. 4 Sagittal STIR image demonstrates atlanto-axial ligament injury
(black arrow) with spinal epidural hematoma (white arrow) in a female
newborn with traumatic vacuum delivery with intracranial injury and
hemorrhage
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Fig. 5 Sagittal STIR image (a) in
a 15-month-old boy involved in a
motor vehicle crash demonstrates
injury to the atlanto-axial
ligament (dotted arrow), odontoid
fracture (small arrow) with edema
of the peridental ligament and
prevertebral hematoma (/arge
arrow). b Capsular injury with
distraction of the atlanto-axial
joint is also identified (arrow)

hypodensities, loss of gray-white differentiation, and ischemic
changes on diffusion-weighted and ADC imaging were noted.

Statistical analyses were performed using SPSS software
version 21 (IBM, Armonk NY, USA). Interobserver agree-
ment was calculated using kappa statistics with k values of 0—
0.20, 0.21-0.040, 0.41-0.60, 0.61-0.80, 0.81-0.99 and 1.00
representing slight, fair, moderate, substantial, excellent and
absolute agreement, respectively. Fisher exact test was used to
compare the frequency of various spinal imaging findings
among the three cohorts with a P<0.05 considered statistically
significant. Logistical regression analyses were performed to
compare the variable findings in the three cohorts and between
brain and spinal cord imaging findings.

Fig. 6 Sagittal T1 (a) and T2 (b)
images in a 2-month-old boy with
AHT, who presented with cardiac
arrest and who had skull fracture
and intracranial SDH,
demonstrate T1 hyperintense and
T2 hypointense spinal SDH
(arrow) visualized only within the
thoracolumbar spinal canal

Results

Interobserver agreement

There was excellent (k=0.95) interobserver agreement for
identifying the presence of spinal injuries among the AHT
cohort and absolute agreement (k=1.00) for identifying spinal
injuries in the accidental trauma cohort.

AHT cohort

The AHT cohort included 67 children; 43 (64%) were boys
and 24 (36%) were girls. The median age was 4 months.
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Fig. 7 Sagittal T1 (a, ¢) and T2
(b, d) images in a 10-month-old
boy with AHT, who had multiple
metaphyseal and rib fractures,
demonstrate posterior fossa

SDH in continuity with spinal
SDH. The spinal SDH extends
along the entire spinal canal both
anteriorly and posteriorly (small
black arrows on a and ¢). The
posterior fossa and spinal SDH
are similar in signal intensity with
layering T1 isointense/T2
hypointense and T1 hyperintense/
T2 hyperintense blood. The long
white arrows point to the layering
effect of the SDH of different
signal intensity

Cranial imaging in this group identified cranial SDH in 54
children (81%) and evidence of brain ischemia (focal or global
hypodensities on CT, T2 fluid attenuated inversion recovery
(FLAIR) hyperintensities and/or restricted diffusion on diffu-
sion and apparent diffusion coefficient (ADC) sequences in 40
(60%). Cervical spine MRI was available in all 67 children.
Thoracic and lumbar spine MRI was also available in 31
cases. The distribution of injuries is displayed in Table 1.
Bone trauma was seen in only 4 cases (6%). Ligamentous
injuries were much more common and were seen in 52 cases
(78%) (Figs. 1, 2 and 3). Injuries to the nuchal ligament were
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present in 52 (78%), to the interspinous ligament in 43 (64%),
to the posterior atlanto-occipital ligament in 10 (15%), to the
posterior atlanto-axial ligament (AA ligament) in 36 (54%), to
the ligamentum flavum in 8/67 (12%), and to the atlanto-
occipital and/or atlanto-axial joint capsule in 15 (22%).
Prevertebral retropharyngeal edema was present in 9 (13%)
and edema of the supradental space was present in 13 (19%).

Spinal SDH was present in 32 of 67 cases (48%) (Table 1)
(Figs. 6, 7 and 8). Of 31 children with whole spine MRIs, 21
(67%) had a spinal SDH; among this subgroup, the cranial
extent of the spinal SDH varied from C1 to the T10 vertebral
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Fig. 8 A 4-month-old girl with multiple classic metaphyseal and rib
fractures and a chronic intracranial SDH. Sagittal T1 (a) and T2 (b)
images fail to demonstrate spinal SDH as the hemorrhage is T1
hypointense and T2 hyperintense and is similar to CSF. A three-column
fracture of T12 is identified (b, small arrow). Postcontrast 3-D-VIBE FS
(3-D gradient echo volumetric interpolated breath hold examination with

fat suppression) sagittal (¢) (reconstructed from axial data) and axial (d)
images, as well as an axial T2 (e) image, confirm spinal SDH with
displacement of nerve roots anteriorly (arrows). The contrast was admin-
istered to obtain postcontrast MRV of the brain and subsequently the spine
was also scanned postcontrast medium

Table 1 MRI findings of abusive
head trauma and accidental trau-
ma cohorts

AO atlanto-occipital, 44
atlanto-axial

Abusive head trauma Traumatic Nontraumatic

Total cases 67 46 (43 with brain imaging) 70

Brain subdural 54/67 (81%) 20/43 (46%) 0

Brain ischemia 40/67 (54%) 20/43 (46%) 0

Spinal subdural 32/67(48%) 1/46 (2%) 0

Nuchal ligament injury 52/67 (78%) 20/46 (43%) 1/70 (1%)
Interspinous ligament injury 43/67 (64%) 15/46 (33%) 0
Posterior AO ligament injury 10/67 (15%) 4/46 (9%) 0
Posterior AA ligament injury 36/67 (54%) 17/46 (37%) 0

Capsule ligamentous injury 15/67(22%) 5/46 (11%) all bilateral 0
Ligamentum flavum injury 8/67 (12%) 2/46 (4%) 0
Prevertebral edema 9/67 (13%) 1/46 (2%) 0
Peridental ligamentous injury 13/67 (19%) 6/46 (13%) 0
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levels with 18/32 (56%) extending only as far as the
thoracolumbar junction; the caudal extent in all cases was
the terminus of the thecal sac. In 10 cases the spinal canal
SDH was in continuity with posterior fossa SDH. With respect
to the adjacent spinal cord, the spinal SDH was predominantly
T1 hyperintense in 29/32 (91%), T1 isointense in two cases
and hypointense in one case. In two cases, T2 imaging was not
available for review. Among the remaining 30 cases, the
spinal SDH was T2 hyperintense to spinal cord in 15/30
(50%) and hypointense to spinal cord in 15/30 (50%). All
cases of thoracolumbar SDH also had posterior fossa SDH
that, although not contiguous with the spinal SDH, had iden-
tical signal intensities as the spinal SDH (Fig. 7).

Traumatic cohort

The traumatic cohort included 46 children who underwent
spinal neuroimaging because of a clinical concern for spinal
injury resulting from trauma, most commonly from motor
vehicle injuries. There were an equal number of boys and
girls. The median age was 15 months. MRI of the brain was
obtained in 43 children (93%). Cervical spine MRIs were
obtained in all children in this group. One child (2%) had a
bone injury (Fig. 3). Ligamentous abnormalities were identi-
fied in 21 cases (46%) (Figs. 3, 4 and 5). Injury to the nuchal
ligament was identified in 20 (43%), to the interspinous liga-
ment in 15 (33%) and to the posterior atlanto-axial ligament in
17 (37%). Spinal subdural hemorrhage was present in only 1
child (2%) (Table 1).

Nontraumatic cohort

The cohort being imaged for reasons other than trauma in-
cluded 74 children. Five children in this group had abnormal
soft-tissue signal in the suboccipital region (Table 2). Four of
the 74 children were excluded from further analysis because
there was an alternate explanation of suboccipital soft-tissue

Table 2 Predicted probabilities for ischemia

Predictor Predicted probability of ischemia
(95% confidence interval)
None 0.237 (0.085, 0.510)

Nuchal ligament 0.179 (0.042, 0.519)
0.710 (0.269, 0.942)
0.489 (0.144, 0.846)
0.633 (0.374, 0.833)
Nuchal + posterior AA ligaments 0.403 (0.141, 0.736)
Interspinous + posterior AA ligaments 0.883 (0.423, 0.987)

Nuchal + interspinous + posterior AA 0.842 (0.678, 0.931)
ligaments

Interspinous ligament
Posterior AA ligament
Nuchal + interspinous ligaments

AA atlanto-axial

@ Springer

signal abnormality as described below. Of the analyzed 70
cases in this cohort, the median age was 14 months with 33
(47%) boys and 37 (53%) girls. Among the five cases with
suboccipital soft-tissue signal abnormality, the first case was a
newborn with T2 hyperintensity in the suboccipital region
associated with arthrogryposis and significant contracture de-
formities as well as intraventricular hemorrhage. The second
case had a posterior neck hemangioma. The third case had a
venous malformation in the soft-tissue of the neck with hem-
orrhage. The fourth case had OEIS complex (Omphalocele-
exstrophy-imperforate anus-spinal defects) with diffuse body
wall edema that included the neck. All four of these cases were
excluded from further analysis. The remaining case had a 20-
min generalized tonic-clonic seizure associated with fever and
septicemia, and a transient post-ictal (Todd’s) paralysis of the
left arm. The soft-tissue structures in the suboccipital region
demonstrated T2 hyperintensity. This child was included in
the nontraumatic cohort for further analysis. Apart from this
case, there were no other cases with evidence of bone, soft-
tissue or ligamentous injuries involving the cervical spine.

Statistical analysis

The findings among the three cohorts are summarized in
Table 1. The children in the AHT cohort were younger and
more frequently male compared with the traumatic and
nontraumatic cohorts. On spinal imaging, bone fractures were
found only among the two traumatic cohorts. Ligamentous
injuries were significantly more frequent among the two trau-
matic cohorts compared with the nontraumatic cohort.
Ligamentous injuries were more frequent among the AHT
cohort (78%) compared with either the accidentally injured
(46%) or the nonaccidental (1%) cohorts (P<0.05). Among
the AHT group, both isolated interspinous ligament injury as
well as combinations of interspinous with nuchal and/or
atlanto-axial ligamentous injuries were statistically associated
with evidence of brain ischemia (Table 2). Individually,
atlanto-axial and interspinous ligament injuries were some-
what predictive of brain ischemia (49% and 71% probability
with odds ratios of 3 and 8, respectively), the combination of
interspinous and posterior atlanto-axial ligament injury was
most highly predictive of brain ischemia (88% probability
with odds ratio of 24) (Tables 2 and 3). In the traumatic cohort,
atlanto-axial ligamentous injury was also significantly corre-
lated with brain ischemia (P<0.05).

The overall incidence of spinal SDH among the AHT
cohort was 48% compared with only 2% among the acciden-
tally injured group (P<0.001). The incidence of spinal SDH in
the AHT group was even higher (66%) among those cases in
which the thoracolumbar spine was also imaged. The presence
of combined nuchal, interspinous and posterior atlanto-axial
ligament injury predicted a 60% probability of spinal SDH
(Tables 4 and 5).
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Table 3 Odds ratios for ischemia Table 5 Odds ratios for spine subdural

Comparison Odds ratio (95% P-value Comparison Odds ratio (95% P-value

confidence interval) confidence interval)

Nuchal ligament vs. none 0.7 (0.1, 4.9) 0.72 Nuchal ligament vs. none 1.6 (0.3, 8.7) 0.57

Interspinous ligament vs. none 7.9 (1.7, 36.1) 0.01 Interspinous ligament vs. none 1.5(0.4,5.6) 0.57

Posterior AA ligament vs. none 3.1(0.8,11.5) 0.09 Posterior AA ligament vs. none 1.7(0.5,5.4) 0.35

(Nuchal + interspinous ligaments) 5.6(1.1,27.4) 0.04 (Nuchal + interspinous ligaments) 2.4 (0.5, 10.7) 0.25
vs. none vs. none

(Nuchal + posterior AA ligaments) 2.2(0.3,13.7) 0.41 (Nuchal + posterior AA ligaments) 2.8 (0.5, 15.3) 0.23
vs. none vs. none

(Interspinous + posterior AA ligaments) 24.4 (3.1, 194.4) 0.003 (Interspinous + posterior AA 2.5(0.5,12.9) 0.27
vs. none ligaments) vs. none

(Nuchal + interspinous + posterior AA  17.2 (3.6, 81.6) <0.001 (Nuchal + interspinous + posterior 4.1 (1.0, 16.3) 0.04

ligaments) vs. none

AA ligaments) vs. none

AA atlanto-axial

Discussion

Cervical spinal injuries historically have been considered a
rare event in association with both accidental and abusive
infant trauma. In one study of 905 infants with head trauma,
only 2 (0.002%) had an associated cervical spine injury, both
of these resulting from AHT [15]. In another study of 95,964
infants <3 years of age with head trauma, only 1.5% had
associated spinal injuries, with a C2 fracture being the most
common injury type [16]. Among 8,992 children with AHT
reported by Kemp [17] as part of a meta-analysis of studies
published prior to 2010, only 25 (0.003%) had an associated
spinal injury, 23 of whom were <2 years of age. Twelve of the
cases had isolated cervical spine involvement; the median age
of'this subgroup was 5 months and all presented with impaired
consciousness and respiratory distress. In contrast, among 12
children with isolated thoracolumbar spine injuries, with a
median age of 13.5 months, all presented with focal neuro-
logical deficits or a visible spine deformity. Among 16 chil-
dren for whom MRI scans were obtained, spinal cord injuries

Table 4 Predicted probabilities for spine subdural

Predictor Predicted probability of
spine subdural (95%
confidence interval)

None 0.267 (0.104, 0.533)

Nuchal ligament 0.373 (0.134, 0.696)
0.349 (0.091, 0.742)
0.385 (0.117, 0.748)
0.467 (0.243, 0.705)
0.505 (0.216, 0.792)
0.479 (0.124, 0.857)

Nuchal + interspinous + posterior AA ligaments 0.600 (0.428, 0.751)

Interspinous ligament

Posterior AA ligament

Nuchal + interspinous ligaments
Nuchal + posterior AA ligaments
Interspinous + posterior AA ligaments

AA atlanto-axial

AA atlanto-axial

were observed in 12, ligamentous or disc injures in 4, soft-
tissue injuries in 4 and fracture dislocation in 2. Violent
shaking was reported in 8 of the 25 children, of whom 4
(50%) had cervical spine injuries [17].

Cervical spine trauma, in general, and ligamentous injuries
and spinal SDH, in particular, may be significantly
underreported in the literature for a number of reasons. First,
infants are difficult to assess clinically; formal strength testing,
as one would do for an older child or adult, is clearly not
possible in an infant and modest neurological deficits may be
missed [18]. Second, infants are much more susceptible than
older children or adults to ligamentous injuries that would not
necessarily be apparent on radiography or CT [19]. Some of
these ligamentous injuries may not result in spinal instability
but nonetheless serve as an important marker for trauma.
Third, MRI scans — the only imaging modality that can reli-
ably demonstrate ligamentous injuries and soft-tissue hemor-
rhages — are infrequently performed on infants with trauma
unless clinical circumstances warrant such. Fourth, with re-
spect to fatal cases, forensic autopsy protocols in use until
recently have separated the brain from the spinal cord
by lifting the brain within the calvarium, sectioning the
cranial nerves along the ventral brainstem, and, in the
final act, cutting the lower medulla from the spinal cord
with a pair of curved Mayo scissors at the cervicomedullary
junction. Unfortunately, the cervicomedullary junction and
upper cervical spinal cord are precisely the regions most
vulnerable in infant trauma. Since 2004, forensic autopsy
protocols have included techniques for en bloc removal of
the brain and cervical spine via a posterior approach that
preserves this area [13]. Not surprisingly, more recent publi-
cations are increasingly demonstrating traumatic injuries to
the cervicomedullary junction, upper spinal cord and upper
cervical nerve roots in fatal cases of AHT [3—12]. Brennan and
colleagues recently reported that 70% of infant homicide
victims have concomitant cervical spinal pathology [4].
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A number of anatomical features in infants predispose
them to cervical (and particularly upper cervical) soft-tissue
and ligamentous neck injuries. These include a large head
size relative to the neck, poor muscle tone and head
control, horizontally oriented facet joints, poorly developed
uncovertebral and intervertebral joints, shorter spinous and
transverse processes, and a more cranial fulcrum of movement
for the infant neck (C2/3) compared to the older child (C5/6)
[17].

The infant neck is stabilized by three sets of important
ligaments. Posteriorly, the occipitocervical complex, from
occiput to C2, is stabilized by the atlanto-occipital ligament
(between occiput and atlas) and the atlanto-axial ligament
(between atlas and axis). In addition, the midline is bolstered
by the nuchal ligament (ligamentum nuchae), a thick midline
ligament that takes origin at the posterior occipital protuber-
ance and extends to the posterior arch of C1 and the spinous
processes of C2 to C7 inclusive. The lamellar segment of the
nuchal ligament is deepest at C1 and most superficial at C6/7
[20]. The nuchal ligament is in part responsible for maintain-
ing the lordotic alignment of the cervical spine and stabilizing
the head during flexion and cervical spine rotation; it is most
commonly injured during flexion movements of the neck [20,
21]. Posterolaterally, the capsular ligaments of the occipital
condyles and atlanto-axial joints provide further stabilization.
Myodural bridges — fibrous bridges that connect the
suboccipital musculature including, in particular, the rectus
capitis posterior minimi, and the nuchal ligament with the
cervical dura and atlanto-occipital and atlanto-axial lig-
amentous complex — may also be involved in cervical spine
stabilization [22-30].

Immediately anterior to the spinal canal and spinal cord the
occiput-atlas-axis complex is supported by a strong ligamen-
tous complex that includes the tectorial membrane, posterior
longitudinal ligament, cruciform ligament, apical and alar
ligaments of the dens, and the accessory atlanto-axial liga-
ments. Finally, the anterior longitudinal ligament connects the
axis and atlas along the anterior vertebral surfaces of these two
vertebrae; the anterior longitudinal ligament becomes conflu-
ent with the anterior atlanto-occipital membrane to connect
the anterior arch of the atlas to the anterior clivus.

Our study found that infants with both AHT and accidental
injuries most commonly sustained predominantly posterior
ligamentous complex injuries — nuchal, atlanto-occipital and
atlanto-axial ligaments — without anterior ligamentous injuries
and without bony injury. This favors a primary flexion mech-
anism of neck injury. The higher frequency of ligamentous
injury among the AHT cohort compared with the accidental
trauma cohort suggests both that infants with AHT are sub-
jected to more significant neck forces than those with acci-
dental neck injuries (who more frequently sustain impact
injuries) and these neck injuries may represent the result of
violent, forceful shaking (with or without impact).
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There was also a higher incidence of spinal SDH among
the AHT cohort compared with the accidental trauma cohort.
One possibility is that repetitive violent shaking (rather than
an isolated flexion or extension movements as might be seen
in accidental trauma) results in more frequent and severe
cervical ligamentous injuries. We also speculate that myodural
bridges may serve as a previously unrecognized conduit to
transmit injury forces from the cervical musculature and lig-
aments to the underlying dura and spinal cord. Traction on the
myodural bridges, by pulling the dura away from the under-
lying arachnoid, might open up the cervical spinal subdural
space and allow posterior fossa subdural blood to migrate
caudally into the spinal subdural space. Traction on intradural
nerve roots and dentate ligaments could also transmit these
forces to the spinal cord and brainstem. The role of the
myodural bridges in spinal cord injuries requires further study.

We have previously reported on spinal SDH among infants
with AHT in which more than 60% of the spinal SDH were
thoracolumbar in origin and without any associated
thoracolumbar ligamentous injury. This led us to postulate
that spinal SDH was the result of caudal migration of blood
from the posterior fossa SDH to the most dependent region of
the spine rather than the consequence of direct spinal trauma
[14]. This proposal is strengthened by the fact there is no
venous plexus in the spinal subdural space [31]. The results
of the present study support this conclusion, at least for the
thoracolumbar SDH. All of the infants with spinal SDH had a
coexisting posterior fossa SDH of similar MRI intensity.
Among those with thoracolumbar SDH there were no
thoracolumbar bone or ligamentous injuries found at the level
of the SDH. This leads us to conclude that the posterior fossa
SDH likely extends caudally into a gravity-dependent site.
Among the children with cervical SDH, the posterior fossa
and cervical SDH were contiguous leading to a similar con-
clusion although the presence, in some, of adjacent cervical
ligamentous injuries does not allow us to exclude direct cer-
vical trauma as another potential mechanism. In fact, our
study found that although injury to individual cervical spine
ligaments was not predictive of spinal SDH, the combination
of nuchal, interspinous and atlanto-axial ligamentous damage
was significantly correlated with spinal SDH.

One of the most important findings from this study is that,
among both the AHT and accidentally injured cohorts, liga-
mentous injuries to the occipitocervical complex were signif-
icantly associated with cranial MRI findings of brain hypoxic-
ischemic injury. These findings are consistent with the con-
clusions of others that the injuries to the brain in AHT are
primarily hypoxic-ischemic in origin [3] and the result of
disordered breathing or apnea [7]. Alternatively, this associa-
tion could simply reflect the presence of greater overall inju-
ries among the group having both cervical spine and hypoxic-
ischemic brain injuries. An intriguing finding of this study is
that direct imaging evidence of spinal cord injury was lacking,
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in contrast to the findings of other studies [4]. One possibility
is that these children have sustained a reversible neurapraxic
type of injury that is not visible using standard MRI se-
quences. We hypothesize that injuries to the posterior
occipitocervical ligaments may serve as a proxy to spinal cord
and/or brainstem injury without visible evidence of spinal
cord damage on routine MRI. Diffusion tensor imaging may
demonstrate lesser degrees of axonal injury to a better degree
and deserves further study.

Another interesting finding is that the only child among the
nontraumatic cohort with cervical spine abnormalities similar
to those in the traumatic cohorts had a 20-min tonic-clonic
seizure. There remains the possibility that during the
prolonged clonic phase of this child’s seizure, there could
have been violent shaking movements that caused traumatic
spinal soft-tissue injury. We are undertaking a retrospective
study of MRI among children with extensive or prolonged
seizures to evaluate this possibility.

Our study results support previous findings and recommen-
dations regarding spinal imaging in children with suspected
AHT, with more than three-quarters of these children having
visible MRI abnormalities that would be missed if spinal
imaging is omitted [14]. Some have argued that the costs of
additional imaging studies are prohibitive and that the abnor-
malities are not of practical significance as they do not change
treatment plans. However, we have encountered two symp-
tomatic spinal SDH, one found on imaging performed for
evaluation of priapism and another for evaluation of delayed
paraparesis. Although these did not lead to surgical treatment
of the SDH, they did lead to greater vigilance for evidence of
progression in these two children. Moreover, like skeletal
surveys, most of which demonstrate bony injuries that do
not require treatment, the identification of cervical ligamen-
tous injuries is of extreme medicolegal importance in
supporting trauma as the underlying etiology for the child’s
injuries. The finding of a much higher frequency of upper
cervical ligamentous injury among the AHT cohort compared
with the symptomatic accidentally injured cohort supports
repetitive, violent infant shaking as a potentially significant
injury mechanism in the pathogenesis of AHT. Finally, we
want to emphasize that although cervical spine ligamentous
injuries are common among the AHT cohort, this should not
be interpreted to mean, as some biomechanical engineers have
suggested, that the absence of spine or spinal cord injury
excludes AHT as a possibility, or shaking as a potential injury
mechanism.

There are a number of limitations to this study. First, it is a
retrospective study with a small sample size. Moreover, the
traumatic cohort was selected on the basis of clinical concern
for cervical spine injuries although it is likely that an acciden-
tal trauma cohort that included all children with accidental
trauma would have made the intergroup differences even
greater. Second, although these findings were almost

universally absent in the nontraumatic cohort, we have no
pathological confirmation that the findings in this study are
directly trauma related. However, the fact that these findings
were present among both the AHT and accidental trauma
cohorts but in only one of the children from the nontraumatic
cohort and that in the AHT groups the injuries were often
associated with concomitant traumatic intracranial and extra-
cranial injuries strongly supports the traumatic nature of the
spinal injuries. Third, the median age of AHT cohort was
4 months as compared to 15 and 14 months in the traumatic
and nontraumatic cohorts, respectively. This may reflect either
nature of injury at different age groups vs. presentation at our
institute. Finally, it is possible that we have missed some
injuries that were too subtle to identify. In particular, spinal
SDH was predominantly T1 hyperintense, but we may have
missed other isointense or hypointense SDH (Fig. 5). This
raises the possibility that the true incidence of spinal subdural
hemorrhage may be higher in AHT. Nonetheless, these limi-
tations do not significantly change the conclusions of the
study.

Conclusion

Cervical spinal ligamentous injuries are much more common
than bony injuries in AHT, therefore radiographs and CT will
be insufficient. We describe a complex of injuries that fre-
quently involves the nuchal, interspinous and posterior
occipital-atlantal-axial ligaments on MRI in cases of AHT.
That this signature pattern among the AHT cohort more close-
ly mirrors the accidental trauma cohort than the nontraumatic
cohort supports that these findings are traumatic in nature.
Although our study did not directly identify spinal cord injury,
the strong correlation between ligamentous injury to the
occipitocervical junction and MRI findings of hypoxic-
ischemic brain injury supports the conclusion that transient
upper cervical spinal cord and/or upper cervical root injuries
result in transient apnea or disordered breathing that leads
ultimately to hypoxic-ischemic encephalopathy. We recom-
mend imaging the entire spine in AHT to properly identify
these associated injuries. STIR sequence was found to be most
useful for detecting soft-tissue injury and sagittal T1 was
found most useful for detecting spinal subdural. Axial T1
was useful for detecting small spinal subdural hematoma.
Further study of spinal and brainstem injuries using diffusion
tensor imaging, detailed studies of the suboccipital muscula-
ture and ligaments during autopsy, and the role of myodural
bridges in producing dural traction may help us to further
understand the pathophysiology of brain and spine injury in
AHT.
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