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Abstract

Purpose Until now, the diagnosis of optic nerves hemorrhages in abusive head trauma (AHT) has been obtained only in the
postmortem setting. The aim of the IRB-approved study was to assess the presence of optic nerves hemorrhages in AHT patients
using 3D-SWL

Methods Thirteen children with a final confirmed multidisciplinary diagnosis of AHT underwent coronal and axial 3D-SWI
imaging of the orbits. The presence of optic nerve sheath (ONS) hemorrhages was defined by thickening and marked 3D-SWI
hypointensity of the ONS, resulting in mass effect upon the CSF space. Optic nerve (ON) hemorrhages were defined by areas of
susceptibility artifacts in the ON parenchyma. Superficial siderosis was defined by susceptibility artifact coating the ON.
Furthermore, data about post-traumatic deformity of the ONS at the head of the optic nerve were collected.

Results The average age of the population was 7.9 + 5.9 months old. The average GCS was 11.8 +4.5. The male to female ratio was
7:6. ONS hemorrhages were identified in 69.2% of cases. Superficial siderosis and ON hemorrhages were identified in 38.5 and
76.9% of cases, respectively. 3D-SWI also depicted traumatic deformity of the ONS at the level of the optic nerve head in 10 cases
(76.9%). No statistical correlations were identified between RetCam findings and 3D-SWI findings or GCS and ON hemorrhages.

Conclusion This research shows that dedicated MRI with volumetric SW1 of the orbits can depict hemorrhages in the ON, ONS,
and ONS injury, in AHT victims.

Keywords Optic nerves - Optic nerves hemorrhages - Abusive head trauma - Child abuse - Retinal hemorrhages - Forensic
medicine - Infants - Brain MRI - Retinoschisis

Abbreviations

AHT Abusive head trauma
ON  Optic nerve

ONS  Optic nerve sheath

AHT are substantial [1, 3—7]. However, gathering evidence,
and overcoming alternative theories, especially in the court
setting, remains challenging [8]. Thus, providing additional
evidence of AHT, particularly when autopsy is not available,
is critical. Until now, the diagnosis of optic nerve (ON) and
optic nerve sheath (ONS) hemorrhages in AHT has been for-
mulated only postmortem. This has been possible by using a
technique which includes exenteration of the orbit soft tissues,

Introduction

The diagnosis of abusive head trauma is multidisciplinary [1].
AHT results from a combination of forces applied to the head
of the child. These forces include shaking, blunt impact,
throwing, or dropping the victim [2]. The forensic information
provided by imaging and postmortem data to the diagnosis of
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optic nerves sectioning, gross pathological examination, and
histological analysis. [9] The present study aims to identify
hemorrhages within the ONS, and ON in AHT victims, by
using 3D-SWI imaging of the orbits, with the same dedicated
sequences of the orbits described elsewhere [10].

Material and methods

This study was conducted in a single academic pediatric hospital.
A group of 13 children with a final confirmed multidisciplinary
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diagnosis of AHT admitted at the Children Hospital of
Pittsburgh between 2012 and 2015 were retrospectively analyzed
as part of a larger IRB study regarding advanced imaging tech-
niques, including 3D-SWI (IRB PRO10020141). All patients
met the diagnostic criteria for AHT and underwent a standard
brain MRI evaluation, with short and long TR imaging se-
quences. All patients underwent coronal and axial 3D-SWI im-
aging of the orbits, employing the 3D-SWI axial and coronal
sequences used to identify retinal hemorrhages in prior studies,
and the same MRI GE-based platforms [6, 10]. Lack of com-
bined axial and coronal 3D-SWI imaging of the orbits represent-
ed exclusion criteria. Table 1 provides detailed information re-
garding the 3D-SWI sequences utilized in the present study.
Sagittal and oblique reformats were obtained to confirm the pres-
ence of ON hemorrhages. Given the unavailability of
neuroimaging-based literature regarding the diagnosis of ON
hemorrhages in AHT, 3D-SWI were analyzed using as a refer-
ence of the neuropathological data from the postmortem litera-
ture [10—16]. Only one reader was chosen to analyze the images.
One senior board-certified pediatric neuroradiologist, with more
than 20 years of clinical experience in the field of pediatric
neurotrauma, evaluated the images (GZ). The presence of ONS
hemorrhages was defined by (a) ONS thickening and marked
3D-SWI hypointensity on both axial and coronal images con-
firmed by using the tool localizer available on the PACS work-
station (iSite System, Philips), resulting in (b) mass effect upon
the CSF space. ON hemorrhages were defined by the presence of
any hemorrhage (very dark on 3D-SWI) involving the optic
nerve parenchyma, on both axial and coronal images.
Superficial siderosis was defined by scattered foci of susceptibil-
ity artifact (dark on SWI) along the surface of the optic nerve.
Furthermore, data regarding post-traumatic deformity of the
ONS, at the level of the optic nerve heads, as described by
postmortem AHT studies were collected [9]. Deformities had
to be confirmed on both axial and coronal 3D-SWI and were
graded from 1 to 3, where grade 1 corresponds to mild deformity
of the ONS without enlargement, grade 2 corresponds to defor-
mity and mild enlargement of the ONS, and grade 3 corresponds
to deformity with loss of the anatomical landmarks of the ONS
with marked enlargement. Images were evaluated using a

Table 2 3D-SWI results

Yes (%) No (%)
ONS hemorrhage 69.2 30.8
Superficial siderosis 38.5 61.5
Optic hemorrhages 76.9 23.1
ONS traumatic deformation® 76.9 23.1

Incidence of hemorrhagic lesions along the intra-orbital optic pathways.
ONS optic nerve sheath; *at the level of the head of the optic nerve

dynamic window setting tool, to better differentiate between fatty
tissue and hemorrhage. The adapted Glasgow Coma Score and
Glasgow Outcome Score indexes were collected for each patient,
at discharge from the Hospital. RetCam reports were also col-
lected. Normality of data was assessed by Kolmogorov-Smirnov
test. Continuous numeric variables were expressed as mean = SD
or medians (IQR) and compared with a two-sample ¢ test and
one-way analysis of variance (for normally distributed data), or
Mann-Whitney test and Kruskal-Wallis test (for non-normal dis-
tribution of data). Paired numeric variables were compared with
the paired sample ¢ test (for normally distributed data) or with the
Wilcoxon signed-rank test (for non-normal distribution of data).
Categorical variables were expressed as frequency number (%)
and compared using 2 test or Fisher’s exact test. All statistical
analyses were performed using a SPSS version 20.0 (SPSS Inc.,
Chicago, IL), and a two-sided value of P < 0.05 was considered
as statistically significant.

Results

Thirteen patients, 7 males (54%) and 6 females (46%), were
identified (mean age, 7.9 months, min, 1.2 months; max,
20.8 months; Std. deviation, 7.9 months). The average GCS
was 11.8+4.5. The male to female ratio was 7:6. The out-
come was good recovery, moderate disability, severe disabil-
ity, and vegetative state in 38.5%, 30.8, 15.4, and 15.4%,
respectively. Neuroimaging findings are reported in Table 2.

Table 1 3D-SWI protocol

3D-SWI TR/TE Slice thick FOV Flip Matrix In-plane res. TA
(ms) (mm) (mm) angle (mm) (min)
AX15T 50.0/78.3 1 200 15 288x224 0.5 3.0
AX30T 46.6/26.0 1 200 15 320x256 0.6 33
COR1ST  53.1/26 1 180 15 320x256 0.6 6.0
COR3.0T 50/78.3 1 200 15 352x224 0.5 43

On Coronal SWI, the field of view included the orbits up to the coronal suture. This protocol was obtained in
~70% patients using a 1.5 T magnet and a 3.0 T magnet in the remainder 30%. TA acquisition time
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Fig. 1 A 4.8-month-old patient. a
Grade 3 deformity of the ONS at
the optic nerve head level (left)
with CSF leak (small arrows) and
a subdural collection in the ONS
(thicker arrow). A hemorrhagic
lesion is identified within the in-
ferior half of the right optic nerve
(arrowheads). b ON hemorrhage
at the optic fissure (arrowhead)

Fig. 2 a A 11.7-month-old
patient. A few ON hemorrhages
are visible within the anterior
(upper images) and posterior
(bottom images) tracts of the ON
(white arrows). The upper left
image is a cropped image of the
right globe, showing multiple
retinal hemorrhages (arrowheads)
and an ON hemorrhage near the
right ON head (white arrow). The
upper right image shows a coro-
nal view of the anterior segment
of the left ON, with two foci of
ON hemorrhage (white arrows). b
A coronal 3D-SWI from the same
patient shows ONS hemorrhages
(arrows) deforming the CSF
space. Please note the presence of
a fainted central hypointensity
within the optic nerve corre-
sponding to the central retinal
vein (arrowhead). There is a peri-
neural hemorrhagic infiltrate
within the perineural fatty tissue,
as demonstrated in the postmor-
tem literature [9]
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Fig. 3 A 10.3-month-old patient
with grade 3 deformity of the
ONS showing ON hemorrhages,
bilaterally (arrows), with
hemorrhagic debris abutting the
CSF space (white arrowheads)
and retinal hemorrhages (dark
arrowheads). Please note:

the upper images are obtained in
the axial plane, while the bottom
images are obtained in the coronal
plane right behind the globe

Right eye

ON hemorrhages were present in 76.9% cases; ONS were
identified in 69.2% patients. Superficial siderosis and ONS
deformity were noted in 38.5% and 76.9% patients,
respectively.

GCS and GOS were not statistically different between pa-
tients with and without ON/ONS hemorrhages, or traumatic
deformity of the ONS. There was no statistical correlation
between severity of deformity of the ONS and GCS, outcome,
or ONS hemorrhages. Similarly, the presence of RetCam
schisis was not significantly higher in patient with ON or
ONS hemorrhages, and traumatic deformity of ONS.
Figure 1, Fig. 2 a and b, Fig. 3, Fig. 4, and Fig. 5 reflect the
spectrum of imaging findings encountered in the present MRI
study.

Fig. 4 Right orbit of a 1.5-month-old patient with ON
hemorrhages (arrows) and ONS hemorrhages (arrowheads).
Additionally, there is hemorrhagic infiltration of the right lateral rectus
muscle (bracket)

@ Springer

Left eye

Discussion

ON hemorrhages in AHT were first described in a postmortem
clinical report by Johnson and Coll. in 1986 [13]. On post-
mortem exam, the incidence of ON hemorrhages ranges from
65 to 100% [9, 14, 17]. The incidence of ONS hemorrhages is
higher within the subdural space, followed in order of occur-
rence by the epidural, intradural, and subarachnoid space, re-
spectively [9]. Similarly, in the present in vivo investigation,
we observed a remarkably high incidence of ONS hemor-
rhages (69.2%) (Fig. 1, Fig. 2b), but still in the lower range,
compared to the postmortem literature. This can be explained
by the fact that none of the patients from this case series died
from AHT. ON hemorrhages can be found within the different
compartments of the intra-orbital optic pathways, including
the subdural, epidural, subarachnoid, subpial, and intraoptic
compartment [9, 12, 17, 18].

Postmortem, ON hemorrhages are better identifiable by
using the microscope, on hematoxylin and eosin stain, al-
though usually macroscopic examination is preferred [9, 12].
In this study, ON hemorrhages were identified in 76.9% of
patients (Fig. 1, Fig. 2a, Fig. 3). ON hemorrhages did not
correlate with GCS or GOS, which may be due to the small
size of the population. The high incidence of ON hemorrhages
observed in the present study may reflect the intrinsic fragility
to trauma of the very tiny bridging veins abutting the central
retinal vein. On the other hand, the visualization of ON hem-
orrhages is probably emphasized by the signal contrast be-
tween hemorrhage and unmyelinated ON on SWI [19].
Identifying the presence of ON hemorrhages and superficial
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Fig. 5 A 20.8-month-old patient. (a) Retinoschisis (black arrowheads)
and retinal hemorrhages (white arrows) are seen. Scattered foci of
superficial siderosis are seen along the left ON (white arrowheads).
Coronal images (b) show mild superficial siderosis upon the right ON
(black arrowhead) and a normal appearing left ON (arrow). Please note
that the nerve is partially unmyelinated, as expected, showing a “light
gray” signal. There is grade 2 deformity of the ONS on the left (white
arrowheads). (¢) Sagittal image of the right ON demonstrates small foci of
superficial siderosis (white arrowheads). The nerve itself is otherwise
normal

siderosis can be clinically relevant from a prognostic point of
view, especially in patients without cortical blindness, since
sight impairment secondary to optic nerve degeneration is a
known complication of AHT [20]. In this cohort, superficial
siderosis was depicted in 38.5% of patients. In patients with
superficial siderosis, iron and ferritin are responsible for trig-
gering an immune response, resulting in neuroinflammation
[21]. Therefore, the presence of superficial siderosis could
lead to neurodegeneration and atrophy of the ON. Of note,
superficial siderosis has been recently identified in the sub-
arachnoid spaces of AHT victims [22, 23].

Furthermore, traumatic deformity of the ONS (Fig. 3) at the
level of the coronal section passing through optic nerve head
was clearly identified, a signature of AHT, described in the
postmortem literature [9, 12, 18, 24]. This, when coupled with
the presence of RH and ON hemorrhages, further supports the
hypothesis that ON hemorrhages are traumatic in nature. From
a mechanistic point of view, there could be a linear and/or
angular acceleration threshold leading to traumatic rupture of
the bridging veins abutting the central retinal vein, similarly to
what has been postulated for the bridging veins of the brain by
using a finite head model [25].

Limitations

This is the first study of this nature; therefore, it needs to be
validated by other groups. This study has no control patients;
however, normal segments of the optic nerves of this AHT
cohort were used as a reference for normal appearing nerve
tissue (Fig. 5). Intracranial findings were not analyzed; however,
the hypothesis that optic nerves bleeds are interconnected with
intracranial hemorrhages has been dismissed by prior studies
which have shown that there is no relationship between location
of the intracranial hemorrhages and ON hemorrhages [9].
Furthermore, this would not explain the presence of ON hem-
orrhages as shown by hematoxylin eosin reports [12] and by the
present study, since the ON compartment is not connected to the
intracranial compartment, via the subarachnoid space [26]. No
correlation was found between modified Glasgow Coma Score
at discharge and ON hemorrhages, which makes unlikely a
cause-effect between increased intracranial pressure and 3D-
SWI findings [27]. This is also indirectly supported by the
AHT literature in children with increased ICP, where no corre-
lation is identified between increased ICP and retinal
hemorrhages [28]. This study was not designed to identify the
presence of fatty tissue or extraocular muscles hematomas, al-
though hemorrhages of the perineural fatty tissue (Fig. 2b) and
extraocular muscles (Fig. 4) were incidentally observed, which
may open the door to future studies, using similar technical
approaches. This is also related to the remarkable retrobulbar
fatty signal variability on 3D-SWL

Conclusion

3D-SWI depicts ON and ONS hemorrhages in AHT, which
has been, until now, exclusively a postmortem diagnosis.
Furthermore, 3D-SWI depicts traumatic injury to the ONS.
Despite the several limitations of this study, the in vivo iden-
tification of ON and ONS hemorrhages and ONS injury in
AHT victims may help the multidisciplinary child protection
team in reaching a more accurate diagnosis. Furthermore, 3D-
SWI may represent a new tool for the prognosis of visual
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impairment in AHT victims [20]. Adding a new diagnostic
technique able to depict previously unidentifiable imaging
findings critical to the multidisciplinary diagnosis of AHT is
very much needed. Several groups are developing MRI re-
search protocols on the optic pathways in AHT, but most of
these efforts occur disjointly. To be more effective, we must
find ways to work as a team. A multinational collaborative
study on this topic, collecting imaging and clinical data from
AHT and accidental trauma pediatric patients, would be
welcome.
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