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Abstract

Abusive head trauma (AHT) is the leading cause of fatal head injuries in children younger than 2 years. An intracranial pathology
can exist even in the setting of a normal physical exam. A delay in the diagnosis of AHT can have serious life-threatening
consequences for the child and increases the potential the child will be abused again. In this article, we review the traumatic
subdural hematoma as well as various morpho-structural patterns of shearing injuries and thrombosis of intracranial bridging
veins. This work serves as a summary of patterns of imaging features of intracranial venous injury in AHT, as described in the
literature, to facilitate familiarity and early detection of abusive head trauma in the pediatric population. Essentially, in AHT there
is a traumatic injury to the bridging vein with either partial or complete tear. This can secondarily result in thrombosis at the
terminal end of the bridging vein with blood clots adjacent to the bridging vein.
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Introduction

Abusive head trauma (AHT) is the leading cause of fatal head
injuries in the pediatric population younger than 2 years [1].
Overall, about 53% of serious or fatal traumatic brain injuries
in children younger than 2 years can be attributed to AHT [1].
Additionally, no single injury is diagnostic for AHT, but it is
considered when there is discordance among clinical evalua-
tion findings, imaging findings and the clinical history provid-
ed with regard to the mechanism of trauma [2]. Just as the
mechanism of injury is multifactorial, the pathophysiology
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ranges from traumatic neuronal injury, to hypoxic—ischemic
or metabolic neuronal injury, to tearing of bridging cortical
veins, as we further discuss in this review [3].

A delay in the diagnosis or a missed diagnosis of AHT can
have serious life-threatening consequences on the child, not
just in the acute setting but in terms of repeated maltreatment
in the future. Moreover, the abused child might not have phys-
ical signs of abuse [4, 5], and intracranial pathology can exist
in the setting of a normal physical exam or lack of retinal
hemorrhage [5]. Origin of subdural hematoma (SDH) is a
frequently contested topic during medicolegal assessment of
AHT. Non-traumatic etiologies for SDH are frequently cited
during legal proceedings, to dispute the traumatic nature of
AHT [1]. For this reason, one needs to be intimately familiar
with imaging features of intracranial venous injury. In this
review, we discuss various intracranial venous injury patterns
and relevant imaging features.

Subdural hematoma

Subdural hematoma is considered a cardinal injury and is a
commonly identified imaging abnormality in AHT [1, 6].
Intracranial SDH is seen in up to 90% of children with AHT
[7]. The imaging finding of SDH alone is only moderately
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specific because it is common in AHT, accidental head trauma
and non-traumatic conditions. The specificity of this finding is
increased in the setting of relevant history and underlying
diffuse parenchymal injury, as articulated by a systematic re-
view in 2011 [8].

Pathophysiology

Traumatic SDH, which includes AHT, has long been be-
lieved to be caused by the rupture of bridging veins [9].
Recent imaging data suggest that evidence of bridging
vein injury is seen in 40-45% of children with AHT
and SDH [2, 10]. It is therefore important to note that
when there is a positive finding of rupture of bridging
veins, it supports a traumatic cause (although not AHT
specifically) of SDH [11, 12]. Current data support the
formation of SDHs from tearing of one or more of the
15-20 cortical bridging veins. These veins traverse the
cerebral cortex to pia mater to subarachnoid space to the
venous sinuses inside the dura mater [13, 14]. It is also
noteworthy that the vessel segments that penetrate the
dural border cell layer are thinner (10 wm) than those of
the subarachnoid portion (50-200 pm), resulting in in-
creased fragility [13].

Imaging

The appearance of intracranial SDH is variable on both CT
and MRI. Mixed-density SDHs on CT or mixed-signal-
intensity SDHs on MRI are commonly identified during initial
presentation [ 15]. Unclotted blood is isodense when compared

Fig. 1 Tadpole or lollipop sign in a 5-month-old boy with abusive head
trauma. a Axial non-contrast head CT shows a hyperdense bridging vein
(arrow) in the left paramedian plane anterior to the frontal lobe. Bilateral
large mixed-density subdural hemorrhages (SDHs) are also evident. b
Coronal non-contrast CT head demonstrates the bridging vein (arrow)
terminating in a large blood clot (arrowhead), with terminal thrombosis

to the cerebral cortex and might represent bleeding within the
first 3 h after trauma [16, 17]. Additionally, it is relevant to
note that the bleed might be isodense to the cortex in children
with delayed clotting from coagulopathy. Other conditions
such as hemato-hygroma associated with a meningeal tear
can also present as isodense or hypodense SDH collections
because of an admixture of cerebrospinal fluid (CSF) [18-20]
and blood. Acute hemorrhage on CT can be iso- or
hypoattenuating in the setting of anemia (hemoglobin <8—
10 g/dL) [17]. Therefore, in these conditions and in those with
small volume, imaging with MRI might be more beneficial
[21-23]. Dating SDH by the appearance of the hemorrhage
alone has been shown to be inaccurate [24]. These findings
should be combined with clinical history, examination and
other imaging findings to offer a better estimate of the timing
of the injury.

Bridging vein thrombosis
Pathophysiology

We discussed that bridging vein rupture is identified as the
primary mechanism in the formation of SDH. Visualization of
terminal bridging vein thrombosis is considered a significant
indicator of a traumatic nature of head injury in the context of
AHT [10]. Occasional reports have described the anatomy and
traumatology of bridging vein thrombosis in autopsy studies
[14, 24-32]. However, it has also been noted that the standard
autopsy procedure itself can cause artificial postmortem bridg-
ing vein thrombosis findings [27].

giving it the typical appearance of a lollipop sign or tadpole sign (outline).
Bilateral large mixed-density SDHs are also evident. ¢ Sagittal T1-W
MRI demonstrates the terminally thrombosed bridging vein (arrow)
terminating in a large blood clot (arrowhead). d Coronal T2-W MRI
demonstrates the terminally thrombosed bridging vein (arrow)
terminating in a large blood clot (arrowhead)

@ Springer



920

Pediatr Radiol (2021) 51:918-926

Fig.2 Negative lollipop sign in a 4-month-old boy with abusive head trauma.
a Axial non-contrast CT of the head demonstrates bilateral large hypodense
subdural hemorrhages (SDHs) with a hyperdense component (measuring
0.47 cm) overlying the right frontal lobe. b Axial fluid-attenuated inversion
recovery MRI demonstrates acute injury of a bridging vein (arrow) in this
region, with active extravasation and a large blood clot (arrowhead). ¢ Axial
T2-W MRI demonstrates acute injury of a bridging vein (arrow) in this
region, with active extravasation and a large blood clot (arrowhead). d
Axial T2-W MRI above the level of cerebral hemispheres demonstrate a
cross-section of multiple bridging veins surrounded by bilateral large SDHs.
The left anterior bridging vein (long arrow) is irregular in shape, reflecting
injury. A relatively normal appearing bridging vein is on the right side (short
arrow). e Axial susceptibility-weighted imaging (SWI) MRI above the level
of cerebral hemispheres demonstrates a cross-section of multiple bridging
veins surrounded by bilateral large SDHs. The left anterior bridging vein
(long arrow) is irregular in shape, reflecting injury. Blooming is also noted
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along these bridging veins, representing evidence of thrombosis (long arrow
and short arrow). f Coronal non-contrast CT head at the level of foramen of
Monro demonstrates a hyperdense irregular-shape bridging vein in the left
parasagittal region (arrow). g Coronal T2-W MRI confirms an irregular-shape
bridging vein (arrow) in this region with bilateral large hyperintense SDHs. h
Coronal SWI MRI shows the irregular-shape bridging vein with blooming in
the same region (arrow). This is consistent with venous wall injury resulting in
distortion with secondary thrombosis. i Coronal T2-W MRI at the level of
occipital lobe demonstrates a bridging vein (arrow) traversing the SDH to
drain into the superior sagittal sinus. Mild enlargement of the bridging vein is
noted within the SDH. This is the negative lollipop sign. j, k Sequential
images from coronal SWI MRI at the corresponding level of the occipital
lobe demonstrate the complete course of an intact bridging vein. This
demonstrates irregularity of the mid-section of the bridging vein with
blooming artifact (arrow) and likely represents partial injury or perforation
of the bridging vein
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Fig. 2 (continued)

Imaging

The vertex should be carefully surveyed in all children with
suspected AHT for evidence of bridging vein injury (Figs. 1,
2, 3, 4, 5 and 6). Typically, the injured terminal end of a
bridging vein appears hyperdense as compared to the cerebral
cortex on CT [6]. A gold standard for radiologic imaging for
bridging vein injury does not exist, nor do systematic studies
investigating the morphology of bridging vein thrombosis
[10]. In 1999, bridging vein thrombosis was described using
T2-weighted gradient-echo (GRE) in 4 of 14 children with
AHT and SDH [33]. More recently, terminal bridging vein
thrombosis associated with hypodense SDH was

demonstrated in three cases on CT and MRI [11].
Subsequently, terminal bridging vein thrombosis was dem-
onstrated on heme-sensitive susceptibility-weighted imag-
ing (SWI) sequence on MRI in children with AHT-
associated SDH [34]. Seven imaging patterns of venous
injuries using neuroimaging have been described in
AHT, discussed next.

Tadpole sign. Hahnemann et al. [10] compared the CT and
MR appearance of bridging vein thrombosis to that of a tad-
pole. This finding was prevalent in >70% of cases [10]. The
body of the tadpole is represented by the oval- to round-shape
thrombotic material within the subarachnoid space; the bent
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Fig. 3 Abusive head trauma in a
5-month-old boy. a Sagittal
balanced fast field echo (bFFE)
MRI demonstrates multiple intact
bridging veins (arrows) coursing
through the subarachnoid space
and a large hyperintense subdural
hemorrhage (SDH) draining into
the superior sagittal sinus. Note
the tethering of the dura at the
point of entrance of bridging
veins to the subdural space. b
Axial T2-W MRI demonstrates
multiple bridging veins (arrows)
coursing through the large
hyperintense SDH. ¢ Axial
susceptibility-weighted MRI
demonstrates blooming of the
bridging veins (arrow and
arrowhead), consistent with the
evidence of thrombosis (lollipop
sign; arrow), coursing through
the large hyperintense SDH. d
Coronal T2-W MRI demonstrates
irregularity along the mid-portion
of a bridging vein (arrow),
representing evidence of vascular
wall injury. Bilateral large
hyperintense SDHs are again
evident. e Coronal bFFE MRI
demonstrates irregularity along
the mid-portion of a bridging vein
(arrow), representing evidence of
vascular wall injury. Bilateral
large hyperintense SDHs are
again evident

tail of the tadpole is represented by the torn bridging vein
expanded by the clotted blood (Fig. 1). However, in a subse-
quent review, only 36% of cases with tadpole sign, as noted on
axial SWI, represented bridging vein thrombosis on high-
resolution coronal SWI MRI sequence [35].

Simple tubular shape. In the same study by Hahnemann et al.
[10], there was a simple tubular shape of bridging vein throm-
bosis on MR in three children. This tubular shape does not
have the body of the tadpole, only the torn bridging vein
expanded by the clotted blood (tubular shape). It is important

@ Springer

to note that the presence of these signs should compel the
radiologist to search for other signs of AHT such as retinal
hemorrhages or fractures [10].

Lollipop sign. Choudhary et al. [2] described the lollipop sign
on MR (particularly GRE), where the parasagittal bridging
vein abruptly terminates into a subarachnoid blood clot and
does not drain into the venous sinus. The head of the lollipop
is the subarachnoid blood clot and the stick is the bridging
vein with terminal thrombosis (Fig. 1) [2]. These bridging
veins terminate abruptly and do not drain into the superior
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Fig. 4 Normal findings in a 3-month-old boy with no history of trauma.
High-resolution coronal susceptibility-weighted MR image of a normal
sub-millimetric bridging vein shows smooth vessel walls (superior wall,
solid arrows; inferior wall, arrowhead). Vein caliber is preserved and the
internal flow void appears normal. The superior sagittal sinus is also
identified, and within normal limits (dotted arrow)

sagittal sinus. It is also hypothesized that the abrupt termina-
tion represents a bridging vein tear and subsequent bridging
vein thrombosis at the torn end [2].

Negative lollipop sign. The bridging vein traverses the sub-
arachnoid blood clot and the subdural hemorrhage and drains
into the sinus (Fig. 2) [2]. This might represent a partial tear of
the bridging vein without complete disruption or no injury to

. -
Fig. 5 Interrupted bridging vein in a 3-month-old girl with abusive head
trauma. High-resolution coronal susceptibility-weighted imaging
identifies a bridging vein at the left convexity with luminal narrowing
and without definite obstruction, and at least two focal areas of
interruption of the vascular wall (arrows)

the traversing bridging vein, but with associated blood clot
from adjacent bridging vein injury.

Positive compression sign. This is described when a cortical
vein or sinus abruptly narrows or terminates without any ob-
vious associated intraluminal blood clot (Fig. 7) [2].
Displacement of the veins and sinuses might also be identi-
fied. These features can mimic long-segment widespread
thrombosis if the images are not carefully evaluated by an
experienced pediatric neuroradiologists [2].

Venous thrombosis secondary to trauma. Venous thrombosis
can be seen post trauma and it is important to distinguish
between primary versus secondary thrombosis, particularly
in the context of AHT. Choudhary et al. [2] described this
finding in a 3-month old boy with secondary thrombosis of
the left vein of Labbé. This was seen in the setting of bilateral
supratentorial and infratentorial SDHs along with evidence of
multiple other injuries, which would be most consistent with a
secondary thrombosis of the vein of Labbé [2]. Additionally,
isolated cortical vein thrombosis has been described in only
6% of venous thrombosis cases [36]. It is also noteworthy that
there is significant discordance in interobserver agreement in
identifying isolated cortical vein thrombosis using MR venog-
raphy, which might influence the actual number of cases iden-
tified [37].

Rupture of the bridging vein. This finding has been described
by Zuccoli et al. [35], who used high-resolution coronal SWI.
High-resolution SWI can help in identifying the walls of the
sub-millimetric bridging veins as they enter the superior sag-
ittal sinus at the convexity. The bridging veins are better visu-
alized on coronal imaging because on this plane their longest
(longitudinal) axis is vertically oriented to the longitudinal
axis of the superior sagittal sinus (Fig. 4). The ruptured bridg-
ing vein might present with a focal interruption (Fig. 5) or
extensive morphological changes resulting from the combina-
tion of multiple shearing forces (Dr. Guilio Zuccoli, personal
communication) (Fig. 6). The presence of a clot (bridging vein
thrombosis) cannot be distinguished from slow flow on SWI
because both appear dark. However, high-resolution coronal
SWI can be used as a tool to demonstrate traumatic injury to
the bridging veins rather than thrombosis because the latter
represents the end-stage phenomenon of the shearing injury
applied to abused children during shaking [11, 35].

Essentially, these various patterns demonstrate a common
theme of traumatic injury to the bridging vein with either
partial or complete tear. This can secondarily result in throm-
bosis at the terminal end of the bridging vein. Blood clot can
also be seen around the torn bridging vein in the subarachnoid
or subdural space.

Imaging of the intracranial venous anatomy can be done
using a variety of advanced techniques including CT and MR
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Fig. 6 Multifocal venous injury
in a 13-month-old girl with
abusive head trauma. High-
resolution coronal susceptibility-
weighted MR image shows
multifocal venous injury in the
temporal fossae (arrows) with
vascular narrowing, dilations and
ruptures

Fig. 7 Compression sign in different children. This is best identified on
three-dimensional (3-D) reconstructed magnetic resonance (MR)
venography images. a In a 4-month-old boy with abusive head trauma,
3-D reconstructed MR venography, sagittal view, demonstrates abrupt
cutoff of the anterior aspect of the superior sagittal sinus (arrow). There
is also a relative paucity of superficial cortical veins bilaterally. b, ¢ Ina 3-
month-old boy with AHT, 3-D reconstructed MR venography, sagittal
view (b) demonstrates abrupt cutoff of the anterior aspect of the superior
sagittal sinus (arrow in b). The 3-D reconstructed MR venography
posterior view (¢) demonstrates an asymmetrical paucity of superficial

@ Springer

cortical veins on the right side (arrow). d In a 2-month-old girl with
abusive head trauma, 3-D reconstructed MR venography, superior
view, demonstrates abrupt change of caliber (arrowhead) along the mid
superior sagittal sinus, with stenosis anteriorly (arrow). There is a relative
paucity of superficial cortical veins bilaterally. These features of paucity/
absence of cortical veins and stenosis of sinuses represent mass effect
from subdural hemorrhage or brain swelling. These imaging features
should not be misconstrued as evidence of thrombosis and should be
correlated with other MRI sequences
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venography, formal angiography, and digital subtraction an-
giography [2]. MR imaging has been most frequently used
because of its noninvasive nature and lack of radiation expo-
sure to the child. The venous anatomy should be carefully
examined on all the sequences, particularly on the SWI se-
quence. Post-contrast 3-D magnetization-prepared rapid gra-
dient echo imaging (MP-RAGE) has also been found to be
useful when used either as a routine or an additional sequence
in challenging cases [38]. Some inherent limitations of MR
include artifacts and anatomical variations in venous anatomy
in this patient population [2].

Conclusion

This is a descriptive review of the neuroimaging patterns of
venous injury in AHT. Demonstrating morpho-structural alter-
ations to the bridging veins in AHT adds an important piece of
information to the multidisciplinary diagnosis of AHT by prov-
ing the traumatic nature of intracranial subdural hematomas.
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