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OBJECTIVE Penetrating cerebrovascular injury (PCVI) is a subset of traumatic brain injury (TBI) comprising a broad
spectrum of cerebrovascular pathology, including traumatic pseudoaneurysms, direct arterial injury, venous sinus stenosis or occlusion, and traumatic dural arteriovenous fistulas. These can result in immediate or delayed vascular injury and
consequent neurological morbidity. Current TBI guidelines recommend cerebrovascular imaging for detection, but there
is no consensus on the optimum modality. The aim of this retrospective cohort study was to compare CT angiography
(CTA) and digital subtraction angiography (DSA) for the diagnosis of PCVI.
METHODS The records of all patients presenting to two level I trauma centers in the United States between January
2010 and July 2016 with penetrating head or neck trauma were reviewed. Only those who had undergone both CTA
and DSA were included. Clinical and neuroimaging data were collected, and PCVIs were stratified using a modified Biffl
grading scheme. DSA and CTA results were then compared.
RESULTS Of 312 patients with penetrating trauma over the study period, 56 patients (91% male, mean age 32 years)
with PCVI met inclusion criteria and constituted the study cohort. The mechanism of injury was a gunshot wound in
86% (48/56) of patients. Twenty-four (43%) patients had sustained an angiographically confirmed arterial or venous
injury. Compared with DSA as the gold standard, CTA had a sensitivity and specificity of 72% and 63%, respectively, for
identifying PCVI. CTA had a positive predictive value of 61% and negative predictive value of 70%. Seven patients (13%)
required immediate endovascular treatment of PCVI; in 3 (43%) of these patients, the injury was not identified on CTA.
Twenty-two patients (39%) underwent delayed DSA an average of 25 days after injury; 2 (9%) of these patients were
found to harbor new pathological conditions requiring treatment.
CONCLUSIONS In this retrospective analysis of PCVI at two large trauma centers, CTA demonstrated low sensitivity, specificity, and positive and negative predictive values for the diagnosis of PCVI. These findings suggest that DSA
provides better accuracy than CTA in the diagnosis of both immediate and delayed PCVI and should be considered for
patients experiencing penetrating head or neck trauma.
https://thejns.org/doi/abs/10.3171/2019.8.FOCUS19495

D

KEYWORDS diagnostic angiography; digital subtraction angiography; computed tomography angiography; penetrating
cerebrovascular injury; penetrating neurotrauma; aneurysm; dural fistula; traumatic brain injury

ata from wartime and civilian injuries suggest that
the incidence of arterial vascular injury after penetrating head and neck trauma is between 3% and
42%.5 However, the significant mortality associated with
penetrating craniocervical neurotrauma likely results in

underestimating the true incidence of arterial injuries in
this patient population. To date, the predominant focus
in the literature on penetrating cerebrovascular injury
(PCVI) has been the diagnosis and treatment of traumatic
intracranial aneurysms and the possibility of resultant

ABBREVIATIONS AUC = area under the curve; BCVI = blunt cerebrovascular injury; CCA = common carotid artery; CTA = CT angiography; DSA = digital subtraction angiography; ECA = external carotid artery; ICA = internal carotid artery; NPV = negative predictive value; PCVI = penetrating cerebrovascular injury; PPV = positive predictive
value; UPMC = University of Pittsburgh Medical Center; UTHSA = University of Texas Health San Antonio; VA = vertebral artery.
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subarachnoid hemorrhage. However, other arterial and
venous injuries have been described as sources of secondary brain fistulas, arterial dissection, dural sinus thrombosis, and injuries to the external carotid artery (ECA)
branches.2,5–8 The Brain Trauma Foundation guidelines
for penetrating neurotrauma state that vascular imaging
should be considered in these patients (level IV evidence);
however, the modality of neuroimaging is not specified.14
The guidelines suggest that CT angiography (CTA), which
has been shown to be similar in accuracy to catheter-based
digital subtraction angiography (DSA) in diagnosing nontraumatic aneurysms, would be preferable to DSA if it offers results of equal accuracy.12 Here, we aim to compare
the use of CTA with DSA for the diagnosis of cerebrovascular injury after penetrating neurotrauma.

Methods

Study Design
The institutional review boards of the University of
Pittsburgh Medical Center (UPMC) and the University of
Texas Health San Antonio (UTHSA) approved this study.
All patient information was de-identified and analyzed
in compliance with Health Insurance Portability and Accountability Act (HIPAA) regulations.
We retrospectively reviewed the records of all patients
aged 18 years and older who had been diagnosed with
penetrating craniocervical trauma and admitted to Presbyterian Hospital at UPMC or to University Hospital at
UTHSA (both level I trauma centers) between January
2010 and July 2016. Patients who had not been screened
with both CTA and DSA were excluded.
Screening Protocol
Once stabilized, admitted patients were screened for
PCVI based on the presence of penetrating craniocervical
trauma. CTA of the head and neck was performed using a
64-channel, multidetector CT scanner, and all CTA studies were read by board-certified neuroradiologists. CTA
scans with metal artifacts were not excluded during the
analysis. PCVI was defined as vascular injury to any craniocervical arteries and their major branches (i.e., common carotid artery [CCA], internal carotid artery [ICA],
ECA, vertebrobasilar circulation) or to the cerebral dural
venous sinuses. DSA was performed within 24 hours of
CTA in all hemodynamically stable patients who had been
determined to have potentially survivable injuries and diagnosed with PCVI based on CTA findings. In addition, if
there was a high suspicion of PCVI despite negative CTA
findings, DSA was performed within 24 hours of CTA.
All DSA studies were interpreted by a fellowship-trained,
attending interventional neurosurgeon or neurologist. In
patients in whom catheter angiography had confirmed
the presence of vessel injury, repeat vascular imaging was
performed with CTA or DSA to assess for progression of
the injured vessel.
Data Collection
Baseline demographic and admission clinical data included age, sex, mechanism of injury, location of injury
(cervical vs cranial), and concomitant injuries associated
2

TABLE 1. Proposed PCVI-related modifications to Biffl criteria for
BCVI*
Injury
Grade
I
II
III
IV
V

Description
Luminal irregularity or dissection w/ <25% luminal narrowing,
venous sinus occlusion or stenosis, ECA distribution
dissection or occlusion
Dissection or intramural hematoma w/ ≥25% luminal narrowing, intraluminal thrombus, or raised intimal flap
Pseudoaneurysm or fistula (CCA/ICA, VA, or ECA distribution)
CCA/ICA, or VA distribution occlusion
Transection w/ free extravasation

* Based on Biffl et al., 1999. Modifications appear in boldface type.

with the craniocervical trauma (e.g., fracture caused by
projectile). Detailed information about the angiographic
screenings was collected, including indication for PCVI
screening and findings on initial CTA. Documentation
of a true PCVI was identified through a review of subsequent DSA studies and confirmed by radiology reports
noting the presence of vascular injury. Injury grades were
assigned to each vascular injury using a modification of
the Biffl criteria for blunt cerebrovascular injury (BCVI).3
Any follow-up vessel imaging that had been completed
during the index or subsequent hospitalizations was recorded and analyzed. Complications from DSA were recorded as well, including access site hematoma requiring
blood transfusion, symptomatic vessel dissection/injury,
new postprocedural neurological deficit/stroke, and acute
kidney injury secondary to contrast-induced nephropathy.
Missing data were treated as omitted at random.
Statistical Analysis
The positive predictive value (PPV) of CTA was defined as 1 minus the proportion of DSA grade 0, when the
CTA grade was 1 or higher. The false-positive rates were
compared for different CTA grades using a chi-square
test. Significance was defined a priori as a p value < 0.05.
Analyses were performed using R software (version 3, R
Foundation for Statistical Computing, GNU Affero General Public License for use).
PCVI-Related Modification of Biffl Criteria for BCVI
Given that there is no standardized grading scheme
for PCVI, we are proposing modifications to the existing
well-accepted and validated Biffl grading system of arterial BCVI.3 Our modified injury scale expands upon the
existing grading system to allow for the inclusion of traumatic injuries to the major dural venous sinuses, the ECA
and/or its branches, in addition to the vertebral artery
(VA) and ICA (Table 1). In our experience, dissections or
occlusion of ECA branches and occlusions of major dural
venous sinuses rarely require angiographic or surgical intervention. Thus, we consider these to be grade I injuries
because they are consistent with injuries that Biffl et al.
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TABLE 2. DSA-positive PCVIs, according to the modified Biffl
grade
No. of Cases (%)
Modified Biffl Grade

Positive DSA

True-Positive CTA

I
II
III
IV
V

10
2
7
2
4

5 (50%)
2 (100%)
4 (57%)
2 (100%)
1 (25%)

found very unlikely to progress and likely to heal with
or without treatment.3 We chose to include traumatic arteriovenous fistulas secondary to PCVI as modified Biffl
grade III lesions given our opinion that these are dynamic
pathologies, similar to BCVI-induced arterial pseudoaneurysms, with potential for intracranial hemorrhage, especially in the setting of a high-risk fistula. These lesions
clearly require close follow-up and may require upfront
management at the discretion of the treating physician.

Results

Study Population
A total of 312 patients with penetrating head and/or
neck trauma were admitted to the participating hospitals
during the study period (Fig. 1). Of these, 162 (52%) patients did not undergo any form of vascular imaging, usually because of clinical determination of a nonsurvivable
injury (148/162 [91%]). In a minority of patients (14/162
[9%]), the penetrating injury was determined to be superficial and, based on clinical evaluation by an attending
trauma surgeon, did not warrant further imaging. Among
the remaining 150 patients, 86 (57%) underwent CTA only
and 8 (5%) underwent DSA only. The remaining 56 (37%)

patients underwent both DSA and CTA and were included
in the final analysis.
The study cohort consisted of 91% males (51/56) and
had a mean age of 32 years. Forty-two patients (75%)
had sustained penetrating cranial injury, while 14 (25%)
had experienced penetrating cervical trauma. The predominant mechanism of injury was gunshot wound (48/56
[86%]).
CTA and DSA Findings
A total of 25 vascular injuries in 24 patients were identified by DSA. Among these were 6 injuries to venous
structures, 6 injuries to ECA distribution arteries, 4 injuries to cervical or intracranial ICA distribution arteries, 5
injuries to cervical or intracranial vertebrobasilar distribution arteries, 3 dural arteriovenous fistulas, and 1 CCA injury. A breakdown of DSA-diagnosed injuries according
to the modified Biffl grade can be found in Table 2.
In the 24 patients with a positive CTA, 14 (58%) had
diagnosis confirmed by DSA and 10 (42%) were found to
have no evidence of vascular injury on DSA. Of the 32
patients with negative CTA, 9 (28%) were found to have
vascular injuries on DSA. In the 33 patients with positive
imaging findings on CTA or catheter angiography, DSA
confirmed the same modified Biffl grade PCVI in 13 patients (39%). However, in 10 patients (30%), DSA showed
a higher-grade injury; in the remaining 10 patients (30%),
DSA demonstrated a lower-grade injury or no injury at
all. The overall average modified Biffl grade for PCVI injuries diagnosed by DSA was 2.58, while that diagnosed
with CTA was 1.96 (p = 0.11). This disparity was smaller
when comparing patients who had both positive DSA and
CTA, where the average modified Biffl grade injury diagnosed by DSA was 2.6 while that diagnosed with CTA
was 2.2 (p = 0.46).
The sensitivity and specificity of CTA for diagnosing
any PCVI was 0.72 and 0.63, respectively, with an area

FIG. 1. Flowchart demonstrating patient accrual.
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TABLE 3. Sensitivity, specificity, and predictive values of CTA
based on the component injuries
Injury
Any PCVI
Intracranial injury (ICA, pst
circulation, AVF)
Extracranial injury (CCA, cervical ICA, cervical VA)
ECA injury
Venous injury

Sensitivity Specificity PPV NPV
0.72

0.63

0.61 0.70

0.50

0.88

0.50 0.88

1.00
0.33
0.50

0.79
1.00
1.00

0.50 1.00
1.00 0.85
1.00 0.89

AVF = arteriovenous fistula; pst = posterior.

under the curve (AUC) of 0.67. The PPV of a positive CTA
was 61% while the negative predictive value (NPV) of a
negative CTA was 70%. The PPVs of CTA for the component injuries are shown in Table 3. Shrapnel and/or metal
artifact were present in 47% of CTAs that proved false
positive or false negative and in 41% of CTAs that proved
true positive or true negative after performing DSA (p =
0.70).
The difference in false-positive and false-negative rates
between the two centers included in our study was minimal: 34% of CTAs performed at UPMC were false positives or negatives based on confirmatory DSA, and 33%
were false positives or negatives at UTHSA.
Fracture and PCVI
Fracture patterns associated with a projectile trajectory
on noncontrast head CT scans were analyzed to determine
any association with PCVI (Table 4). Fractures of the cervical spine were positively associated with discovery of
PCVI on DSA (p = 0.01), while fractures of the frontal
sinus and the orbit were negatively associated with the discovery of PCVI (p = 0.02 and 0.01, respectively). No association with PCVI was found with fractures of the skull
base or the calvaria or with the presence of intracranial
shrapnel.
Complications
No major complications, including stroke, groin hematoma requiring blood transfusion, femoral pseudoaneurysm, or acute kidney injury, were caused by the DSA.
PCVI Requiring Urgent Endovascular Management
In this population, 7 vascular injuries were discovered
via DSA that required immediate endovascular management (2 traumatic intracranial aneurysms, 1 CCA pseudoaneurysm, 4 ECA branches with active extravasation).
CTA was found to accurately diagnose only 4 (57%) of
the 7. No complications of angiography were noted in the
patient population undergoing endovascular intervention.
Delayed Assessment of PCVI
Of the 56 original patients, 25 (45%) had repeat vascular imaging at an average of 25 days after initial angiography. Three patients underwent noninvasive imaging in
the form of CTA (n = 2) and MRA (n = 1), which did not
4

TABLE 4. Head CT correlations with PCVI
Pattern

PCVI+

PCVI−

p Value

Shrapnel
Calvarial fracture
Facial fracture
Skull base fracture
Cervical fracture

50%
38%
33%
8%
21%

37%
41%
62%
15%
0%

0.36
0.82
0.03
0.42
0.01

Boldface type indicates statistically significant result at p < 0.05.

demonstrate any new findings. In the 22 patients who underwent DSA follow-up, 13 had evidence of PCVI on initial angiography and 9 had previously shown no injuries.
All 3 patients with venous sinus occlusions (modified Biffl
grade I) attained recanalization regardless of treatment
with antiplatelet agents. One patient with a modified Biffl
grade II ICA dissection was found to have an improved
non–flow-limiting dissection and was continued on antiplatelet monotherapy. The 3 patients with traumatic dural
arteriovenous fistulas (modified Biffl grade III) demonstrated complete spontaneous resolution. One patient with
a modified Biffl grade IV VA occlusion developed an associated arteriovenous fistula at the site of occlusion; in
the other patient with VA occlusion, the artery remained
occluded despite antiplatelet therapy. Of the 9 patients
who had an initially negative DSA, one was found to have
delayed formation of a distal middle cerebral artery distribution pseudoaneurysm and underwent Onyx embolization at the time of follow-up angiography. In all, on shortinterval DSA follow-up, 2 (9%) of 22 patients were found
to have pathology requiring additional treatment.

Discussion

Penetrating traumatic brain injury (TBI) is a morbid
entity, with mortality after a gunshot wound to the head
exceeding 90% in some studies.1 Patients who survive the
initial insult may be at high risk for secondary injury if
cerebrovascular injuries are not appropriately diagnosed.
Official guidelines for the management of penetrating TBI
do not recommend a modality for assessing cerebrovascular injury after penetrating neurotrauma; thus, the optimal
modality to maximize both diagnostic yield and patient
safety has been left open for debate. There has been limited investigation into the comparison between catheterbased DSA and CTA, and the few studies that have examined it have had limited generalizability because they
have focused only on arterial vascular injuries and have
not included CTA studies that contain metal artifacts.5,6
In this study, we aimed to compare the real-world utility
of the two techniques to determine which is optimal to
diagnose any penetrating neurovascular injury, including
those to the ICA and ECA distributions as well as the major dural venous sinuses.
In 56 patients at two level I trauma centers who had undergone both DSA and CTA for the assessment of PCVI,
we found that CTA had a sensitivity and specificity of 0.72
and 0.63, respectively, for diagnosing any vascular injury
as compared with the gold-standard DSA. This corre-
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sponded to an AUC of 0.67, indicating a poor test. In other
words, the findings of DSA changed the management of
33% of patients. This rate of change in management, while
not as pronounced as the 56% seen in our comparison of
CTA and DSA in BCVI,10 may be more noteworthy because many of the changes in management among the
patients involved an intervention aimed at mitigating the
potential of a future hemorrhagic event. Separating intracranial and cervical vascular injuries revealed that the
diagnostic yield of CTA in the diagnosis of PCVI is better with cervical injuries (AUC = 0.78) and demonstrably
worse with intracranial injuries (AUC = 0.61). These findings are consistent both with previous studies suggesting
a limited overall sensitivity for CTA in the diagnosis of
penetrating intracranial arterial injuries and with the current standard for initial evaluation of penetrating injury to
the neck.4 Analysis of the noncontrast head CT findings
showed that the presence of shrapnel or metal artifact did
not increase the rate of false positives or false negatives
on CTA, nor was the presence of shrapnel associated with
an increased likelihood of the discovery of a PCVI. Additionally, facial fractures, specifically orbital and frontal
sinus fractures, were significantly more likely to be associated with the absence of PCVI. Our findings corroborate
those of a previous study that demonstrated the scarcity of
vascular injury in the setting of frontal sinus and orbital
gunshot wounds, likely because of the lack of significant
vascularity in the offending trajectory.9
Nearly 10% of patients included in our study who had
undergone follow-up angiography during the index hospitalization demonstrated new pathological conditions that
required treatment, which underscores the importance of
close vascular follow-up in patients with penetrating neurotrauma. Delayed development of vascular injuries after
penetrating neurotrauma has been described previously,
and the official guidelines recommend repeat angiography
in these patients 2–3 weeks after presentation.11,14 In our
practice, we have found that a 2-week follow-up is sufficient to capture most, if not all, delayed injury presentations.
In summary, our study has demonstrated that DSA is
an important diagnostic modality in patients with PCVI
because of the low sensitivity, specificity, PPV, and NPV
of CTA. Our inclusion of two different level I trauma centers, with each center demonstrating a similarly low diagnostic yield of CTA in the setting of PCVI, indicates that
the results were not isolated to a single group of radiologists. In addition, delayed screening of patients with DSA
is crucial among patients with PCVI given the potential
for the development of delayed cerebrovascular injuries;
an added benefit of performing DSA is that the interventionalist can immediately intervene on pathological conditions that require treatment.
Two principal limitations of this study are its retrospective nature and small sample size. Other limitations
include our analysis of only the patient cohort that underwent both DSA and CTA, which may have under-represented the true impact and utility of DSA among patients
presenting with PCVI. In addition, although we did not
find the presence of shrapnel to be a statistically significant confounding variable in the diagnosis of PCVI on
CTA, one may posit that in a larger series, this could be

statistically significant. Importantly, the advent of new
technologies such as dual-energy CT that reduces scatter
artifact from metal13 and its implementation for screening
patients with PCVI may represent a future direction for
improving the diagnostic yield of CTA.

Conclusions

DSA is more accurate and sensitive than CTA in the
diagnosis of PCVI after penetrating neurotrauma. The
use of DSA can avoid the overtreatment of injuries in up
to 41% of cases (CTA false positives), can avoid missing
injuries in up to 28% of cases (CTA false negatives), improves recognition of cases requiring urgent endovascular
management, and provides an avenue for therapeutic intervention. Given the data presented here, we believe that
all patients with penetrating neurotrauma should have at
least one catheter-based DSA once stabilized after their
initial trauma and that consideration should be given to
repeat vascular imaging within 2 weeks of injury.
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