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Abstract
Purpose The purpose of this study is to assess the perfor-
mance of CT angiography (CTA) in the evaluation of pene-
trating vascular trauma to the extremities in a large cohort of
patients at our level I trauma center.
Methods A retrospective, IRB-approved review of consecu-
tive CTAs for the evaluation of penetrating trauma to the ex-
tremities in 446 patients (M/F = 396:50, mean age = 27 years)
from 1/1/2005 to 5/1/2015 was performed. Medical records
were reviewed to correlate diagnostic imaging findings with

clinical history and subsequent interventions. Image quality
was quantified by measurement of CTattenuation coefficients
in the major arteries of the extremities. The Fisher’s exact test
was used to analyze the relationships between the presence
and type of vascular injury and subsequent clinical
management.
Results One hundred and thirty-one (29.4 %) of 446 patients
with penetrating trauma demonstrated major vascular injury
on CTA, 35 (26.7 %) of whom underwent subsequent surgical
repair. None of the patients without vascular injury on CTA
underwent subsequent vascular intervention. Fisher’s exact
test demonstrated a statistically significant difference in man-
agement and requirement for vascular repair in those patients
with a vascular injury on CTAwhen compared to those with-
out a vascular injury (p < 0.0001). The mean attenuation
values achieved in upper and lower extremity CTAs in this
population exceeded 250 HU.
Conclusion Extremity CTA is found to be an accurate tool for
surgical triage in patients having sustained penetrating vascu-
lar trauma.
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Introduction

Imaging serves as a noninvasive means of assessing patients
with penetrating trauma and facilitates the rapid diagnosis nec-
essary for surgical triage. With the widespread implementation
of multi-row detector computed tomography (MDCT) at trau-
ma centers nationwide, CT angiography (CTA) is increasingly
used to assess for vascular injury of the extremities in patients
with penetrating trauma. The use of CTA comes with multiple
technical advantages over conventional digital subtraction an-
giography (DSA), including rapid scan time, accessibility to

Advances in knowledge:
1. CTA is highly sensitive for detecting arterial injury to the extremities,
with no false negative examinations detected in our patient cohort.
2. The CTA findings of arterial occlusion, active extravasation, focal
stenosis, or pseudoaneurysm in penetrating trauma are associated with
subsequent surgical repair.
3. CTA consistently produces diagnostic quality images for the evaluation
of major extremity arteries in patients presenting with penetrating trauma,
with mean attenuation values in excess of 250 HU achieved in upper and
lower extremity CTAs.
Implications for patient care:
1. CTA provides rapid and non-invasive evaluation for penetrating trauma
to the extremities, with conventional angiography reserved for trouble-
shooting or endovascular repair.
2. Arterial occlusion, active extravasation, focal stenosis, or
pseudoaneurysm on CTA are imaging findings associated with injuries
that require surgical intervention.
Summary statement:
Extremity CTA provides accurate and early, noninvasive detection of
arterial injury in the setting of penetrating trauma, with the capacity to
characterize the spectrum of arterial injury.
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equipment, less support staff, and marked reductions in ioniz-
ing radiation dose to the patient [1, 2]. Thus, in many institu-
tions, extremity CTA has essentially replaced DSA, with the
latter typically employed in select patients for troubleshooting
or as a means of therapeutic intervention [3–5].

The improved temporal and spatial resolution of modern
MDCT technology enables the rapid identification and char-
acterization of arterial lesions in extremity trauma [6, 7]. The
utility of CTA in acute penetrating trauma has been demon-
strated in previous studies reporting high accuracies in both
lower and upper extremity trauma [6, 8–14]. Furthermore, the
technical quality of both lower extremity, as well as the more
challenging upper extremity CTA evaluations, has been prov-
en to be appropriate for diagnosis in the majority of cases [1, 3,
5, 6, 15–27].

Given the widespread adoption of extremity CTA in pene-
trating trauma, the purpose of this study was to assess the
clinical performance of CTA in the evaluation of vascular
trauma in a large cohort of patients at our level I trauma center.
Specifically, we sought to evaluate the utility of extremity
CTA in penetrating trauma for triaging patients to undergo
surgical or endovascular interventions versus conservative
management.

Materials and methods

Patient population

Approval for this retrospective study was obtained from our
institutional review board. The study was conducted in a
Health Insurance Portability and Accountability Act–compli-
ant fashion; the need for informed consent was waived. We
reviewed our hospital’s trauma registry and electronic medical
records to identify all patients with penetrating trauma who
underwent admission extremity CTA during a 124-month pe-
riod (1/1/2005 through 5/1/2015). Over this timeframe, CTA
of 567 injured extremities was performed in 446 patients pre-
senting to the Emergency Department (ED) with penetrating
trauma.

The mechanism of penetrating trauma was gunshot wound
in 73 % of the patients (n = 326) and stab wound in 27 % of
patients (n = 120). The patient population consisted of 396
(89 %) males and 50 (11 %) females. The mean age of the
patients was 27 years (males, 27 years; females, 31 years), and
the age range was 13–77 years (males, 13–75 years; females,
16–77 years).

In total, 567 individual injured extremities imaged by CTA
were included in this study, of which 203 (36 %) were of the
right lower extremity, 188 (33 %) of the left lower extremity,
98 (17 %) of the left upper extremity, and 78 (14 %) of the
right upper extremity. In the majority of patients (n = 332;
74 %), a single extremity was injured and required CTA

imaging, while in the remaining patients (n = 114; 26 %), at
least two extremities were injured and required CTA imaging.

Of the 567 extremities imaged by CTA, 69% (391) were of
the lower extremity (extending from the groin through foot,
n = 181, 46 %; groin to mid-thigh, n = 106, 27 %; groin to
mid-calf, n = 47, 12 %; distal thigh through foot, n = 25, 6 %;
mid-thigh through foot, n = 18, 5 %; and distal thigh through
foot, n = 14, 4 %). The remaining 31 % (176) of extremities
imaged were of the upper extremity (extending from shoulder
through hand, n = 74, 42 %; shoulder to mid-forearm, n = 36,
20 %; shoulder to distal humerus, n = 30, 17 %; mid-humerus
through hand, n = 21, 12 %; mid-humerus through mid-fore-
arm, n = 11, 6 %; and distal humerus through hand, n = 4,
3 %). The decision as to the segments to be included during
image acquisition was made by the attending trauma surgeon
based on the initial clinical assessment and location of the
penetrating injuries.

CT imaging technique

All CT examinations were performed with a 64–detector row
CT scanner (Light-Speed VCT; GE Medical Systems,
Milwaukee, WI). The following CT parameters were
employed in imaging the extremities: reconstruction thick-
ness, 0.625 and 1.25 mm; 120 kVp; noise index, 29 (automat-
ic dose modulation); pitch, 1:0.984; and gantry rotation time,
0.5 s. In all cases, multiplanar reformations in coronal and
sagi t ta l p lanes were provided for interpreta t ion
(2.5 × 2.5 mm). Adaptive Statistical Iterative Reconstruction
(40 % ASiR; GE Medical Systems, Milwaukee, WI) was im-
plemented for trauma imaging including extremity CTA at our
institution in April of 2013.

In those patients receiving isolated extremity CT angio-
grams (n = 332, 74.4 %), a bolus of 60 mL of intravenous
contrast material (Isovue 370, Bracco Diagnostics Inc.,
Monroe Township, NJ) at a rate of 4–5 mL/s with use of a
power injector via an 18- or 20-gauge cannula in an
antecubital vein was employed (in cases of upper extremity
trauma, a vein contralateral to the injury site was injected). In
those patients in whom the extremity angiograms were inte-
grated with torso imaging (n = 114, 25.6 %), 100 mL of
contrast was employed with identical parameters. In addition,
a 30-mL saline chasing bolus was used immediately after
administration of the intravenous contrast material. In cases
of upper extremity trauma, a bolus timing technique was used
with an initial test injection of 20 mL of contrast. In cases of
lower extremity trauma, a standard delay of 25 s was
employed following intravenous contrast injection. Regions
of interest (ROI) were typically placed over the axillary artery
for upper extremity CTA bolus timing. When injury of the
more distal upper extremity vasculature was suspected, the
ROI placement was modified as necessary (e.g., ROI placed
on the brachial artery for evaluation of forearm arteries).
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In cases of upper extremity trauma, patient positioning was
dependent on a variety of factors, including the presence of
concomitant injuries and the ability of the patient to raise the
injured extremity above their head. Of the 176 upper extrem-
ity exams, 144 (82 %) were imaged with the injured extremity
at the patient’s side, 27 (15 %) were imaged with the injured
extremity above the head in isolation, and five (3%) with both
upper extremities raised above the head. In cases of lower
extremity trauma, all patients were imaged in a supine posi-
tion, and both lower extremities were imaged in synchrony.

In those cases requiring torso imaging, CT scans of the
chest, abdomen, and pelvis were completed immediately fol-
lowing the extremity angiography. CT images of the thorax (if
indicated) were obtained immediately after the extremity CT
angiogram, with a delay of 30–35 s. Portal venous phase im-
ages of the abdomen and pelvis were then obtained after a
scan delay of 70 s. Five-minute delayed phase images of the
abdomen and pelvis were acquired, if necessary, a decision
made during a real-time review of the initial imaging se-
quences by a radiology resident or attending at the CTscanner.

Image analysis

Two radiologists performed a retrospective, blind review of all
the extremity CTangiograms by consensus at a picture archiv-
ing and communication system workstations (PACS; GE
Centricity, GE Medical Systems). During the review process,
the radiologists used the axial images as well as the coronal
and sagittal reformations constructed for each patient. They
were also given the option to generate additional two-
dimensional and three-dimensional reformations by using
the PACS–integrated Advantage Windows Suite (GE
Medical Systems).

By using all available images and reformations, the radiol-
ogists were asked to evaluate the extremity CTangiograms for
evidence of arterial injury, including areas of extravasation,
dissection, occlusion, pseudoaneurysm formation, arteriove-
nous fistula formation, or narrowing. Active arterial hemor-
rhage was defined as an ill-defined region of extravascular
hyperattenuation similar to or higher than that of the aorta.
Dissection was defined as direct visualization of an
intraluminal flap. Occlusion was defined as abrupt termination
of a vessel without evidence of a residual patent lumen.
Pseudoaneurysm was defined as an abnormal, smoothly mar-
ginated outpouching communicating with the vessel lumen.
An arteriovenous fistula was defined as abnormal, early filling
of a venous structure with or without direct visualization of the
actual fistulous communication. Focal stenosis of the vessel
was defined as focal decreased caliber of an arterial segment,
when comparing the caliber of the vessel both proximal and
distal to the area in question, with preservation of luminal
patency [15, 28–34].

Vessel enhancement and image quality

Quantitative evaluation of image quality was performed by
one of the radiologists who was blinded to results and out-
comes by measuring arterial CT attenuation at two arterial
divisions per vascular segment (see below) in upper extremity
exams and at three arterial divisions per vascular segment in
lower extremity exams. Circular ROIs were placed
encompassing at least two-thirds of the cross-sectional area
of the vessel by using the axial images with 0.625-mm section
thickness. For each upper extremity, the Hounsfield units were
recorded for ROIs drawn in the brachial, radial, and ulnar
arteries, where available, depending on the anatomic segments
imaged. For each lower extremity, Hounsfield units were re-
corded for ROIs drawn in the superficial femoral, popliteal,
peroneal, anterior, and posterior tibial arteries, where available,
depending on the anatomic segments imaged. For quantitative
data analysis, the attenuation measurements were stratified in-
to three ROI groups, less than 150 Hounsfield units (HU),
150–199 HU, and greater than or equal to 200 HU, as has been
previously described for extremity CTA [1, 5, 8, 15, 35, 36].

To address any studies thought to be technically limited
with respect to contrast material bolus attenuation, the radiol-
ogists assigned the study to one of several categories to ex-
plain the reason for poor image quality, poor timing of the
contrast material bolus, bolus outrun, or beam hardening arti-
fact. Poor timing was defined as absent or very poor
opacification of the entire arterial tree with mean ROI’s mea-
suring <150 HU in segments of non-injured vessel and was
deemed limited due to the possibility of an unseen vascular
injury within a poorly visualized vessel. Bolus outrun was
defined as initially adequate opacification of the proximal ar-
terial tree which gradually faded to poor or absent
opacification distally and was identified in those CTAs with
adequate arterial opacification (>150 HU) in the proximal
portion of the imaged extremity and poor opacification distal-
ly (mean arterial segment ROI < 150 HU). This typically
occurs when the CT scanner z-axis coverage proceeds faster
than the leading edge of the contrast material bolus and is also,
ultimately, due to poor timing. Extremity CTAs with beam
hardening artifact effacing a portion or all of an arterial seg-
ment on a 1.25mm axial slice were classified as diagnostically
limited, and the source of artifact was recorded (e.g., retained
bullet fragment, beam hardening from adjacent torso).

Patient outcome

Outcome was recorded and based on the subsequent clinical
management of patients with extremity CTAs for penetrating
trauma. One of the investigators (blind) undertook an elec-
tronic chart review to determine patients’ clinical management
and ultimate outcome. This included a review of clinical
notes, as well as surgical reports, where available. Clinical
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management and outcomes were grouped into one of three
categories: conservative management with no further inter-
vention, DSA with therapeutic intervention, or surgical treat-
ment. In those patients who underwent surgical treatment, the
findings at the time of the surgical exploration were recorded.

Statistical analysis

The Fisher’s exact test (R: A Language and Environment for
Statistical Computing; R Foundation for Statistical
Computing, Vienna, Austria) was used to analyze the relation-
ships between the presence of vessel injury as well as the type
of vascular injury and subsequent clinical management. A p
value of <0.05 was considered indicative of a statistically
significant difference.

Results

Vascular injury

One hundred and thirty-one (29.4 %) of 446 patients with
penetrating trauma demonstrated vascular injury on CTA.
The total number of extremities imaged in this cohort was
567, 136 (24.0 %) of which showed arterial injury on CTA
that consisted of isolated narrowing (n = 40, 29.4 %), isolated
occlusion (n = 38, 27.9 %), isolated active extravasation
(n = 22, 16.2 %), isolated pseudoaneurysm (n = 9, 6.6 %),
isolated dissection (n = 1, 0.7 %), isolated AV fistula (n = 1,
0.7 %), and multiple injuries (n = 25, 18.4 %). The CTA’s with
multiple arterial injuries included narrowing with occlusion
(n = 8), occlusion with active extravasation (n = 7), narrowing
with pseudoaneurysm (n = 4), narrowing with occlusion and
active extravasation (n = 3), dissection with active extravasa-
tion (n = 2), and one patient with narrowing, occlusion, and
pseudoaneurysm (n = 1).

Focal stenosis

Fifty-nine (45.0 %) of the 131 positive extremity CTAs dem-
onstrated focal arterial narrowing, 40 (67.8 %) of which were
as an isolated finding. The highest incidence of focal stenosis
in the upper extremity was within the brachial (n = 10) and
radial (n = 7) arteries, and in the lower extremity within the
superficial femoral (n = 11), popliteal (n = 9), and anterior
tibial (n = 9) arteries (Table 1). Of the 40 extremities with
isolated focal stenosis on CTA, four (10.0 %) underwent vas-
cular repair, while the remaining 36 (90.0 %) were managed
conservatively (Fig. 1). The surgical findings and type of re-
pair in the patients with isolated focal stenosis included bra-
chial artery laceration (n = 1) and dissection (n = 1) treated
with greater saphenous vein (GSV) interposition grafts, bra-
chial artery dissection (n = 1) repaired with interposition graft,

and posterior tibial artery contusion with thrombosis treated
with GSV interposition graft. When comparing those extrem-
ities with focal stenosis identified at CTA to those without
vascular injury, the Fisher’s exact test demonstrates a statisti-
cally significantly higher incidence of requiring vascular in-
tervention when compared to those without injury identified
on CTA (p < 0.0001).

Arterial occlusion

Fifty-two (39.7 %) of the 131 positive extremity CTAs dem-
onstrated arterial occlusion, 38 (73.1 %) of which were as an
isolated finding. The highest incidence of arterial occlusion in
the upper extremity was within the radial (n = 9) artery, and in
the lower extremity, injuries in the most common sites were
the popliteal (n = 8) and superficial femoral (n = 8) arteries
(Table 1). Of the 38 extremities with isolated arterial occlusion
on CTA, 16 (42.1 %) underwent vascular repair, while the
remaining 22 (57.9 %) were managed conservatively
(Figs. 2 and 3). Fisher’s exact test demonstrated a statistically
significant difference in management and requirement for vas-
cular repair in those patients with an arterial occlusion when
compared to those without injury identified on CTA
(p < 0.0001).

Arterial extravasation

Thirty-seven (28.2 %) of the 131 positive extremity CTAs
demonstrated active arterial extravasation, 22 (59.5 %) of
which were as an isolated finding. Muscular branch vessels
accounted for the highest incidence of arterial extravasation in
both the upper (n = 17) and lower (n = 10) extremities
(Table 1). Of the 22 extremities with isolated arterial extrava-
sation, three (13.6 %) underwent vascular repair, while the
remaining 19 (86.4 %) were managed conservatively.
Fisher’s exact test demonstrated a statistically significant dif-
ference in management and requirement for vascular repair in
those patients with active extravasation when compared to
those without injury identified on CTA (p = 0.0002).

Pseudoaneurysm

Fourteen (10.7 %) of the 131 positive extremity CTAs dem-
onstrated arterial pseudoaneurysm, nine (64.3 %) of which
were as an isolated finding. The vessel with the highest inci-
dence of pseudoaneurysm on CTAwas the superficial femoral
artery (n = 5). Pseudoaneurysms were also identified in bra-
chial, radial, and ulnar arteries (Table 1). Of the nine patients
with isolated arterial pseudoaneurysm, four (44.4 %)
underwent vascular repair (Fig. 4), while the other 5
(55.6 %) were managed conservatively with pain control
and close monitoring. Fisher’s exact test demonstrated a sta-
tistically significant difference in management and
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requirement for vascular repair in those patients with arterial
pseudoaneurysmwhen compared to those without injury iden-
tified on CTA (p = 0.002).

Dissection

Three (2.3 %) of the 131 positive extremity CTAs demonstrat-
ed arterial dissection, one (33.3 %) of which was as an isolated
finding in the anterior tibial artery of a 29 year-old male pa-
tient with multiple gunshot wounds who was managed con-
servatively. The other two dissections on CTAwere seen in the
superficial femoral (n = 1) and popliteal (n = 1) arteries
(Table 1); both of which underwent surgical repair. Given

the limited numbers of arterial dissection identified in this
study, meaningful statistical analyses of management in this
injury type are precluded.

AV fistula

One (<1 %) of 131 extremities had AV fistula on CTA, seen
between the SFA and femoral vein with associated extravasa-
tion in a patient who sustained multiple gunshots to the thighs.
This patient underwent surgical repair of the femoral artery
using a 5-cm interposition graft. Given the fact that only a
single case of AV fistula was identified in this series,

Table 1 Incidence of arterial injury on extremity CTA by vessel

Artery Focal
stenosis
(n = 65)

Occlusion
(n = 57)

Pseudo-aneurysm (n = 14) AV fistula
(n = 1)

Active
extravasation
(n = 42)

Dissection
(n = 3)

Total
injured

UPPER Brachial 10 6 1 0 2 0 19

Ulnar 3 6 0 0 1 0 10

Radial 7 9 1 0 0 0 17

Muscular branches 2 4 2 0 17 0 25

LOWER SFA 11 8 5 1 6 0 31

Popliteal 9 8 4 0 3 1 25

AT 9 6 0 0 0 2 17

PT 8 6 0 0 0 2 16

Peroneal 4 6 0 0 1 0 11

Profunda 1 0 0 0 0 0 1

Muscular
Branches

1 0 0 0 10 0 11

Total Injuries 65 59 13 1 40 3 183

Fig. 1 Axial CTA image (a) of the distal left femur in a 28-year-old
female presenting with GSW shows multiple foci of subcutaneous gas
(solid arrows) and bullet fragments (arrowhead) seen throughout the
distal femur and surrounding soft tissue. There is irregularity of the
above-the-knee popliteal artery (open arrow). Lateral MIP

reconstruction (b) shows focal stenosis in the above-the-knee popliteal
artery (open arrow). Subcutaneous gas (solid arrows) and multiple bullet
fragments are again seen (arrowheads). Significant swelling and
distortion of the artery was discovered intraoperatively, and the injury
was bypassed using the contralateral greater saphenous vein
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meaningful statistical analyses of management in this injury
type are precluded.

Technical quality

Of the 567 extremities imaged, a total of 2034 vascular
divisions in the upper (brachial = 170 divisions, fore-
arm = 287 divisions) and lower (SFA = 365 divisions,
popliteal artery = 379 divisions, calf = 833 divisions)
extremities were evaluated for image quality by using

ROI measurements. For lower extremity exams, the mea-
surements of the anterior tibial, peroneal, and posterior
tibial arteries were averaged to obtain one mean calf
ROI for each extremity. Likewise, for upper extremity
exams, the measurements of the radial and ulnar arteries,
which encompassed 287 divisions, were averaged to ob-
tain one mean forearm ROI for each extremity. This re-
sulted in a total of 1338 vascular divisions for the purpose
of data analysis (brachial = 170 divisions, forearm = 145
division, SFA = 365 divisions, popliteal = 379 divisions,
calf = 278 divisions).

The mean ROI for all vascular segments was 266 HU ± 73
(standard deviation). Mean ROIs according to vascular divi-
sion were 280 HU ± 75 for SFA, 291 HU ± 82 for popliteal
artery, 236 HU ± 68 for the calf, 248 HU ± 73 for brachial
artery, and 227 HU ± 66 for the forearm (Table 2).

The majority of vascular divisions (1057 (79.0 %) of 1338)
had attenuation values equal to or greater than 200 HU
(SFA = 320 divisions, popliteal artery = 328 divisions,
calf = 196 divisions, brachial artery = 121 divisions, fore-
arm = 92 divisions). Attenuation values measuring 150–
199 HU were identified in 210 (15.6 %) of 1338 divisions
(SFA = 40 divisions, popliteal artery = 40 divisions, calf = 55
divisions, brachial artery = 37 divisions, forearm = 38 divi-
sions). There were 71 (5.3 %) of 1338 vascular divisions that
measured less than 150 HU (SFA = 5 divisions, popliteal
artery = 11 divisions, calf = 28 divisions, brachial artery = 12
divisions, forearm = 15 divisions).

Diagnostically limited CTA’s

Overall, evaluation for injury in one or more arterial seg-
ment on CTAwas limited in 48 (10.8 %) of patients, 26 of
which were due to suboptimal opacification from poor
bolus timing or bolus out run, and 22 of which were
due to vessel effacement by beam hardening artifact. In
the 47 patients who had vascular divisions (n = 79) with

Fig. 3 40-year-old male with delayed presentation to the ED after sustaining
penetrating injury to the left leg by tool shrapnel. Volume rendered
reconstruction (a) of the lower extremities shows abrupt cutoff of the left
popliteal artery immediately proximal to a fragment of shrapnel (arrow) in
the posterior knee. There is diminutive 3-vessel runoff in the left lower leg
(arrowheads) compared to the right. DSA image (b) of the popliteal artery
confirms transection at the level of the knee, the site at which external
thrombectomy and primary repair were performed in the OR

Fig. 2 83-year-old male impaled by metal spike while working on his
boat, subsequently transported via helicopter to the ED. Axial CTA image
(a) through the proximal thighs shows an asymmetric filling defect in the
left deep femoral artery (arrow). Lateral MIP in the same extremity (b)

shows occlusion of the left popliteal artery extending below the knee
(arrowheads). Fogarty balloon embolectomies of the deep femoral and
popliteal arteries were subsequently performed
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ROIs less than 150 HU, 42 divisions in 26 patients
(55.3 %) were classified by the radiologists as secondary
to poor timing of the contrast material bolus, with images
obtained too early and prior to contrast material bolus
arrival (Fig. 5). The mean ROI value of all divisions in
this group of patients was 128 HU. In the remaining 21
patients (44.7 %) with vascular division ROIs less than
150 HU, 29 divisions were classified as having bolus
outrun. Of the 22 CTAs with vessel effacement from
streak artifact, 19 were due to retained bullet fragments
and 3 were due to beam hardening in upper extremity
from the adjacent torso (in the arms down position).

A repeat CTAwas performed in five patients with diagnos-
tically limited initial studies, proving beneficial in one in-
stance of arm repositioning (Fig. 6), and two in which adjusted
bolus timing technique resulted in diagnostic studies. DSA
was performed in 8 (1.8 %) patients from the cohort, two of
which were in patients with negative CTAs, and two of which
were in patients with diagnostically limited CTAs (which were
otherwise negative). The remaining 4 DSAs were performed
for further workup of the vascular injury seen on CTA. There
was no discordance between DSAs and CTAs, and in positive
studies, the type and location of arterial injury were consistent
between modalities.

Patient outcome

Thirty-two (24.4 %) of 131 patients with positive CTAs
underwent subsequent repair of a single artery (n = 30,
93.8 %) or multiple arteries (n = 2, 6.2 %). Single artery
repair occurred in the superficial femoral (n = 10,
33.3 %), brachial (n = 8, 26.7 %), popliteal (n = 6,
20.0 %), radial (n = 3, 10.0 %), ulnar (n = 3, 10.0 %),
and posterior tibial (n = 2, 6.7 %) arteries. The two
operations with multiple vessels repaired had injuries in
both the SFA and popliteal arteries. In all cases of pa-
tients receiving operative therapy, vascular injuries were
identified in those specific segments undergoing opera-
tive repair. Importantly, none of the patients with nega-
tive extremity CTAs required a vascular intervention, and
all were successfully managed conservatively. Fisher’s
exact test demonstrated a statistically significant differ-
ence in management and requirement for vascular repair
in those patients with a vascular injury on CTA when
compared to those without a vascular injury on CTA
(p < 0.0001).

Endovascular repair followed 2 of the 8 DSAs from the
cohort, both of which confirmed the type and location of ar-
terial injury seen on initial CTA. The remaining 6 patients with

Table 2 Mean attenuation of
extremity CTAs No. of vascular segments according to

attenuation range

Vascular
segment

No. of vascular
divisions

Mean
attenuation
(HU)

<150 HU 150–199 HU ≥200 HU

UPPER Brachial 170 248 ± 73 12 37 121

Forearm 287 277 ± 66 15 38 92

LOWER SFA 365 280 ± 75 5 40 320

Popliteal 379 291 ± 82 11 40 328

Calf 833 236 ± 68 28 55 196

Total (mean) 2034 (266 ± 73) 71 210 1057

Fig. 4 Images from the CTA of a 46-year-old male who sustained a
shotgun blast to his pelvis and lower extremities. Axial CTA image (a)
demonstrates normal contour and attenuation of the distal right SFA
(arrowhead) at the adductor hiatus, while the left SFA (arrow) appears

irregular and enlarged. Sagittal CTA image (b) shows a 1.5-cm
pseudoaneurysm protruding off of the distal left SFA (arrow).
Angiographic image (c) demonstrates the pseudoaneurysm (arrow) and
the deployed stent (arrowheads)
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DSAs performed were managed conservatively without sur-
gical or interventional endovascular procedure and were
discharged in stable condition. Importantly, in all eight pa-
tients with DSA performed, findings were concordant with
CTA findings.

Discussion

AsmodernMDCT technology has become a mainstay at trau-
ma centers, CTA is increasingly used in place of diagnostic
conventional angiography in patients with penetrating extrem-
ity injuries [1–5, 15, 17, 18, 24, 25]. When compared to CT,
conventional angiography is associated with higher levels of
ionizing radiation, increased incidence of hematoma and in-
fection, as well as risks of iatrogenic vascular injuries [12].
While CTA lacks the therapeutic capability of conventional
angiography, in the majority of cases, it provides the necessary
information in a rapid manner when surgery is indicated.

Although there are technical challenges unique to extremity
CTA, these have not been found to impose a significant
tradeoff in performance for detecting arterial injury when
compared with conventional angiography [4–9, 15]. In the
minority of cases in which CTA is limited or non-diagnostic,
conventional angiography remains an accessible option for
troubleshooting when clinically indicated.

Vascular injury was identified on extremity CTAs in nearly
30 % of the total 446 patients in this study, approximately one
third of whom underwent subsequent surgical repair.
Importantly, in all patients requiring operative intervention,
the vascular injury was identified on the admission trauma
CTA examination. Furthermore, no false negative examina-
tions were identified as all patients with negative CTA exam-
inations were successfully managed conservatively. To our
knowledge, this study encompasses the largest cohort of pen-
etrating trauma patients undergoing extremity CTA to date [2,
3, 6, 8–11, 13–15, 18, 21, 22]. In addition to detecting the
presence of injury, our study further explores the spectrum
of arterial injury characterized by extremity CTA. Given the
large cohort in this study, analyses of isolated arterial injuries
were carried out and demonstrated statistically significant dif-
ferences in management in those patients with arterial occlu-
sion, active extravasation, focal stenosis, or pseudoaneurysm
on CTA when compared to those patients without arterial
injuries.

Our study demonstrates the capacity to achieve diagnostic
quality images on CTAs of both the upper and lower extrem-
ities by reproducing similarly high arterial attenuation (HUs)
[1, 8, 15]. No standardized criteria for diagnostically adequate
opacification of extremity CTAs has been set nor has a lower
threshold been set for diagnostically limited studies. Although
arterial opacification is often subjective and variable between
individual cases, our objective means for quantifying diagnos-
tic sufficiency was based on prior studies using 150–200 HUs
as a threshold for diagnostic sufficiency [26, 27, 37–39]. The
overwhelming majority of our studies had mean arterial seg-
ment attenuation values exceeding 200 HUs. In some cases,
however, limitations imposed by bolus timing, including bo-
lus outrun, resulted in suboptimal examinations, underscoring
the need for vigilance with respect to technique in order to
maintain diagnostic quality in extremity CTA in this patient
population.

Forty-seven of 446 imaged patients had vascular seg-
ments with average attenuation less than 150 HU (11 %),
26 of which were deemed diagnostically limited for eval-
uation of arterial injury due to poor opacification from
suboptimal timing or bolus outrun. Of the 326 patients
presenting with gunshot wounds, 201 (61.7 %) had me-
tallic fragments within the injured extremity on CTA;
however, only 19 (9.5 %) of these were classified as di-
agnostically limited. With respect to arm positioning on
upper extremity CTAs, our results echo prior work by

Fig. 5 Volume rendered lower extremity CTA image in a 26-year-old
male patient with history of gunshot wound shows preserved and
symmetric flow within the major arteries of the thighs bilaterally. In the
lower legs, there are bilateral tapering filling defects in the left below-the-
knee popliteal artery (solid arrow), and on the right within the anterior
tibial (arrowhead) and tibioperoneal trunk (open arrow) just distal to their
origin. This otherwise negative exam was limited for evaluation of the
lower leg arteries due to Boutrunning^ of the bolus by the scanner. The
patient was admitted for close monitoring and, with no clinical indication
for intervention or further imaging, was discharged the next day in stable
condition
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Rieger et al. suggesting that diagnostic limitation is un-
likely to result from CTAs performed in the arms down
position, as only 1 of our 144 upper extremity CTAs per-
formed in the arms down position were diagnostically
limited [14]. Various techniques can be employed on a
standard or case-by-case basis to minimize technically
limited studies, including modifying pitch or increasing
the volume of administered contrast (combined with ad-
ditional delay in scan initiation) for bolus outrun, and the
use of higher peak voltage, thicker sections, and iterative
reconstruction techniques for reducing metal artifact [17].
Finally, in equivocal or limited CTAs, there is utility in
DSA for troubleshooting questioned lesions.

An important limitation to consider in this population
is the lack of a reference standard, such as digital subtrac-
tion angiography, in the majority of the patient popula-
tion. Therefore, this precludes as assessment of the true
diagnostic accuracy of CTA in extremity trauma.
However, an experimental design using DSA in all pa-
tients undergoing CTA, given the associated morbidity,
is no longer feasible given the widespread acceptance
and safety of CTA. Nevertheless, the clinical utility and
impact of CTA findings on subsequent management are
readily analyzed, as was performed herein. In addition,
the variability inherent in analyzing both upper and lower
extremity CTAs, differences in patient positioning, as well
as the exact area of the extremity that was imaged should
be considered limitations of this study. While reflective of

our clinical practice, the lack of standardization does im-
part a limitation in our ability to generalize the results.
Thus, as others implement our recommendations for using
CTA in penetrating extremity trauma, a learning curve
will likely be experienced. Finally, while we often employ
extremity CTA in blunt extremity trauma patients, the
results of this study cannot necessarily be extrapolated
beyond the penetrating trauma population.

In conclusion, this study strongly supports the utility of
CTA for evaluating arterial injury to the extremities in
penetrating trauma in a large cohort of patients at our
level I trauma center and demonstrates its clinical impact
in this setting. Importantly, statistically significant differ-
ences in the requirement for surgical intervention are dem-
onstrated in patients with a variety of arterial injuries on
CTA when compared to those patients without injury iden-
tified on CTA. Furthermore, none of the patients without
an acute arterial injury on admission CTA required a vas-
cular intervention, supporting the utility of extremity CTA
to exclude clinically relevant vascular injury.
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Fig. 6 Upper extremity CTA in a
34-year-old male presenting with
hand tingling after sustaining a
stab wound to his upper right arm.
Axial images with arms down (a)
shows abundant beam hardening
artifact limiting evaluation of the
brachial artery and adjacent soft
tissue (arrows). Axial image from
repeat CTAwith the left arm up
(b) demonstrates reduced artifact
and improved visualization of the
brachial artery, which appears
irregular in contour (arrow).
Volume rendered CTA image (c)
shows abrupt cutoff of the
proximal brachial artery (solid
arrow) with reconstitution distally
(arrowhead), and a variant
proximal origin of the radial
artery (open arrows) off of the
axillary artery
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