Journal of

Clinical Medicine
Review

Multi-Detector Computed Tomography Imaging
Techniques in Arterial Injuries
Cameron Adler 1 , Patrick T. Hangge 1,2 , Hassan Albadawi 1 , M-Grace Knuttinen 1 ,
Sadeer J. Alzubaidi 1 , Sailendra G. Naidu 1 and Rahmi Oklu 1, * ID
1

2

*

Department of Vascular and Interventional Radiology, Minimally Invasive Therapeutics Laboratory,
Mayo Clinic, Phoenix, AZ 85054, USA; adler.cameron@mayo.edu (C.A.);
Hangge.Patrick@mayo.edu (P.T.H.); Albadawi.Hassan@mayo.edu (H.A.);
knuttinen.grace@mayo.edu (M.-G.K.); Alzubaidi.Sadeer@mayo.edu (S.J.A.);
naidu.sailen@mayo.edu (S.G.N.)
Department of General Surgery, Mayo Clinic, Phoenix, AZ 85054, USA
Correspondence: oklu.rahmi@mayo.edu; Tel.: +1-480-342-1650

Received: 1 April 2018; Accepted: 18 April 2018; Published: 24 April 2018




Abstract: Cross-sectional imaging has become a critical aspect in the evaluation of arterial injuries.
In particular, angiography using computed tomography (CT) is the imaging of choice. A variety of
techniques and options are available when evaluating for arterial injuries. Techniques involve contrast
bolus, various phases of contrast enhancement, multiplanar reconstruction, volume rendering,
and maximum intensity projection. After the images are rendered, a variety of features may be
seen that diagnose the injury. This article provides a general overview of the techniques, important
findings, and pitfalls in cross sectional imaging of arterial imaging, particularly in relation to
computed tomography. In addition, the future directions of computed tomography, including
a few techniques in the process of development, is also discussed.
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1. Introduction
Arterial injuries are seen in a variety of settings, including blunt trauma, penetrating trauma,
complications of percutaneous access, and surgical complications. If not diagnosed quickly, these
injuries can be devastating, resulting in hemorrhage, hemorrhagic shock, and even death [1].
As cross-sectional imaging techniques have improved, their use has become widespread and they
have become primary tools in the diagnosis of arterial injuries, especially prior to treatment. Rapid
identification of both the location and severity of an injury are crucial for institution of rapid treatment
and prevention of morbidity and mortality due to arterial injury [2].
With regard to cross-sectional imaging in the setting of arterial injury, computed tomography
(CT) is typically the cross-sectional imaging technique of choice [3,4]. Here, we will discuss the
basic principles of the CT imaging technique in arterial injury. Parameters of imaging protocols are
dependent upon the area of the body being examined and available equipment, leading to extensive
variability among protocols. As such, we will focus on the important principles and general tools
available in arterial imaging, rather than detailing specific protocols for all regions of the body, which is
beyond the scope of this article. In addition, the clinical indications for imaging evaluation of an
arterial injury are innumerable and include trauma, iatrogenic injury, a wide range of symptoms,
specific comorbidities, and more. Since we aim to provide a general overview of arterial imaging
techniques and findings in the setting of injury, we will not discuss clinical indications in detail.
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2. Technique
2.1. Contrast Bolus
In assessing arterial injury, the timing of imaging and the use of contrast are important factors.
When injecting iodinated contrast, an injection rate of 4–5 mL per second is standard [2]. The total
volume of contrast is variable and depends on the area of the body being examined, along with the
size of the patient, with the total volume of non-ionic iodinated contrast typically between 100 and
150 mL of 300–350 mgI/mL [4,5]. Image acquisition timing is usually determined using fixed time
delay, test bolus, or bolus tracking. Multiple factors need to be considered when determining bolus
and acquisition timing, including time to peak enhancement, location of target vessels, injection site,
saline bolus, cardiac output, imaging duration, coverage of imaging, and patient-related limitations.
All of these factors can alter bolus hemodynamics and alter the optimal imaging time following bolus
administration [6].
The fixed time-delay technique acquires arterial phase images after a fixed amount of time passes
following the administration of the contrast bolus. It is the simplest of the three acquisition timing
methods for arteriography. The time delay following the bolus injection is constant and specific to the
area of the body being examined. This method is adequate for the majority of the population, but is
problematic when there is abnormal anatomy, abnormal cardiac function, or severe arterial disease,
all of which can significantly alter the transit time of blood. Despite known limitations, there is typically
no significant difference in arterial phase enhancement with the fixed time-delay imaging technique in
comparison to bolus tracking [7].
A test bolus involves the injection of a small bolus of contrast, typically 15–20 mL of an iodinated
contrast agent, and observation of the major artery with a region of interest. The major artery is monitored
to determine when the peak attenuation is obtained in that artery. The time from administration of
contrast to peak attenuation in the artery of interest is recorded and used as the scan delay time following
administration of the full bolus for the diagnostic exam. Subsequently, the full bolus of contrast is
administered and image acquisition begins after the time delay determined from the test bolus has
elapsed. Once image acquisition is initiated, the entire acquisition occurs at a constant rate. Prior studies
have shown that peak enhancement from the timing test bolus is similar to the peak enhancement timing
of the full bolus [8,9]. The test bolus method is rarely used today, as it requires the administration of a
larger total volume of contrast.
The technique for bolus tracking is similar to a test bolus, however without the need for the initial
smaller bolus. Prior to the injection of the bolus, the region of interest is placed over the major artery in
the region of the body being examined and the attenuation is monitored. Once the selected attenuation
threshold is reached, image acquisition is triggered immediately or following an additional short delay
(Figure 1). Bolus tracking is commonly used today. Although bolus tracking is generally preferred,
the fixed time delay used with this method varies based on the scan time, scanning speed, and injection
duration [10]. Bolus tracking tends to be preferred in patients who are expected to have significantly
abnormal circulation times, as circulation time is a crucial component of image acquisition timing [6].
In patients with significantly abnormal circulation times, bolus tracking prevents image acquisition
from being initiated prior to the bolus reaching the area of interest.
Following contrast administration, a small saline bolus should be administered. The saline bolus
flushes the contrast through the catheter, increasing the utility of the contrast, and dilutes the contrast
bolus in the veins directly after injection. Diluting the portion of the bolus remaining in the veins at
the time of imaging reduces the beam-hardening artifacts that can result from the high concentration
of contrast in these veins after administration of contrast [2].
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2.4. Imaging Patterns in Arterial Injury
2.4. Imaging Patterns in Arterial Injury
Regardless of the mechanism or location of the arterial injury, there is a group of very important
Regardless of the mechanism or location of the arterial injury, there is a group of very important
injury patterns to search for in the setting of suspected arterial injury. Despite the fact that many
injury patterns to search for in the setting of suspected arterial injury. Despite the fact that many
clinicians will ask specifically about extravasation, other findings of arterial injury are common.
clinicians will ask specifically about extravasation, other findings of arterial injury are common.
These other findings include abrupt arterial narrowing, occlusion, dissection, intramural hematoma,
These other findings include abrupt arterial narrowing, occlusion, dissection, intramural hematoma,
pseudoaneurysm, and arteriovenous fistula.
pseudoaneurysm, and arteriovenous fistula.
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and delayed phases, the region of increased attenuation should increase in size as the image
sequences become more delayed and the degree of attenuation should be greater than that of the
aorta in these phases. Figure 3 demonstrates active extravasation in the arterial and delayed phases.
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2.4.2. Arterial Occlusion or Stenosis
2.4.2. Arterial Occlusion or Stenosis
Arterial occlusion and stenosis have a wide array of causes, including intramural hematoma,
Arterial occlusion and stenosis have a wide array of causes, including intramural hematoma,
vasospasm, intimal injuries, thrombus, embolus, and mass effect. Despite the varying causes, occlusion
vasospasm, intimal injuries, thrombus, embolus, and mass effect. Despite the varying causes,
and stenosis share a somewhat similar appearance. Arterial occlusion presents as an abrupt end
occlusion and stenosis share a somewhat similar appearance. Arterial occlusion presents as an
of the vessel, as seen in Figure 4. In comparison, arterial stenosis presents as a gradual tapering
abrupt end of the vessel, as seen in Figure 4. In comparison, arterial stenosis presents as a gradual
or focal decrease in caliber of the artery, as seen in Figure 5. Although the occlusion may lead to
tapering or focal decrease in caliber of the artery, as seen in Figure 5. Although the occlusion may
a segment of unenhanced artery, the distal artery may still reconstitute and distal reconstitution
lead to a segment of unenhanced artery, the distal artery may still reconstitute and distal
should not be mistaken for lack of injury, as demonstrated by Figure 4. Furthermore, the tapering
reconstitution should not be mistaken for lack of injury, as demonstrated by Figure 4. Furthermore,
or narrowing does not need to be symmetrical, even if the specific cause of the narrowing typically
the tapering or narrowing does not need to be symmetrical, even if the specific cause of the
presents circumferentially. In the setting of occlusion or stenosis due to mass effect, cross-sectional
narrowing typically presents circumferentially. In the setting of occlusion or stenosis due to mass
imaging has the added benefit of identifying the specific cause of the mass effect, such as hematoma,
effect, cross-sectional imaging has the added benefit of identifying the specific cause of the mass
in addition to identifying the arterial injury. This added benefit leads to treatment of the primary
effect, such as hematoma, in addition to identifying the arterial injury. This added benefit leads to
problem and prevents unnecessary arterial procedures that fail to address the primary cause of the
treatment of the primary problem and prevents unnecessary arterial procedures that fail to address
arterial injury [14,15].
the primary cause of the arterial injury [14,15].
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Figure 4. Coronal image of right common femoral artery occlusion (arrow) with distal reconstitution
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Figure 5. Coronal image of right distal ulnar artery stenosis following traumatic injury to the wrist
and hand.

Figure 5. Coronal image of right distal ulnar artery stenosis following traumatic injury to the wrist
Figure 5. Coronal image of right distal ulnar artery stenosis following traumatic injury to the wrist
and hand.
and hand.
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Figure 6. Axial image of type A aortic dissection demonstrating both the cobweb sign (long arrow)

Figure 6. Axial image of type A aortic dissection demonstrating both the cobweb sign (long arrow)
and eccentric calcification in the dissection flap (short arrow) in the descending aorta. Note that the
and eccentric
calcification in the dissection flap (short arrow) in the descending aorta. Note that the
eccentric calcification abuts the true lumen.
eccentric calcification abuts the true lumen.
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Figure 7. Axial image of aortic dissection demonstrating the beak sign (arrow). Note the acute angle
Figure 7. Axial image of aortic dissection demonstrating the beak sign (arrow). Note the acute angle
between the dissection flap and the outer wall.
between the dissection flap and the outer wall.

2.4.4. Intramural Hematoma
2.4.4. Intramural Hematoma
Intramural hematoma can be a difficult injury to classify, especially when occurring within the
Intramural hematoma can be a difficult injury to classify, especially when occurring within the
aorta, as it is typically considered in the spectrum of injury known as acute aortic syndrome [17]. In
aorta, as it is typically considered in the spectrum of injury known as acute aortic syndrome [17].
smaller vessels, the intramural hematoma often cannot be differentiated from vasospasm, partial
In smaller vessels, the intramural hematoma often cannot be differentiated from vasospasm, partial
thrombosis, or small extramural hematoma [13]. Classically, intramural hematoma can be identified
thrombosis, or small extramural hematoma [13]. Classically, intramural hematoma can be identified
as a hyperattenuating focus with an either crescentic or circular shape that is present in the aortic
as a hyperattenuating focus with an either crescentic or circular shape that is present in the aortic
wall in non-contrast-enhanced CT, as seen in Figure 8. In contrast-enhanced imaging, the intramural
wall in non-contrast-enhanced CT, as seen in Figure 8. In contrast-enhanced imaging, the intramural
hematoma appears to be hypoattenuating relative to the lumen and may not appear different in
hematoma appears to be hypoattenuating relative to the lumen and may not appear different in
attenuation from the remainder of the normal arterial wall, as seen in Figure 9 [18]. If calcifications
attenuation from the remainder of the normal arterial wall, as seen in Figure 9 [18]. If calcifications are
are present, the intramural hematoma may be associated with focal displacement of intimal
present, the intramural hematoma may be associated with focal displacement of intimal calcifications.
calcifications. Focal mural thickening from the intramural hematoma may also result in a decreased
Focal mural thickening from the intramural hematoma may also result in a decreased luminal diameter
luminal diameter that will be visible in contrast-enhanced imaging. However, the hematoma itself
that will be visible in contrast-enhanced imaging. However, the hematoma itself will likely not be
will likely not be visible in the contrast-enhanced phases, even if the asymmetric thickening is
visible in the contrast-enhanced phases, even if the asymmetric thickening is prominent enough
prominent enough to result in luminal narrowing. This results in an appearance somewhat similar to
to result in luminal narrowing. This results in an appearance somewhat similar to the stenosis
the stenosis pattern described above. Visualization of this hyperattenuating focus may be impossible
pattern described above. Visualization of this hyperattenuating focus may be impossible once
once contrast is given and may be the only sign of intramural hematoma. As discussed by Gutschow
contrast is given and may be the only sign of intramural hematoma. As discussed by Gutschow et al.
et al. intramural hematoma was formerly thought to be an entirely intramural process. However,
intramural hematoma was formerly thought to be an entirely intramural process. However, continued
continued improvement in imaging technology has allowed for identification of smaller tears in the
improvement in imaging technology has allowed for identification of smaller tears in the intima on
intima on evaluation of some intramural hematomas, further blurring the definition of intramural
evaluation of some intramural hematomas, further blurring the definition of intramural hematoma
hematoma in the setting of acute aortic syndrome. The small tears seen in newer CT scanners may
in the setting of acute aortic syndrome. The small tears seen in newer CT scanners may explain the
explain the enhancement of some intramural hematomas seen in older contrast-enhanced imaging,
enhancement of some intramural hematomas seen in older contrast-enhanced imaging, suggesting
suggesting that older technology did not have high enough resolution to identify the tear [17].
that older technology did not have high enough resolution to identify the tear [17].
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Figure 10. Axial image demonstrating large left peroneal artery pseudoaneurysm (arrow) following
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Figure 11. Coronal image of the bilateral lower extremities in the arterial phase following left calf

Figure 11. Coronal image of the bilateral lower extremities in the arterial phase following left calf
trauma. There is opacification of the left femoral vein (curved arrow) in the arterial phase, indicative
trauma.
There is opacification of the left femoral vein (curved arrow) in the arterial phase, indicative of
of arteriovenous fistula. Note that the right femoral vein (arrow) is not opacified.
arteriovenous fistula. Note that the right femoral vein (arrow) is not opacified.
Figure 11. Coronal image of the bilateral lower extremities in the arterial phase following left calf
trauma. There is opacification of the left femoral vein (curved arrow) in the arterial phase, indicative
of arteriovenous fistula. Note that the right femoral vein (arrow) is not opacified.
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2.5. Imaging Performance
CT has excellent performance in identification of arterial injuries, regardless of the region of
the body affected or the mechanism of injury. Prospective evaluation has found sensitivity and
specificity for arterial injury on CT angiography of the extremities to be as high as 95% and 87%,
respectively [4,13]. Studies evaluating injury of the abdomen and pelvis have demonstrated sensitivity
and specificity for arterial injuries as high as 97% and 95%, respectively [5]. For example, Pereira et al.,
demonstrated a sensitivity of 90% and specificity of 98.6% in the setting of hemorrhage following pelvic
trauma [22]. In the setting of proximal extremity injuries, Soto et al. found a sensitivity of up to 95%
and a specificity of up to 98% [15]. Inaba et al. demonstrated a sensitivity of 100% and specificity of
100% for patients treated for lower extremity trauma at their level I trauma center [23]. Gavant et al.
examined the performance of CT angiography in thoracic aortic rupture resulting from blunt trauma
and found a sensitivity of 100% and specificity of 81.7% [24]. In the setting of penetrating neck trauma,
Munera et al., demonstrated a mean sensitivity of 90% and specificity of 100% [1]. Overall, regardless
of the region of the body being examined and the mechanism of injury, CT angiography demonstrates
excellent sensitivity and specificity in detection of arterial injuries.
2.6. Pitfalls
Despite its great performance and many advantages, CT angiography is not perfect. It is important
to understand the limitations and common pitfalls associated with CT in the evaluation of arterial
injuries in order to prevent misinterpretation of the study. Some of the pitfalls include imaging artifacts,
bolus-timing issues, and foreign body confusion. With regard to imaging artifacts, volume averaging
can lead to the appearance of a change in attenuation in the setting of thicker image reconstructions.
In addition, motion artifacts can give the appearance of higher-attenuation contrast in the wrong region
of the image. Additional high-attenuation objects, like foreign bodies or bone fragments, can have
an appearance similar to some of the injury patterns described above, such as pseudoaneurysm or
extravasation. This is especially true if multiple phases of contrast enhancement are not acquired.
In addition, these injury patterns are not mutually exclusive and overlapping injury patterns may
cause confusion when multiple injuries of the types described above are present. On the contrary,
vasospasm may be so intense as to prevent any enhancement of the distal portions of the vessel,
which may obscure downstream injuries [5]. In the setting of dissection, thrombosis in the false lumen
of a dissection can prevent adequate visualization of a dissection or decrease the apparent extent of
injury [16]. In addition, hyperattenuating foreign bodies from the mechanism of injury may result in
significant streak artifact [13].
Some of the most important pitfalls involve timing of the contrast bolus. As discussed earlier,
a variety of factors can affect the circulation time of contrast-enhanced blood. If flow is especially slow,
a rapid scan time can lead to image acquisition moving through the exam faster than the contrast bolus.
This results in a portion of the examination being unenhanced. In addition, poor cardiac function can
result in suboptimal mixing of contrast, which may prevent the necessary peak attenuation from ever
being attained. This results in the image acquisition never being initiated. Likewise, the region of
interest may be placed on the incorrect portion of the image, also preventing the triggering of image
acquisition. Lastly, bolus tracking cannot be used for smaller arteries, as a large artery is required for a
sufficient region of interest to track.
2.7. Future Technology
The future of cross-sectional imaging in the setting of arterial injuries is promising. For example,
dual-energy CT will have the ability to differentiate iodine from other high-attenuation materials.
This would allow for easy differentiation of arterial injuries and could easily visualize poor downstream
perfusion following an injury [25]. New techniques for timing of scan acquisition following contrast
administration can also prevent some of the non-diagnostic images that may result from some of
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the described pitfalls. For example, the upcoming technique of bolus chasing may soon be available
for CT angiography. Bolus chasing involves tracking the bolus throughout the duration of the scan
acquisition and adjusting the table speed based on the propagation of the contrast-enhanced blood.
If the bolus begins to travel more slowly, table speed will slow, allowing more time for the bolus
to propagate. This is a complicated method of bolus-timing that will likely increase the diagnostic
value of CT angiography by reducing the variability inherent to image acquisition following contrast
administration [26].
3. Conclusions
CT angiography remains the mainstay in cross-sectional imaging of arterial injuries. Despite the
known pitfalls, the exam has been shown to have extremely high sensitivity and specificity, regardless
of the region of the body being examined. The exam has a variety of tools and techniques that can be
utilized for evaluation, including multiple phases of imaging, multiplanar reformatting, maximum
intensity projections, and volume rendering. In the coming years, we can look forward to bolus chasing
techniques and the benefits of dual-energy CT to build upon our current technology and provide even
higher quality imaging and more information than we have available today.
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