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Abstract

Through a marriage of spiral computed tomography (CT) and graphical volumetric image
processing, CT angiography was born 20 years ago. Fueled by a series of technical innovations in
CT and image processing, over the next 5-15 years, CT angiography toppled conventional
angiography, the undisputed diagnostic reference standard for vascular disease for the prior 70
years, as the preferred modality for the diagnosis and characterization of most cardiovascular
abnormalities. This review recounts the evolution of CT angiography from its development and
early challenges to a maturing modality that has provided unique insights into cardiovascular
disease characterization and management. Selected clinical challenges, which include acute aortic
syndromes, peripheral vascular disease, aortic stent-graft and transcatheter aortic valve
assessment, and coronary artery disease, are presented as contrasting examples of how CT
angiography is changing our approach to cardiovascular disease diagnosis and management.
Finally, the recently introduced capabilities for multispectral imaging, tissue perfusion imaging,
and radiation dose reduction through iterative reconstruction are explored with consideration
toward the continued refinement and advancement of CT angiography.

The past 20 years have witnessed a remarkable transformation in the diagnosis and
characterization of vascular disease. The 1990s were a particularly golden period in vascular
diagnosis and therapy with the introduction of computed tomographic (CT) angiography,
contrast material-enhanced magnetic resonance (MR) angiography, and endovascular repair
of aortic aneurysms using stent-grafts.
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In the early 1990s nearly every patient preparing to undergo vascular surgery, requiring
confirmation of pulmonary embolism, or suspected of having traumatic aortic injury,
intracranial aneurysm, or renovascular hypertension underwent conventional diagnostic
angiography, a technique that was born in 1924 (1) and substantially refined to present-day
technique with the introduction of the Seldinger guidewire in 1953 (2). Combined with
steady improvements in injectors, film changers, and fluoroscopic, radiographic, and
subtraction techniques, direct arteriography evolved as the reference standard for the
diagnosis and characterization of all manner of vascular disease. Its strengths were a high
spatial resolution and an opportunity for diagnosis and therapeutic intervention during a
single session. Its limitations were the cost, discomfort, and risks of an invasive procedure,
particularly when concurrent intervention was not indicated; inability to demonstrate the
vessel wall, perivascular tissue, and end-organ parenchyma; poor three-dimensional (3D)
spatial discrimination owing to the projectional nature of the acquisition; necessity for
multiple contrast material injections and repeated doses of ionizing radiation to characterize
spatial relationships; and downstream luminal opacification limited by selective arterial
injection of contrast material.

Essentials

«  Driven by profound technologic advances, CT angiography has emerged as the
dominant imaging modality for diagnosis and planning management of vascular
diseases.

» CT angiography has provided new insights into the pathophysiology and natural
history of acute aortic syndromes.

»  Optimized CT angiographic technique enables comprehensive assessment of
peripheral arterial disease.

»  The advancement of transcatheter cardiovascular therapies, including aortic
stent-graft deployment and aortic valve implantation, are linked to insights
provided by CT angiography.

» Innovations in CT technology are providing unprecedented opportunities to
further enhance the safety and clinical value of CT angiography.

MR angiography, first reported in 1986 (3,4) was an exciting new technique that was
dependent on flow-related enhancement, awaiting further technical improvements that
would make it a mainstream diagnostic angiographic modality. At the same time,
conventional CT, acquired with 10-mm-thick sections that were standard for the day (5),
was viewed as a maturing technology, having made tremendous inroads into a broad
spectrum of medical diagnoses, but was limited for the assessment of vascular disease with
only one mainstream application, assessing aortic rupture risk by tracking the transverse
dimension of abdominal aortic aneurysms.
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Emergence of CT Angiography

The primary enabling technology for CT angiography was the clinical introduction of spiral
(6) or helical (7) scanning in 1990, which ushered in the era of volumetric CT. Its key
contribution was the replacement of the “step and shoot” acquisition mode, in which the
table was static during the acquisition of a single transverse section and subsequently
advanced to the next scan position before gantry rotation resumed, with continuous
acquisition of projections during table travel that allowed coverage of much larger volumes
per unit time. Among other advantages, this permitted the capture of the first pass of an
intravenous contrast agent bolus as it transited a particular vascular territory. In those early
days, table speed was limited to the section thickness per gantry rotation; thus, for example,
given a 1-second gantry rotation and 3-mm sections, table speed was 3 mm/sec. Another
limitation was x-ray tube heat capacity, limiting milliamperage (and, thereby, increasing
noise) and scan time to less than 30 seconds, resulting in a maximum coverage with the
same parameters of 9 cm (8).

The first articles describing CT angiography appeared in the November 1992 edition of
Radiology (9,10) and demonstrated the possibilities given fast volume coverage and 3D
visualization. From 1991 to 1998, single—detector row spiral CT technique limited clinical
CT angiography to discrete vascular territories. Prior to the introduction of scan pitch values
greater than one, a scan with 3-mm nominal section thickness provided a maximum of 9 cm
table travel in 30 seconds and thus limited initial applications to the extracranial carotid
arteries (10), the circle of Willis (11), the renal arteries (12,13) (Fig 1a), and the proximal
abdominal aorta (13). While a nominal section thickness of 3 mm was considered maximal
for the creation of useful multiplanar reformations and 3D renderings, early CT angiography
pioneers effectively used the primary transverse reconstructions from spiral CT acquisitions
with 5 mm thickness to evaluate the central pulmonary arteries (14) and the thoracic aorta
(15). With the clinical introduction of scan pitch values between one and two (16), maximal
anatomic coverage doubled, paving the way for an expansion in clinical applications, to
include assessments of acute aortic syndromes (AAS), the detection of aortic injury in
trauma patients, and the qualitative and quantitative characterization of the aorta as key
enablers for planning aneurysm therapy. While many investigations focused on the
refinement of the techniques for CT angiogram acquisition and postprocessing, new clinical
insights were made possible by CT angiography’s ability to volumetrically resolve the
entirety of the blood vessel lumen, wall, and end organ (14,17-22).

With the clinical potential for CT angiography established, the industry sought to further
increase volume coverage through the development of scanners with faster gantry rotation
and with multiple parallel detector rings that acquired more than one section per rotation.
Early multi-detector row CT scanners introduced in 1998 had four detector rings and were
capable of 1/2-second gantry rotations, effectively multiplying volume coverage per unit
time x8 at the same section thickness (8,23) (Fig 1b, 1c). Fifteen years later, today’s
multidetector CT scanners have up to 320 detector rings, gantry rotation times as low as 270
msec, and in some cases two X-ray sources, allowing submillimeter isotropic resolution to be
acquired over very large volumes in, at most, a few seconds. Faster volume coverage also
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allowed a sizable reduction in contrast media usage without loss in vascular conspicuity
(24).

With the introduction of multidetector CT, virtually all limits on longitudinal coverage
disappeared, paving the way for CT angiography to be applied to imaging the inflow and
run-off of the lower extremity arterial system (25), the entire cervicocranial vascular system
(23), the thoracoabdominal aortoiliac system (23), and the upper extremity arterial system
(26). By the year 2002, there was but one final arterial frontier remaining—the coronary
arteries. While proof-of-concept investigations of coronary CT angiography were published
using four- and eight-row multi-detector CT scanners (27), the introduction of 16-row
multidetector CT brought coronary CT angiography to clinical practice and with 64-row
multidetector CT in 2005 it became mainstream.

Computers and Image Processing

The rapid evolution of fast CT scanners is congruent with Moore’s law, which predicts the
doubling of the density of transistors on integrated circuits approximately every 2 years. In
addition to effecting the acquisition circuitry, Moore’s law is also responsible for the rapid
increase in computer performance/price ratios, without which the expense and time to
reconstruct these high-resolution cone-beam volume acquisitions, consisting of hundreds to
thousands of sections, would not be clinically practical. Moore’s law is also directly
responsible for the final enabler of clinical CT angiography: Because section-by-section
inspection of CT angiographic images is neither efficient nor intuitive, visualization of CT
angiography studies employs shaded surface displays, maximum intensity projections, and
volume rendering (Fig 1b, 1c). While early datasets consisted of only tens of cross-sections,
each of the many desired view directions required many seconds to compute on expensive
workstations. Today, many vendors provide software that runs on inexpensive computers
and is capable of interactive high-resolution volume rendering with advanced lighting
effects based on thousands of contrast-enhanced CT sections with additional capabilities
such as automated bone removal and curved planar reformatting. The analysis of CT
angiographic datasets has evolved to the point where review of the transverse
reconstructions is a secondary analysis to tailored visualization and quantitation tasks using
application-specific postprocessing solutions.

Contributions of CT Angiography to Clinical Practice

As a result of tremendous technologic developments, CT angiography has evolved to
provide important insights into cardiovascular disease diagnosis and management. While
there are many applications of CT angiography that have transformed the standard for
clinical care and are worthy of detailed elaboration, we have chosen to focus specifically on
three areas in which CT angiography has expanded our understanding of human vascular
disease (AAS and peripheral arterial disease), in which it has guided new strategies in
disease management (aortic endograft deployment and transaortic valve implantation), and
in which new CT techniques offer promise for further refinements (coronary heart disease).
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Acute Aortic Syndromes: New Knowledge Redefining Disease
Classification

AAS refers to a spectrum of acute, life-threatening abnormalities of the aorta characterized
by an abrupt onset of intense chest or back pain (28). CT angiography has not only
revolutionized the diagnosis and management of cases of AAS (29), but when acquired with
electrocardiographic (ECG) synchronization has fundamentally advanced our understanding
of these conditions (30), becoming the preeminent technique for the diagnosis,
characterization, and treatment planning of AAS. In addition to overcoming ascending aortic
pulsation artifacts that have resulted in both missed and spurious pathologic findings
(30,31), ECG synchronization enables assessment of aortic root and coronary ostial
involvement. Motion-free images enable reliable identification of the site of the primary
intimal tear, location and extent of dissection flaps, and branch-artery involvement—
features important in guiding therapy (Figs 2, 3). Visualization of hitherto unknown but
common pathologic features (eg, blood pools and side branch communications within an
intramural hematoma [IMH] [32]) and the ability to detect subtle lesions previously deemed
inaccessible to in vivo diagnostic imaging (ie, limited dissection [30,33]) have allowed CT
angiography to lead the way to new classifications of acute aortic lesions (34).

The traditional “classification” of AAS into aortic dissection, IMH, and penetrating
atherosclerotic ulcer (PAU) (34,35) can be refined through analysis of CT angiography.
Perhaps one of the most important insights gleaned from CT angiography is that in addition
to its classic description as a variant of aortic dissection, IMH may be seen in association
with virtually any acute aortic abnormality, including the entire spectrum of dissection
variants, PAUs, and rupturing aortic aneurysms of any etiology (atherosclerotic, connective
tissue-related, mycotic, and even posttraumatic, iatrogenic or noniatrogenic) (Fig 4). Thus,
IMH might be more appropriately classified as an imaging marker of acuity associated with
aortic dissection, PAU, and rupturing aneurysm rather than the currently in vogue
characterization of IMH as a distinct “condition” of AAS (34,35). Moreover, the association
of IMH with both the classic AAS conditions of aortic dissection and PAU and with
rupturing aortic aneurysm introduces the question as to why rupturing aortic aneurysms are
not included as AAS (30).

An alternative concept informed by observations from ECG-gated CT angiography regards
AAS as a spectrum of disease manifestations caused by three main pathologic processes:
group 1, aortic dissection and its variants resulting from a diseased media; group 2, PAU,
which is a manifestation of advanced atherosclerosis and thus a disease of the intima; and
group 3, rupturing aortic aneurysms, as the clinical presentation is indistinguishable from
aortic dissection and PAU (Table) (30). Note that IMH is not part of this classification as it
may be associated with any of the three main categories as an indicator of an acute process.

Group 1 lesions representing aortic dissection and its variants share a diseased aortic media
as their common pathologic lesion. Classic dissection is characterized by the development of
a flow channel or false lumen within the aortic wall, which is separated from the true lumen
by a dissection membrane (Fig 2). Blood most commonly flows into the false lumen through
a primary intimal tear, and re-enters the true lumen through one or more exit tears.
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Regardless of the presence of an identifiable primary intimal tear, when fresh blood
coagulates within a false lumen space, we refer to it as an IMH or dissection variant. In a
small number of patients with medial disease, a superficial/partial thickness tear develops
(the equivalent of a primary intimal tear) without the development of a separate flow
channel or accumulation of intramural blood. These rare lesions are referred to as limited
tears or limited dissection and tend to have subtle imaging findings when compared with
classic dissection (30,33,36) (Fig 3). In patients with medial disease, lesions can evolve
rapidly, and features of aortic dissection, IMH, and limited tears can and often do overlap

(Fig 5).

Group 2 lesions representing PAUSs are characterized by defects in the thickened and
diseased intima that penetrate through the internal elastic lamina into deeper layers of the
aortic wall, which may be associated with IMH. When associated with PAU, IMH generally
has a worse prognosis than uncomplicated IMH associated with medial disease (dissection
variant) (37).

Group 3 lesions are rupturing aortic aneurysms, occurring most frequently in the abdominal
aorta (Fig 4). Signs of unstable aneurysms are fresh blood within a layer of chronic
thrombus (crescent sign), intramural blood, and peri-aneurysmal stranding.

Virtually all structural features associated with AAS and their complications can be reliably
assessed with modern CT angiography. The widespread availability of this comprehensive
morphologic assessment is providing unique insights into the natural history of AAS,
allowing refined classification schemes and better implementation of surgical and
endovascular treatments.

Peripheral Vascular Disease: Pushing the Envelope for CT Angiography

Coverage and Visualization

CT angiography of the entire lower extremity arterial system—which includes suprainguinal
inflow vessels and infrainguinal runoff—became possible with the introduction of
multidetector CT (25). While initially limited to 1-minute acquisitions and 2—-3-mm-thick
sections, modern 64-row CT scanners can achieve 10-second acquisitions with
submillimeter section thickness, although such fast scan times are not necessary.

The anatomic coverage for a lower extremity CT angiogram typically extends from T12
through the toes, with a 25-30-cm field of view, to provide adequate in-plane resolution
(38). Through-plane resolution (in the z-axis) is typically 0.7-1.25 mm. While lower
extremity CT angiography data acquisition is relatively straightforward with state-of-the-art
equipment, synchronization with contrast medium delivery requires particular attention to
the potentially delayed bolus propagation in a diseased lower extremity arterial tree (39). A
simple strategy is to deliberately acquire the CT data in a relatively long scan time of 40
seconds and preprogram an optional second pass from above the knees down through the
toes (39).
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Together with the advances of multidetector CT, peripheral vascular CT angiography
necessitated advances in the capabilities of image processing workstations to accommodate
datasets composed of 1000-2000 primary transverse CT reconstructions (40). Because
viewing transverse source images is both impractical and inadequate for communicating
findings to treating physicians, an important challenge of lower extremity CT angiography is
visualization and postprocessing. The classic 3D techniques for displaying cardiovascular
CT data, such as maximum intensity projection (MIP) and volume-rendered images are
often limited in patients with peripheral artery disease, because approximately half of these
patients have significant vessel wall calcifications or stents in place. Both preclude
visualization of the diagnostically and therapeutically relevant flow channels (41). Analysis
of the vessel lumen is best achieved with curved planar reformation, either through each
arterial branch separately (25,42) or as multipath curved planar reformations (43).
Processing of lower extremity CT angiography may be time-consuming, and practices with
large examination volumes might benefit from using dedicated technologists or a centralized
3D laboratory to generate standardized images of the lower extremity arterial tree.

Lower-extremity CT angiography (and MR angiography) has virtually replaced diagnostic
intraarterial angiography for a broad spectrum of indications (38), the most important of
which is treatment planning for patients with peripheral artery disease (44). Other
indications include acute ischemia, trauma, and anatomic imaging, such as before free-flap
harvesting (45), or in athletes suspected of having functional or anatomic popliteal
entrapment syndrome (Fig 6), or iliac endofibrosis (38).

The clinical role of lower extremity CT angiography in the setting of peripheral artery
disease is not to establish the diagnosis—this is typically based on symptoms, clinical
examination, and noninvasive testing such as ankle-brachial index. The strength and role of
lower extremity CT angiography is to map the disease process within this large territory,
which is critical for treatment planning.

The two main categories of peripheral artery disease warranting intervention are patients
with lifestyle-limiting intermittent claudication (Fontaine 11b) and patients with critical limb
ischemia (rest-pain and/or tissue loss, Fontaine I11 and 1V) (Fig 7) (46). In the claudication
group, treatment aims at symptom relief and is typically restricted to lesions above the knee.
In patients with critical limb ischemia, revascularization aims at prevention of tissue loss
and amputation, which requires more aggressive endovascular and/or surgical treatment of
arteries both above and below the knees.

Lower extremity CT angiography is an accurate imaging modality in patients with
intermittent claudication, with a sensitivity of 95% (95% confidence interval: 92%, 97%)
and a specificity of 96% (95% confidence interval: 93%, 97%) for detecting more than 50%
stenosis or occlusions reported in a recent meta-analysis (47). Similar sensitivities (92%—
99.5%) and specificities (64%—-99%) have been reported for MR angiography (48). In a
randomized controlled trial comparing clinical utility, patient outcomes, and costs between
contrast-enhanced MR angiography and CT angiography, no statistically significant
differences were found: CT angiography had slightly higher diagnostic confidence and less
patients needed additional vascular imaging, with a slight trend of greater clinical
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improvement after revascularization based on CT angiography. Average costs for diagnostic
imaging was $438 higher in the MR group (95% confidence interval: $255, $632) compared
with CT (49). The accuracy of lower extremity CT angiography decreases in below-knee
vessels, with the main limiting factor being the presence of arterial calcifications. Since
below-knee arteries are not a treatment target in patients with intermittent claudication, this
is not a significant drawback in this population (50). However, in patients with critical limb
ischemia, who may also be diabetic and may have significant arterial calcification, this a
greater concern, and time-resolved MR angiography techniques may be advantageous in this
subgroup of patients (51). Recent data suggest, however, that CT angiography provides
accurate recommendations for the management of patients with critical limb ischemia as
well (52).

Very recently, dual-energy CT technology has become available on commercial CT systems.
In principle, basis material decomposition of CT projection data acquired at two different x-
ray energy levels (eg, 140 kVp and 80 kVp) allows differentiation of iodine from calcium
(53). While successfully applicable to the identification of highly opacified vessels
(containing iodine) versus dense calcifications (large plaque or cortical bone) in large
proximal vessels, dual-energy CT has not been shown to reliably separate calcium from
iodine in small, below-knee peripheral vessels, where this would be particularly desirable
(54,55). This may be explained by the low signal intensity provided by low-attenuation
contrast medium (due to partial volume artifacts) in small arteries and low-attenuation vessel
wall calcium (mostly due to partial volume artifacts related to the limited spatial resolution
of current CT systems) in the presence of noise. Continued development of CT technology
with improved spatial resolution, better separation of energy spectra, and novel iterative
reconstruction and other postprocessing techniques may ultimately overcome the few
remaining technical limitations of this powerful technology.

Endovascular Aortic Repair

Wave 1: Aortic Endograft Deployment

Following the first description of endovascular repair of aortic aneurysms using stentgrafts
in 1991 (56), the 1990s brought rapid development and commercialization of stent-grafts or
“endografts” for the repair of aortic aneurysms (57). Focusing on the most prevalent type of
aortic aneurysm, these devices initially were developed to repair infrarenal abdominal aortic
aneurysms, but their use was soon expanded to thoracic aortic aneurysms, as well (58).

Prior to the development of aortic stent-grafts, aortic aneurysm repair was exclusively an
open surgical procedure. Because the surgical exposure provided the surgeon with direct
visualization of the aorta, the demands on imaging to characterize the aorta prior to repair
were limited and were focused predominately on identifying the superior and inferior extent
of the aneurysm to plan exposure and attribute surgical risk based on the position of the
aortic cross-clamp (59). The sizing of the graft was performed intraoperatively by using
direct measurement of aortic diameter and fitting of the graft to determine length.

In contrast, stent-graft deployment placed fundamentally new demands on preoperative
imaging for qualitative and quantitative analyses. These included determinations of the
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suitability of the transarterial delivery route, the proximal fixation and seal zone, and the
distal seal zone. The identification and characterization of aortic branches, including main
renal, accessory renal, superior and inferior mesenteric, and internal iliac arteries were
important to avoid inadvertent end-organ ischemia due to aortic branch occlusion by the
stent-graft and to allow for the possibility of predeployment branch embolization to diminish
the risk of type Il endoleak. Finally, quantitative analysis of the aorta and iliac arteries was
necessary to correctly size the device to determine the diameters of the proximal and distal
ends and the length of the stent-graft.

While conventional angiography was the standard of the day, its ability to fulfill the
demands of predeployment aortic characterization was limited by its inability to demonstrate
thrombosed regions of aneurysms and the effects of projection, magnification, and parallax
on the accuracy of measurements. Owing to aortic tortuosity and obliquity relative to the
longitudinal axis of the CT table, diameter measurements from transverse CT
reconstructions were unreliable and associated with substantial interobserver variability
(60). Nevertheless transverse measurements of aortic diameter and cranial-caudal
dimensions of aortic length were used routinely for stent-graft sizing (61,62). Intravascular
ultrasonography (US) became a popular adjunct to conventional angiography and was touted
as having greater accuracy than transverse CT reconstructions for determining the diameter
and length of stent-grafts (63), but the utility of intra-vascular US for sizing endografts
ultimately was refuted (Fig 8) (64).

CT angiography stood apart from the aforementioned imaging modalities as a near-isotropic
volumetric acquisition technique that allowed the reformation of Cartesian planar and
curved planar (42) images as well as volume renderings (65). The introduction of automated
analytical tools to quantify cross-sectional area, length, and arterial curvature or tortuosity
offered a process that overcame the many limitations of two-dimensional techniques by
allowing measurement of cross-sections that were truly orthogonal to the aortic lumen and
allowed measurements to be referenced to both inner and outer wall landmarks (Fig 8) (66).
The acceptance of CT angiography as the sole modality of choice for aortic aneurysm
characterization and planning of stent-graft deployment was gradual but was firmly
established by the end of the early 2000s.

In the early days of aortic endograft procedures, little was known about the natural history of
the repair. Owing to the greater complexity of predeployment planning, the limited ability of
peri-procedural imaging to assess for robust proximal and distal seals as well as back-
bleeding into the aneurysm sac from patent branches and the possibility over time for
dislodgment and disintegration of the stent-graft, the necessity for postdeployment
surveillance was greater than with conventional repair. In clinical trials of endografts, the
combination of conventional angiography and projectional radiography were established as
the imaging standard for identifying endoleaks and device displacement, however, CT
angiography quickly emerged as a superior modality for endoleak detection (67,68) and
ultimately for the detection of stent-graft migration and disintegration, as well (Fig 9) (69).
The former observation was based on the elimination of overlapping structures owing to the
cross-sectional acquisition and the greater sensitivity of CT for low concentrations of iodine,
which for endoleak detection may be subjected to intraarterial dilution prior to entering the
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sac via collateral pathways with distant origins (70). Recently published data suggest that
MR imaging may be more sensitive than CT angiography for the detection of endoleaks,
particularly when used with a blood pool contrast agent (71). While MR imaging may be a
useful adjunct to CT in cases in which the aneurysm sac is growing without a demonstrable
endoleak on CT images, the versatility of CT angiography to show aortoiliac anatomy as
well as the position and integrity of the endograft with or without the use of iodinated
contrast material makes it the preferred examination for tracking post-deployment endograft
performance (72).

Wave 2: Transcatheter Aortic Valve Implantation

In the 1990s, aortic endografts represented disruptive technology that completely changed
the long-established approach to aortic aneurysm repair. Twenty years later, transcatheter
aortic valve replacement (TAVR) has emerged as a novel and similarly disruptive
technology for repair of the aortic valve in nonoperable and high-risk patients with severe
symptomatic aortic stenosis (73,74).

TAVR was first described by means of a transvenous approach by Cribier et al in 2002 (75).
Subsequently, an array of alternative transvascular approaches have been developed,
including the most common route, the transfemoral arterial approach, but also transaortic,
trans-subclavian, and transapical methods, allowing over 60 000 procedures to have been
performed worldwide to date. Similar to aortic endograft deployment, the first generation of
TAVR development has been largely supported by long-established imaging techniques
used for assessing the local anatomy, which for the aortic valve has been echocardiography.
This resulted in good but not perfect early results (73,74), leading some to argue that there is
no role for CT characterization beyond assessment of the peripheral vascular access route.
This sentiment ignores the significant residual complications that remain with TAVR,
including paravalvular aortic valvular regurgitation, which is defined by postdeployment
transesophageal echocardiography (76) and might be mitigated through a more complete and
granular assessment of the annulus.

There is increasing awareness that even a mild degree of paravalvular aortic valvular
regurgitation portends a worse prognosis than those patients who experience trace
paravalvular aortic valvular regurgitation (77). Moderate to severe paravalvular aortic
valvular regurgitation has been observed in 12.9% and 6.8% of TAVR patients at 30 days
and 1 year, respectively, compared with 0.9% and 1.8% in the surgical arm of the
PARTNER A trial (73,74). While paravalvular aortic valvular regurgitation appears to be
multifactorial, with factors such as severity and eccentricity of valvular calcification and
malpositioning being important in its etiology, it is widely accepted that undersizing of the
transcatheter heart valve relative to the aortic annulus is a significant contributing factor
(78).

To understand TAVR, one must first appreciate the noncircular configuration of the annulus.
The ovoid geometry is well accepted to be a major cause of paravalvular regurgitation (76)
There has been historical underappreciation of this noncircular geometry by two-
dimensional transthoracic echocardiographic techniques and it was only well established
through the use of ECG-gated CT angiography (79,80). Further, studies using CT
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angiography and trans-esophageal echocardiography have established the aortic root as a
dynamic structure that undergoes pulsatile contour deformation and configurational change
throughout the cardiac cycle related to a number of factors, including the aortic-mitral
continuity and the variability of left atrial pressure and volume across the cardiac cycle (81).
The isotropic volumetric and time-resolved capabilities of ECG-gated CT angiography
provide reproducible and accurate annular measurements throughout the cardiac cycle,
providing a reliable means to measure annular area and circumference, which have been
shown to be powerful predictors of paravalvular aortic valvular regurgitation (78). Recently
transcatheter heart valve stent-sizing algorithms—based on area rather than diameter—have
been shown to be more reproducible and have demonstrated more consistent oversizing of
the annulus. This technique has been shown to enable a reduction in the burden and severity
of paravalvular aortic valvular regurgitation and, when compared with transthoracic
echocardiography, reduces extreme over- and undersizing (82). Consequently, CT
angiography—derived measurement is becoming the standard for TAVR stent valve selection
to optimize annular sizing and ensure controlled oversizing of the aortic annulus (Fig 10),
encouraged by the recent reports of significant reductions in paravalvular aortic valvular
regurgitation following the integration of CT angiography-based sizing of TAVR stent
valves (82,83).

While some investigators have advocated the integration of multidetector CT perimeter-
based sizing, there appears to be significant variability in annular circumference
measurements across workstation platforms (81). Regardless of the use of perimeter/
circumference or area, CT has been consistently shown to provide reproducible and granular
assessments of the annulus that are more effective than 3D transesophageal
echocardiographic assessments for the identification of patients who are likely to experience
greater than mild paravalvular aortic valvular regurgitation. These measurements allow for a
more thoughtful and integrated approach to transcatheter heart valve selection than any two-
dimensional diameter can provide, enabling more controlled device oversizing and annular
stretch. They also provide an opportunity to consider controlled undersizing of self-
expanding prostheses or careful balloon underfilling with a balloon expandable valve in the
setting of adverse root features such as significant calcification within the left ventricular
outflow tract or shallow sinuses of valsalva. While future studies will be needed to
determine the optimal method for annular sizing to achieve an effective balance between the
minimization of paravalvular aortic valvular regurgitation versus vascular injury, there is no
question that over the past 5 years CT has transformed our understanding of annular
geometry and has established itself as an essential component of TAVR planning and
guidance.

CT Angiography of Coronary Artery Disease: The Final Frontier

Through the 1990s, the rapid evolution of CT technology provided a means for CT
angiography applications to develop for virtually every vascular bed. However, one of the
most important arterial beds, the coronary arteries, remained elusive. Owing to their position
on the surface of the heart, the coronary arteries are in constant motion. Strategies to
improve the temporal resolution of CT angiography were needed to “freeze” cardiac motion
and allow clear depiction of the coronary arteries and adjacent cardiac structures. While
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coronary CT angiography dates back to the mid-1990s using the ECG to prospectively
trigger electron-beam CT (84), the limited availability of electron-beam CT prevented the
technique from developing beyond a few centers. When multidetector CT was first
introduced in 1998 its temporal resolution was substantially worse than the 100-msec
resolution of electron-beam CT. Strategies that slowed the CT table to allow retrospective,
ECG-gated binning of projections acquired throughout the cardiac cycle substantially
broadened the availability of coronary CT angiography (27), however with four-row
multidetector CT, retrospective gating was of limited practicality. Within 4 years, 16-row
multidetector CT and faster gantry rotations brought substantially greater robustness to
coronary CT angiography (85), which has continued to evolve and improve with each
iteration of CT technology. Today, coronary CT angiography continues to evolve and
establish its role in the diagnostic workup of suspected coronary artery disease (CAD) (Fig
11).

Within the context of patients known to have or suspected of having CAD, anatomic
evaluation by means of CT angiography has repeatedly demonstrated overall high
performance and an unmatched negative predictive value for noninvasive assessment of
CAD (86-88). A meta-analysis of 28 studies, involving 1286 patients, investigating the
performance of coronary CT angiography with the now somewhat dated technology of 64-
row multidetector CT for the detection of coronary stenosis of 50% or greater, using
conventional coronary angiography for a reference standard, reported a per-patient
sensitivity of 99%, specificity of 89%, positive predictive value of 93%, and a negative
predictive value of 100% (89). Negative predictive value remained 100% on per-vessel
analyses. More recently, technical advances have enabled coronary CT angiography to
maintain this high level of diagnostic accuracy while drastically reducing the associated
radiation exposure through the use of techniques such as prospective ECG-triggering and
ECG-gated tube current pulsing. A recent meta-analysis of 14 studies comprising 910
patients who had been investigated with such low-radiation-dose approaches resulted in a
sensitivity of 99%, specificity of 91%, positive predictive value of 94%, and negative
predictive value of 99% achieved with a modest mean effective radiation dose of 3.3 mSv
(90). These techniques have been further refined to provide the necessary information at
nominal radiation doses, with the most recent techniques being performed at less than 1 mSv
(92).

Within current guidelines for the evaluation of suspected stable angina, CT angiography has
been designated appropriate for low-to-intermediate-likelihood patients with prior
nondiagnostic or equivocal test results as the most common scenario (92). In contrast to
chronic chest pain, the diagnostic algorithm for acute chest pain is much more volatile. Only
a small percentage of patients present with sufficiently definitive signs and symptoms to
justify direct referral to conventional angiography (93), while a majority of patients are
classified as being at intermediate risk, defined as 30%—70% pre-test probability of
significant CAD (92). For these patients, additional testing is needed to avoid the expense of
prolonged stays in emergency departments or chest pain units. CT angiography appears to
be emerging as one of the most efficient and effective methods for reliably ruling out disease
(93-95).
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Two major multicenter randomized trials involving 1370 and 1000 patients with acute chest
pain compared the use of CT angiography to traditional care and found significantly higher
direct discharge rates from the emergency department and shorter emergency department
stays without an increase in the rate of major adverse cardiac events (93,94).

While the level of evidence in support of the routine clinical use of coronary CT
angiography is higher currently than for any other application of CT angiography and the
number of patients who present with suspected CAD dwarfs that of all other CT
angiography indications, heightened concerns over the cost of widespread CT angiography
utilization in the evaluation of patients with chest pain has resulted in highly heterogeneous
reimbursement and thus utilization of coronary CT angiography in the United States. This
remains 5 years after two analyses of patients at low and intermediate risk of major adverse
cardiac events, respectively, demonstrated a 26%-33% reduction in CAD-related costs
without an increase in adverse cardiovascular events or CAD-related hospitalization,
following initial evaluation at CT angiography when compared with initial evaluation at
single photon emission computed tomography (SPECT), the traditional modality for first-
line cardiac function assessment (95,96).

One important concern regarding the performance of coronary CT angiography is that its
positive predictive value is not nearly as robust as its negative predictive value. Given the
high prevalence of clinical symptoms where CAD is within the differential diagnosis, there
remain concerns that false-positive results from the routine use of coronary CT angiography
will increase downstream costs. Two strategies are emerging that could substantially
improve the positive predicative value of coronary CT angiography by associating
functional information with the standard morphologic assessment—CT imaging of
myocardial perfusion and CT-derived fractional flow reserve (FFRcT) measurements. The
former technique has been enabled through ongoing advances in CT technology, while the
latter technique relies on sophisticated postprocessing and analysis of coronary CT
angiographic data.

Myocardial Perfusion

In current clinical practice, the hemodynamic relevance of coronary lesions has been derived
from measures of myocardial perfusion by using SPECT, positron emission tomography
(PET), and more recently, cardiac perfusion MR imaging, offering a means for risk
stratification, guidance for treatment strategy, and outcome prediction (97).

Initial CT-derived insights into the myocardial blood supply have been derived from
diagnostic, “static” coronary CT angiographic examinations. Myocardial attenuation
patterns are used to assess myocardial blood volume qualitatively, as a surrogate for
myocardial perfusion during the first-pass arterial phase. Hypoattenuating territories
accompanied by stenoses within associated coronaries are indicative of hemodynamically
significant CAD (98). However, important limitations of this approach to approximate
myocardial perfusion measurements include the variability of normal myocardial
enhancement during image acquisition and an inability to quantify the results.
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Two recent advances in CT technology are enabling more robust CT-based measurement of
myocardial perfusion. Discussed previously within the context of minimizing the impact of
mural calcium on the assessment of the lower extremity arterial runoff, dual-energy CT has
the potential to resolve iodine concentration within the myocardium (99). This method can
improve the CT assessment of myocardial blood supply yielding results that are comparable
to MR imaging and SPECT perfusion imaging (100) but augmented substantially by the
associated anatomic information. Dual-energy CT has also been shown to allow for
improvements in image quality and reduction in artifacts such as beam hardening that have
traditionally limited CT perfusion imaging (101). While dual-energy technology appears to
improve myocardial assessment, when used as a part of a uniphasic acquisition during the
first arterial pass through the myocardium, its capabilities for quantification are limited (98).

This latter concern may be eliminated through the second advance that provides wide area
detectors and the ability to rapidly shuttle across the imaging volume during the transit of
contrast material through the myocardium, thus enabling dynamic CT myocardial perfusion
imaging (Fig 12). Dynamic iodine-based CT perfusion can provide an absolute quantitative
measure of myocardial blood flow, an advantage over MR imaging, which suffers from a
nonlinearity in the relationship between myocardial signal and gadolinium concentration
(102). Investigations of dynamic CT measurements of perfusion support a threshold of 75—
90 mL-100 mL~1.min1, below which coronary lesions should be considered
hemodynamically significant (103-105). One concern related to the use of dynamic CT
measurements of perfusion is the increased radiation dose associated with the extended
acquisition; however, the radiation doses are reported to be similar to that of SPECT
perfusion imaging (105), the traditional method for obtaining such information. Moreover,
as will be discussed subsequently, advancements in iterative reconstruction methods for CT
should result in further reductions in radiation exposure.

While efforts at deriving measures of myocardial perfusion with CT are currently in a state
of relative infancy, the appeal of obtaining comprehensive anatomic and functional
assessments in the workup of ischemic heart disease with a single instrumental set-up is
strong. At the time of this writing, clinical performance data are pending from a multitude of
ongoing single- and multicenter trials to establish the role of CT perfusion in the diagnostic
algorithm of CAD.

Estimating Lesion-Specific Ischemia from Resting CT Angiography

Historical management of stable angina has been focused on the revascularization of
anatomic stenosis with an angiographic measure of diameter reduction being the guide.
Recent data has suggested that revascularization guided by lesion-specific ischemia as
determined by invasively measured fractional flow reserve (FFR) improves event-free
survival over decisions based on angiography alone (106). Coronary arterial FFR is
measured as the ratio of the systolic blood pressure distal to a coronary artery stenosis
divided by the systolic blood pressure in the ascending aorta during pharmacologically
induced flow maximization. It has also been well established that visual inspection and even
quantitative assessment of diameter reduction with either conventional or coronary CT
angiography provide limited information regarding lesion specific ischemia (106,107).
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Advances in computational fluid dynamics and image-based modeling as well as continued
improvement in image quality of coronary CT angiography has allowed the calculation of
coronary flow and pressure from a typically acquired routine resting coronary CT angiogram
(108,109) allowing the calculation of an FFR without the modification of imaging protocols,
additional imaging, increase in radiation exposure, or the addition of pharmacologic stress
agents. Coronary artery flow and pressure can be derived by using the governing (Navier-
Stokes) equations of fluid dynamics, but until recently there has not been the computational
power or an adequate noninvasive model of the coronary arteries to apply them to derive a
noninvasive FFR. More complete methods describing in detail the basis for FFRcT
derivation are beyond the scope of this review and have been described in detail elsewhere
(110).

While only a recent development, there is increasing evidence for the high diagnostic
performance of FFRcT for the determination of lesion-specific ischemia, with invasive FFR
as the reference standard (Fig 13). Of importance, all published data until now have shown
the superiority of FFRcT as compared with coronary CT angiography alone.

A prospective, multicenter international trial found that FFR1 surpassed CT angiography as
a predictor of ischemia across all measures of diagnostic performance (108). FFRct
displayed significantly higher discriminatory ability than CT angiography for lesion-specific
ischemia (area under the curve: 0.90 for FFRcT vs 0.75 for coronary CT angiography, P =.
001). The investigators also found that traditional anatomic stenosis characterization at CT
angiography added little to FFRcT. Moreover, for the distinctly clinically challenging 58%
of patients with at least one 40%—-69% stenosis by means of quantitative coronary
angiography, 47% of the lesions were associated with ischemia by means of FFR. For these
intermediate stenoses, FFRcT demonstrated a diagnostic accuracy, sensitivity, specificity,
positive predictive value, and negative predictive value of 86%, 90%, 83%, 82%, and 91%,
respectively, compared with 56%, 90%, 26%, 52%, and 75% for the same measures derived
by means of standard CT angiographic interpretation (111).

More recently, a larger trial confirmed that on a per-patient analysis, FFR¢cT is superior to
traditional CT angiography analysis for predicting ischemia in stenoses of 50% or greater,
showing significantly better lesion discrimination when compared with CT stenosis of 50%
or greater (AUC: 0.81 versus 0.68, P =.0002) (109). When a decision rule was applied
wherein only vessels 2 mm or greater in size were included in the analysis and all vessels
with less than 30% stenosis were considered nonischemic, the performance of FFRcT was
extremely robust, with an accuracy of 92% for FFRc versus 68% for CT angiography—
based stenosis characterization alone (P < .0001) (109).

While last among major applications to enter into the clinical realm, a combination of
remarkable technologic developments by CT manufacturers, advances in image processing
and analysis, and dedication and creativity of investigators from the fields of radiology and
cardiology has enabled CT angiography of CAD to undergo the most profound
transformation of any CT angiography application. Based on the knowledge gained to date
and the trajectory of further innovation, coronary CT angiography appears poised to play a
major role in the diagnosis and management of CAD in the near future.
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Concerns for Radiation

Summary

Concerns have been advanced in the lay press and the professional literature regarding
potential risks arising from the growth in CT utilization. These concerns have focused on
radiation exposure principally (112), particularly in children (113). Nevertheless, large
uncertainties remain regarding the stochastic risk of cancer induction from radiation at
medical imaging. According to current evidence, across an adult population, risks of medical
imaging at effective doses below 50 mSv for single procedures or 100 mSv for multiple
procedures over short time periods are likely too low to be epidemiologically detectable and
may be nonexistent (114). However, because of these uncertainties, imagers must always
remain vigilant to assure that medical imaging procedures are performed for appropriate
indications and conducted at the lowest radiation dose that delineates the necessary clinical
information so that the risks of imaging do not exceed their benefits and scans are performed
with the lowest dose allowable (115). The realization of these principles is aided by recent
advances in CT technology, particularly the reintroduction and refinement of iterative
reconstruction as a substitute for filtered back projection (116), which have reduced the
radiation exposure associated with CT angiography substantially and should continue to do
so as further refinements evolve (117).

Over a short 20-year span, CT angiography has evolved from a fledgling imaging modality,
incapable of encompassing most vascular territories, to a critical clinical tool that plays a
dominant role in the diagnosis and management of disease within virtually every arterial bed
in the body. While technological developments in CT acquisition and image processing
techniques have enabled great innovation and important discovery, there is no sign of this
trend slowing. Indeed the evolution of novel CT scanner geometries, alternative raw data
reconstruction strategies, and sophisticated postprocessing techniques are paving the way for
the further evolution of CT angiography to provide greater relevance in predicting the
clinical importance of cardiovascular lesions and facilitating their effective management.

Abbreviations

AAS acute aortic syndrome

CAD coronary artery disease

ECG electrocardiography

FFR fractional flow reserve

FFRcT CT-derived fractional flow reserve
IMH intramural hematoma

MIP maximum intensity projection

PAU penetrating atherosclerotic ulcer
TAVR transcatheter aortic valve replacement
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Figure 1.
CT angiography evolution. (a) Renal arterial CT angiogram obtained in December 1991.

Nine centimeters of longitudinal coverage required a 30-second spiral scan using 3-mm
beam collimation. At that time, shaded surface displays were the only means for 3D display.
Maximum intensity projection and volume rendering required offline processing, the latter
on highly specialized computing systems. (Reprinted, with permission, from reference 13.)
(b) With the introduction of four-row multidetector CT in 1998, it was possible to image the
entirety of the aortoiliac system from thoracic inlet through the inguinal canal in a single
acquisition. This volume-rendered CT angiogram was acquired in 28 seconds using a 4 x
2.5-mm helical scan and illustrates a calcified aortoiliac atheromata and an infrarenal
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abdominal aortic aneurysm. (Reprinted, with permission, from reference 8.) (c) Volume-
rendered CT angiogram acquired in 2001 with a single 21-second 16 x 1.25-mm helical scan
encompasses the arterial system from extracranial circulation through pedal arteries. The
speed of acquisition increased approximately 25-fold over the 10 years since the first spiral
CT angiogram in 1991.
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Figure 2.
Acute type A dissection in a 45-year-old man. (a—c) Transverse CT images show (a)

irregular linear opacities (arrowheads) at the level of the aortic root, (b) no dissection flap in
the mid ascending aorta, and (c) a dissection flap (arrow) between a true and false lumen in
the distal ascending aorta. (d) Volume-rendered image depicts an extensive dissection, with
proximal portion of dissection flap torn off and prolapsing onto and through the aortic valve
(arrowheads). Arrow = dissection flap in the distal ascending aorta. In the absence of ECG-
gating these nuanced findings would not be visible. (Reprinted, with permission, from
reference 30.)
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Figure 3.
Limited intimal tear of the ascending aorta. (a) Top: CT angiograms acquired without ECG

gating show motion-related irregularity and blurring of ascending aorta. Bottom: ECG-gated
CT angiograms obtained 12 hours later reveal an intimal flap in the proximal ascending
aorta (arrowhead) consistent with an undermined edge of a limited intimal tear. Immediately
superior, the edges of the limited intimal tear (large arrows) and bulging of the disrupted
aortic wall (small arrows) are evident. These subtle details are not visible without ECG
gating. (b) Volume rendering shows the luminal side of the 6-cm-long lesion. A small
undermined flap (arrows) indicates the beginning of the tear, which extends superiorly into
the proximal arch. Dotted line = borders of the tear. (Reprinted, with permission, from
reference 24.)
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Figure 4.
Rupturing aortic aneurysm with IMH. (a) Transverse nonenhanced CT sections demonstrate

a 6-cm descending aortic aneurysm (A). IMH (open arrow) is present at inferior margin of
the aneurysm associated with displaced intimal calcification (thin arrow) and directly
contiguous with hemorrhage in the middle mediastinum (thick arrows). (b) Oblique thin-
slab MIP of a CT angiogram shows the IMH (open arrow) at the inferior margin of the
aneurysm (A) and the long track of blood (solid arrows) extending through the mediastinum
and into the pleural space where a large hematoma (H) occupies nearly half of the right
hemithorax and is distinct from lesser-attenuating pleural fluid and enhanced atelectatic right
lung. (Reprinted, with permission, from reference 24.)
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Figure 5.

Schematic of aortic dissection variants. (a) The layers of the normal extrapericardial thoracic
aortic wall consist of the intima, the media, and the adventitia. Most of the substance of the
aortic wall is media (gray). Both the intima and the adventitia (drawn schematically as black
inner and outer contours of the aortic wall) are not visible at CT. All dissection variants have
abnormal media in common. (b) Classic aortic dissection occurs within the outer third of the
medial layer, resulting in two channels of blood flow. Note that the tissue separating the true
and false lumen is mostly made of media tissue, and correctly should be termed the
intimomedial flap (in lieu of intimal flap). (c) When the separation plane within the media is
filled with stationary blood, instead of flowing blood, this is an IMH. (d) A limited intimal
tear is a partial thickness tear (arrowheads) through the intima and inner portion of the
media, exposing the residual media/adventitia, which tends to “bulge out” (arrows) relative
to the remainder of the aortic circumference. (Reprinted, with permission, from reference
30.)
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Figure 6.
Images in a 19-year-old basketball player with pain in legs when running the court.

Diagnosis at CT angiography is popliteal entrapment syndrome. (a) Volume-rendered CT
angiogram obtained in forced plantar flexion against resistance (stress) demonstrates
occlusions of the popliteal arteries bilaterally (arrows) with minimal opacification of the
crural arteries distally. (b) Volume rendering of same data as in a using an alternate opacity
transfer function displays the lower leg muscles. The popliteal arteries are obscured but
arrows mark their identical position as in a, indicating a medial course relative to the medial
heads of the gastrocnemius muscles. (c) Volume-rendered CT angiogram in relaxed, neutral
position demonstrates normal-appearing popliteal and crural arteries. (d) Stress and (e)
relaxed views show the aberrant medial course of popliteal arteries (arrows) relative to the
medial heads of the gastrocnemius muscles bilaterally (*).
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Figure 7.
Right lower extremity ischemia with gangrenous toes. (a) MIP and (b) multipath curved

planar reformation from lower extremity CT angiogram depict extensive bilateral
atherosclerotic disease. Arterial supply to the right lower extremity is severely compromised
by 3-cm-long common iliac artery occlusion (1), 2-cm-long high-grade stenosis of the
external iliac artery (2), and proximal through midsuperficial femoral artery stenoses
(curved arrow with 5-cm-long occlusion) (3). Right posterior tibial artery is occluded at its
origin, but is reconstituted by the peroneal artery above the ankle (4), resulting in two-vessel
runoff across the ankle. Arterial supply to the left lower extremity is compromised by a 75%
stenosis of the proximal common iliac artery (5), greater than 90% stenoses of the external
iliac artery (6, 7), 3-cm-long midsuperficial femoral artery occlusion (8), and moderate distal
superficial femoral artery stenosis (9). Left anterior tibial artery is occluded 10 cm distal to
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its origin but is reconstituted by the peroneal artery above the ankle (11) to provide two-
vessel runoff across the ankle. Legions obscured on MIP by heavy arterial wall
calcifications (1, 2, 5, 6, 7) are not obscured by calcium and better displayed on the
multipath curved planar reformation. Because the displayed plane of a curved planar
reformation is always through the vessels of interest, the representation of nonvascular
structures may not follow standard anatomic relationships. An example of this is the ovoid
opacities lateral to the popliteal artery, which represent portions of the lateral femoral
condyles and lateral aspect of the tibial plateaus.
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Figure 8.
(a) Sagittal 1.5-cm-thick MIP through an abdominal aortic aneurysm (AAA) depicts an

obligue course of intravascular US catheter (open arrows) through the proximal aneurysm
neck (solid arrows). A mean intravascular US catheter obliquity of 21.1° + 2.6 relative to
median axis of proximal neck lumen explains the tendency of intravascular US to depict
greater eccentricity and maximal transverse diameter of the AAA neck relative to orthogonal
CT sections. (b) Intravascular US and (c) double oblique CT reformation orthogonal to
median axis of the lumen at level of the anticipated proximal fixation site for a stent-graft.
Arrows = left renal vein. Aortic eccentricity is 0.68 for intravascular US and 1.00 for CT.
Although intravascular US catheter obliquity may be the cause of some major axis
overestimation, US artifacts substantially hinder confident wall identification. Note the
distance between perceived anterior wall of the aorta and left renal vein on US image. CT
image demonstrates that the majority of these high-level echoes are artifacts. (d) Following
automated extraction of the median centerline of the aorto-right iliac lumen, oblique
reformations are generated every millimeter along length of the centerline. The average
diameter derived from cross-sectional area is plotted relative to longitudinal position along
the centerline. CT sections correspond to the positions indicated by arrows on the plot. A
small localized peak in the curve indicates origin of right and inferior-most renal artery (left
arrow). Diameter immediately distal to this peak is 18 mm, corresponding to proximal stent-
graft fixation site. Middle long arrow indicates maximum aneurysm diameter, which is 58
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mm. Transition from aorta to right common iliac artery is apparent from an abrupt transition
in cross-sectional area (short arrow). Further reduction in diameter indicates the origin of the
right external iliac artery, which is 8 mm at its origin (right long arrow). In addition to
providing measurements of diameter, distance along the path is readily ascertained,
providing information on aortic segment lengths. (Part d reprinted, with permission, from
reference 66.)
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Figure 9.
CT angiography performed 1 year after deployment of a stent-graft to treat a descending

thoracic aortic aneurysm. (a) Curved planar reformation demonstrates the proximal aspect of
the stent-graft displaced from the lesser curve of the distal aortic arch, allowing contrast-
enhanced luminal blood to flow around the stent-graft initially, inferiorly, and then in a
spiraling direction distally (arrows). (b) Coronal oblique reformation through the distal
aortic arch demonstrates poor fixation of the stent-graft at this level, with the endoleak
channel filling over the majority of the aortic circumference (arrows). (c) Transverse section
through a 9-cm descending aortic aneurysm (the aneurysm had measured 7 cm at the time of
stent-graft deployment). Arrows mark the endoleak within the aneurysm sac. (d, €) Volume-
rendered images of the distal stent-graft illustrate multiple fractures of the transverse stent
rings (thin arrows) and the distal longitudinal strut (thick arrows). The ends of the fractured
strut and rings are highly distracted, suggesting substantial motion and loss of structural
integrity on the distal device, possibly leading to migration of the proximal device and the
subsequent type 1A endoleak and aneurysm expansion. (Reprinted, with permission, from
reference 24.)
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Figure 10.
(a, b) Images obtained before TAVR with (a) transthoracic echocardiography and (b)

multidetector CT in an 84-year-old man with severe symptomatic aortic stenosis. The
annulus measured 24.7 mm at two-dimensional echocardiographic assessment, resulting in a
26-mm transcatheter heart valve being selected (5.31 cm?), despite the annulus measuring
4.0 cm? at CT, which would typically result in a recommendation of a 23-mm transcatheter
heart valve. (c) The postdeployment CT image shows a circular but incompletely expanded
transcatheter heart valve, owing to the significant oversizing of the valve based on the single
two-dimensional measurement of an elliptical structure.
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Figure 11.
Images in a 63-year-old man with treated hypertension and hyperlipidemia presenting with

diffuse chest pain and shortness of breath. Conventional angiography findings 2 years earlier
had been normal. (a) ECG-gated CT angiogram displayed with curved planar reformation
demonstrates extensive noncalcified plaque in the mid-left anterior descending coronary
artery, causing severe stenosis (arrow). (b) Color-encoded mapping of regional myocardial
wall motion obtained from 10 reconstructions across the cardiac cycle establishes the
functional consequences of the coronary lesion with hypokinesis (purple) in the anterior and
apical left ventricle (arrow). (c) The coronary lesion (arrow) was confirmed on a subsequent
conventional angiogram.
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Figure 12.
Images in a 71-year-old man with CAD, status post three-vessel coronary artery bypass graft

procedure and recurrent angina. (a) Pharmacologic stress, time-resolved myocardial CT
perfusion maps superimposed on anatomic coronary CT angiography study demonstrates an
occluded left internal mammary artery graft to the left anterior descending coronary artery
(black arrow), with an associated stress-induced perfusion deficit in the anterior left
ventricular myocardium (white open arrow). (b) Attenuation values within healthy (solid
line) and diseased (dashed line) myocardium across the duration of the CT perfusion
examination show persistently lower enhancement in the ischemic myocardium. (c) The
perfusion deficit shown with CT correlates well with pharmacologic stress SPECT study in
the same location (arrows).
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Figure 13.
Images in a 70-year-old woman with chest pain. (a) Coronary CT angiogram demonstrates a

50%-70% left anterior descending (LAD) coronary artery stenosis (arrows). (b) Coronary
angiogram demonstrates the LAD stenosis (thin arrows), which was measured to be 58% at
quantitative coronary angiography. FFR was measured to be 0.88 with a pressure sensor in
the distal LAD during adenosine-induced hyperemia (thick arrow), indicating lack of
functional (hemodynamic) significance. (c) Color encoding of computed FFRcT values
mapped to volume-rendered CT angiogram shows the LAD stenosis (thin arrows). The
FFRcT is 0.85 distal to the stenosis (thick arrow) at the site of the FFR measurement
performed in b.
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Table

Acute Aortic Syndromes

Group  Description

1 Dissection complex: aortic dissection and variants (diseased media)
la Classic aortic dissection”
1b IMH
1c  Limited intimal tear (limited dissection)”

2 PAU (diseased intima)*

3 Rupturing aortic aneurysm*

*
Lesions can occur without or without associated IMH.
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