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Introduction

Computed tomography coronary angiography (CTCA) is
widely used for the diagnosis and follow-up of coronary
artery diseases. It is also used in the diagnosis of other
coronary artery pathologies, including, but not limited to,
anomalous coronary origin and coronary artery aneurysms.

CTCA with electrocardiographic gating was practically pos-
sible after the advent of 64-multidetector CT. Hardware devel-
opments in CT scanners over the last few years, coupled with
software advancements have allowed faster imaging with
improved image quality. However, proper scan planning and
adequate coronary contrast opacification are indispensable for
the generation of reportable images. These are in turn depen-
dent on the efficacious use of contrast material and accurate
scan timing to image coronaries of the beating heart.

A thorough understanding of contrast kinetics is thus
essential for the radiologist for planning CTCA, for not only
obtaining adequate coronary arteries opacification, but also
to avoid dense contrast in the superior vena cava (SVC) and
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Computed tomography coronary angiography (CTCA) is a technically demanding
radiological investigation that requires adequate opacification of coronary arteries
at peak aortic enhancement phase, with minimal or no contrast in the superior vena
cava and right-sided cardiac chambers to avoid streak artifacts of dense contrast.
Therefore, it is prudent to know about contrast media, contrast kinetics, and contrast
injection protocols. This article attempts to describe the essentials of various aspects of
contrast media that should be considered for CTCA along with an in-depth analysis of
contrast kinetics that every radiologist should know for obtaining adequate opacifi-
cation of coronary arteries.

right-sided cardiac chambers. This article reviews the con-
siderations and kinetics of intravenous contrast, pertaining
to CTCA, including the time-density curve (TDC) and the
factors affecting it. Contrast injection protocols and methods
of timing the scan after contrast injection are also briefly
discussed.

Catheter Angiography versus CTCA

Angiography is the radiological evaluation of a vessel of
interest following the injection of radio-opaque contrast me-
dium. This may be invasive or noninvasive. Catheter CA (CCA)
involves peripheral artery access (radial or femoral) followed
by cannulation of coronary ostium with catheter and injection
of contrast. The principle of CCA is the replacement of the
column of blood in the coronary artery with the contrast. Since
there is no dead space, a small volume of contrast injected at
physiological flow rate yields optimal opacification. On the
other hand, in CTCA, contrast is injected in a peripheral vein, to
opacify the coronary arteries. This requires a larger volume of
contrast to replace the dead space between the site of injection
and the area of interest. The contrast flow rate is accordingly
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increased, using a power injector. A scan delay is set to
allow for the transit of dead space, and the scan is synchro-
nized with peak aortic enhancement. Opacification of coro-
nary arteries in CTCA thus should be adequate—this
translates not only to optimal (300-350 Hounsfield units
[HU]) enhancement, but uniform attenuation of coronary
arteries (without any difference in attenuation of contrast-
filled coronary arteries). Studies on the correlation of
contrast attenuation in proximal coronary artery with
subjective assessment of the enhancement quality showed
that the evaluation of coronaries with attenuation less than
200 HU was suboptimal, and attenuation >350 HU led to
poor differentiation between opacified lumen and calcified
plaques. Very high coronary artery attenuation can also
underestimate the stenosis in the presence of noncalcified
plaques. Hence, a coronary artery attenuation of 300 to 350
HU is considered ideal for optimal evaluation.>™*

Contrast Agents in CTCA

Nonionic low or iso-osmolar iodinated contrast agents are
used in CTCA. These consist of a tri-iodinated benzene ring,
with various side chains containing alcohol groups, making
them water soluble.>® The degree of radio-opacity is propor-
tional to the amount of iodine present in the contrast agent.

Low-osmolar agents have an osmolarity of less than three
times that of human serum. These include iohexol (Omni-
paque, GE healthcare), iopamidol (Isovue, Bracco), iopromide
(Ultravist, Bayer Schering), and ioversol (Optiray, Covidien).
These contrast media are available in many iodine concen-
trations; however, a high iodine concentration (320-400
mgl/mL) is recommended by the Society of Cardiovascular
Computed Tomography (SCCT) for CTCA.’

Iso-osmolar contrast (iodixanol: Visipaque, GE Health-
care) is a low-osmolar iodinated contrast agent, with similar
osmolarity to the human serum. It is a nonionic dimer,
consisting of two covalently bound tri-iodinated benzene
rings. lodixanol 320 is preferable for CTCA.” lodixanol has
lesser incidence of contrast-related adverse effects and is
particularly preferable in patients at a higher risk of contrast-
induced nephropathy.®

Temporal Changes in Contrast Circulation
and Time-Density Curve

The temporal variation in contrast enhancement of the
aorta/coronary arteries, following intravenous contrast in-
jection through a pressure injector, is plotted as a TDC
(=Fig. 1). From the injection site, the bolus travels through
the venous circulation, first entering the right-sided cardiac
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Fig.1 Time-density curve representing temporal variation in aorticenhancement following pressure injection. T, represents the minimum scan
delay, proportionate to the time taken for contrast to reach the aorta from the venous side. Following this, monitoring is done for aortic
enhancement in the bolus-tracking technique. TW or temporal window (area within the blue dotted lines) represents the period of acquisition,
during which there will be optimal, maximal contrast enhancement in the aorta and coronaries.
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chambers, pulmonary circulation, and then left-sided cardiac
chambers, where significant mixing and dispersion occur.
This duration corresponds to the minimum scan delay (T).
During this time, there is no contrast in the aorta. As contrast
reaches the aorta, consecutive axial scans are started to
monitor the aortic enhancement in bolus tracking technique
(discussed later). During this monitoring period, there is
progressive increase in aortic enhancement.

Peak aortic enhancement is an approximately gamma-
variate bolus geometry, with the peak width (duration of
enhancement) proportional to the contrast injection time.'0
It is imperative to note that the contrast-opacified blood
reaching the aorta is continuously replaced by nonopacified
blood coming from the systemic venous return.'' The dura-
tion of contrast staying in the aorta corresponds to the
temporal window/width (TW) of CTCA acquisition, during
which the scan has to be acquired to ensure uniform and
optimal opacification of the aorta and coronaries. TW is
proportional to contrast volume and injection time.

In an ideal hypothetical situation, following single-dose
contrast injection, aortic contrast enhancement curve will
show a rapid rise, followed by a flat, broad plateau of steady-
state enhancement and a decline of enhancement. However,
in reality, aortic peak contrast enhancement is affected by
hemodynamic perturbation and contrast recirculation. As a
result, the plateau of contrast enhancement is not main-
tained, with a higher and narrower peak of contrast enhance-

ment. The peak can, however, be broadened by increasing the
injection rate and iodine concentration (~Fig. 2).

Shorter injections (< 10seconds) are not significantly
affected by contrast recirculation. However, the TDC with
short injections has a rapid rise, short peak, and a rapid fall,
similar to a Gaussian curve. Thus, the optimal aortic enhance-
ment (at least 250 HU) may not be achieved with a short
injection duration.'? Distal segments of the coronary arteries
may not be sufficiently opacified with short injections.

With longer injection duration (> 20seconds), contrast
recirculation may occur even during the contrast injection.
The newly injected contrast and the circulating contrast in
the blood pool then summate, thus increasing the aortic
enhancement proportionately. However, this may result in
streak artifacts in the SVC/right atrium due to recirculation,
leading to poor coronary evaluation.?

Therefore, the length of contrast injection has to be
optimized in such a way that the acquisition of data occurs
in the plateau phase (TW) matching the peak aortic/coronary
enhancement with avoidance of contrast in SVC/right-sided
cardiac chambers (more elaborately explained in contrast
injection protocols).

Factors Affecting Time-Density Curve

The TDC is affected by multiple factors, mainly categorized
into patient-related, contrast medium-related, and
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Fig.2 Actualversusideal bolus geometry. The blue-colored curve represents the actual bolus geometry, which has a short, high peak. The black-
colored curve represents the ideal bolus geometry, which has a broad plateau representing the longer temporal window for acquisition (TW).
Increasing the contrast injection rate and iodine concentration broaden the peak, optimizing the enhancement during the acquisition time.
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injection-related factors. These are classified in =Fig. 3 and
elucidated below.

Patient-Related Factors

Body weight is one of the important patient-related factors
affecting contrast enhancement. It directly correlates with
blood volume and extracellular compartment; so, a given
volume of contrast material dilutes more in a larger patient
than in a smaller patient. Thus, body weight is inversely
proportional to the magnitude of contrast enhancement. As a
result, patients with higher body weight need higher iodine
load or higher injection rates to opacify the larger blood
volume. A commonly used formula for adjusting the iodine
mass to body weight is the 1:1 scale, that is, doubling the
iodine mass with doubling body Weight.13 However, since it
considers the total body weight, the iodine mass required
may be overestimated. Other recommendations consider
lean body weight (LBW) and body surface area (BSA), in-
stead.’*7 Since obese patients have a higher proportion of
body fat and relatively small blood volume, LBW provides a
more accurate estimate of contrast dose. The recommended
formula for calculating LBW in men is [1.10 x W] - 128 [W?/
(100.H)?], and in women is [1.07 x W] - 148 [W?/(100.H)?]."
BSA accounts for body height and weight and is less affected
by changes in body fat'® and is calculated as BSA (m?)=(
square root of product of weight [kg] x height [cm])/60.
Studies have shown that estimating contrast dose based on
BSA and LBW yielded better results and ideal contrast

opacification, in comparison with estimations based on total
body weight.'#16:17

Cardiac output affects the timing of contrast enhance-
ment.'? It is directly proportional to the arrival time of the
contrast bolus and inversely proportional to the degree of
peak contrast enhancement. As cardiac output decreases, as
is commonly encountered in various patients undergoing
CTCA, the timing of the contrast peak is delayed due to
slower circulation. Further, there is higher peak attenuation
due to retained contrast and slower clearance from circula-
tion, resulting in a prolonged contrast enhancement (broad-
ened peak of TDC).20 Conversely, the mean contrast
enhancement is reduced in patients with higher cardiac
output.?’ These differences can be overcome by customizing
the scan delay, and adjusting the contrast volume.?223

Other less influential patient-related factors include height,
age, and gender. Relatively fewer studies have evaluated these
factors. Blood volume increases with height, and there is a
moderately strong inverse correlation between aortic attenu-
ation and patient height.'® Estimations of contrast dose based
on BSA include the effects of patient height. As cardiac output
decreases with age, increasing age can lead to delayed contrast
enhancement and this can be overcome by adjusting the iodine
dose and injection rate accordingly.24 Circulating blood vol-
ume in females is 5 to 10% lesser than males for given height
and weight. As a result, despite administration of a fixed
contrast dose adjusted to body weight, early bolus arrival
and higher aortic enhancement are observed in females.?’
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Fig. 3 Diagram showing major factors affecting the time-density curve.
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Contrast Medium-Related Factors
The concentration of iodine in the contrast directly affects the
magnitude of aortic enhancement. This is secondary to the
increased absorption of X-rays by iodine, resulting in increased
CT attenuation. When the tube voltage is constant, contrast
opacification is proportionate to the iodine concentration
(=~Fig. 4). This relationship varies among scanners, however,
isapproximately 25 to 40 HU per mgl/mL at tube voltage of 100
to 120 kVp.21 As tube voltage is closer to the Kedge of iodine
(33.2keV), CT attenuation increases. Therefore, an iodine
concentration of 1 mg/mL leads to attenuation of 30 HU at
100kVp as compared to an attenuation of 40 HU at
80kVp.>>~?” The SCCT recommends an iodine concentration
of 320 to 400 mgl/mL, for CTCA.” Despite the linear relation-
ship between iodine concentration and enhancement, higher
concentrations are not recommended due to the increased risk
of nephrotoxicity and streak artifacts in the right heart during
the acquisition window.?

lIodine volume is dependent on the scan time, flow rate,
and the inherent delay for a particular scanner and scan. The
contrast volume is calculated as follows?:

Contrast volume =(Scan time + inherent delay) x flow
rate

Contrast viscosity is affected by the room temperature.
Lower viscosity favors faster delivery of contrast. Warming
the contrast agent to body temperature before injection
hastens delivery. Warming the contrast has the same effect
as increasing the flow rate.?’

Injection-Related Factors

The venous access site is decided based on institutional
protocol; however, an access closer to the heart is favorable
to mitigate the dead space and circulation delay. The right
antecubital vein is preferred as dense contrast in the left
brachiocephalic vein across the midline may impair the eval-
uation of the aortic arch branches, which may have implica-
tions in patients with coronary artery bypass grafts. Hand
veins are avoided, unless there is no other available access site.
The location and size of the cannula should be able to with-
stand the high flow rate. The SCCT guidelines recommend an
intravenous cannula of at least 18G in adults, and a 22G
cannula in pediatric patients.”

Appropriate injection rate is essential for homogeneous
enhancement, particularly of distal branches of coronary
arteries. With constant volume and concentration of contrast,
the injection rate is directly related to maximal enhancement
and inversely related to the bolus arrival time. Faster injection
results in earlier peak aortic enhancement and requires a
quicker scan. With the older generation of CT scanners,
acquiring such quick scans was difficult. However, with the
newer, fast scanners and single-breath hold scanning proto-
cols, flow rates of 4 to 6 mL/s are recommended in adults.’

The injection duration is critical for achieving optimal
coronary opacification. It is the total contrast material volume
divided by the contrast injection rate.?? Increasing the injec-
tion duration without reducing the rate, results in a larger
contrast volume. Further, increasing the injection duration (by
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Fig. 4 Relationship between contrast enhancement of aorta/coronary arteries and iodine concentration. At constant tube voltage, there is a
linear relationship between the iodine concentration and contrast opacification (more the iodine concentration in contrast, more is the

attenuation in the aorta/coronary artery).
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increasing the volume or reducing the injection rate) increases
the time to peak contrast enhancement, necessitating a longer
scan delay.>'%2% A contrast injection duration of 10 to
20seconds is considered optimal, and other confounding
factors, such as cardiac output, need to be considered.’

Contrast Injection Protocols (Delivery
Technique)

Contrast delivery technique affects the peak of the TDC. Prior
to the development of dual-head power injectors, only
contrast was injected intravenously using a uniphasic or
biphasic technique. In the uniphasic technique, contrast is
administered at a constant rate. In the biphasic technique,
contrast is administered as a split bolus—a fast, constant
injection followed by a slow, constant injection, to prolong
the injection duration and hence the contrast peak.?’ The
biphasic technique was used with the older generation slow
CT scanners.

With the advent of dual-head injectors, a saline chase or
follow-through is administered after the contrast bolus.
This has two main advantages—first, it clears off the
injected contrast from the dead space, effectively reducing
the contrast volume needed to opacify the coronaries.
Second, the saline bolus “chases” the contrast into the left
heart and ensures that the right heart and brachiocephalic
vein are contrast-free during the acquisition. This elimi-
nates the risk of streak artifacts arising from residual

contrast in the right heart.3®3! On the contrary, the tradeoff
with this technique is that the right heart pathologies such
as thrombus or tumor can be missed on a CTCA due to lack
of opacification.

The saline flush is injected at the same flow rate as the
preceding contrast bolus, and at least 18 mL of saline is
needed to ensure that the contrast stays in the area of
interest.>?

Scan Timing Determination

Accurate scan timing is essential to image the coronaries
when they are maximally opacified. There are two techni-
ques for determining the timing of scan following contrast
administration—test-bolus method and bolus-tracking
method.

In the test-bolus method, a small bolus (10-20mL) of
contrast is initially administered and the ascending aorta
(target artery) is continuously scanned using minimal radia-
tion, to estimate the TDC (=Fig. 5). Then, the scan delay is
determined as follows?':

Scan delay = Time to peak + inherent delay

The posttrigger delay is decided based on factors such as
the injection duration, scan duration, and the distance of
target organ from the injection site. For a dual-source CT
scanner, the inherent delay is 5 seconds.

In the bolus-tracking method, after the initiation of con-
trast injection, a region of interest (ROI) is placed in the

Fig. 5 Test-bolus technique. For computed tomography coronary angiography (CTCA), the region of interest is placed in the ascending aorta
and low-dose scans are acquired following injection of a test dose of contrast. The time-density curve is plotted for the bolus and the scan delay
time is automatically displayed based on software calculations.
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Fig. 6 Bolus-tracking technique. The region of interestis placed in the ascending aorta, followed by one-time injection of the complete contrast
volume. The scan acquisition is automatically triggered when the threshold attenuation (100 Hounsfield units [HU] in this case) is reached.

ascending aorta and continuous low-dose single-slice scans
are obtained at this level. When the attenuation in the ROI
reaches a threshold (usually 100-150 HU), the scan is auto-
matically started (=Fig. 6). While the bolus-tracking method
is easier to use, it has the disadvantage of interpatient varia-
tions of contrast enhancement due to posttrigger delay.'?

Conclusion

CTCA is a state-of-art technique for the evaluation of coro-
nary pathologies in adults and children. Understanding the
principles of contrast kinetics is not only crucial in optimiz-
ing image acquisition and interpretation, but also for the
judicious use of iodinated contrast media. The knowledge of
factors affecting the TDC helps in tailoring the scan according
to the patient.
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