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Abstract: The general goal of intravenous contrast medium (CM) delivery in computed
tomography (CT) is to achieve adequate enhancement of the organ or vessels within
the anatomic territory of interest, synchronized with the CT acquisition. This apparently
simple goal is increasingly difficult to achieve with rapidly and continuously evolving
multiple detector-row CT (MDCT) technology. Given that acquisition times have
substantially decreased with each new generation of MDCT scanners, correct scan
timing and tailoring clinical injection protocols is ever more challenging and less
forgiving. Thus, a working understanding of early contrast medium dynamics has
become a prerequisite for the rational design of current and future injection strategies.
The selection of CM type, CM iodine concentration, considerations regarding the
interrelated effects of injection flow rates, CM injection duration and injection volume,
new injection devices, and individual patient factors all have to be integrated to
optimize acquisition of a diagnostically meaningful MDCT examination.

The purpose of this chapter is to provide the reader with the basic tools for designing
rational contrast medium injection protocols for various applications of thoracic MDCT.
This will encompass a review of physiologic and pharmacokinetic principles, as well as
a discussion of contrast media properties, injection devices and tools for accurate scan
timing. Topics of current interest, including CM strategies for patients with chronic
kidney disease (CKD) and low kVp image acquisition, will be discussed. In addition,
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INTRODUCTION
The general goal of intravenous contrast medium (CM) delivery in computed
tomography (CT) is to achieve adequate enhancement of the organ or vessels within
the anatomic territory of interest, synchronized with the CT acquisition. This
apparently simple goal is increasingly difficult to achieve with rapidly and
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continuously evolving multiple detector-row CT (MDCT) technology. Given that
acquisition times have substantially decreased with each new generation of MDCT
scanners, correct scan timing and tailoring clinical injection protocols is ever more
challenging and less forgiving. Thus, a working understanding of early contrast
medium dynamics has become a prerequisite for the rational design of current and
future injection strategies. The selection of CM type, CM iodine concentration,
considerations regarding the interrelated effects of injection flow rates, CM injection
duration and injection volume, new injection devices, and individual patient factors all
have to be integrated to optimize acquisition of a diagnostically meaningful MDCT
examination.

The purpose of this chapter is to provide the reader with the basic tools for
designing rational contrast medium injection protocols for various applications of
thoracic MDCT. This will encompass a review of physiologic and pharmacokinetic
principles, as well as a discussion of contrast media properties, injection devices and
tools for accurate scan timing. Topics of current interest, including CM strategies for
patients with chronic kidney disease (CKD) and low kVp data acquisition, will be
discussed. In addition, practical examples of injection protocols will be provided.

4.1 Contrast Media for Multiple Detector-Row CT

All currently used angiographic x-ray CM are water-soluble derivates of
symmetrically iodinated benzene. They are either negatively charged ionic molecules
(ionic CM) or nonionic molecules (non-ionic CM). The diagnostic use of x-ray
contrast media is based on the physical ability of iodine to absorb x-rays, not on
pharmacological effects, and is similar for all angiographic CM. Although small
differences have been demonstrated in the rate of diffusion of different contrast media
into organ parenchyma, the magnitude of these differences is not such as to affect the
choice of CM in practice.

The selection of intravenous contrast medium for MDCT is not so much
governed by physicochemical properties such as osmotic pressure, viscosity and
electrical charge, but primarily by safety considerations and rate of expected adverse
reactions. Non-ionic CM are generally safer than ionic contrast media, with fewer
adverse reactions (KATAYAMA et al. 1990). In addition, CM delivery for MDCT
requires the use of a power injector and comparably high injection rates — notably for
CT angiography. Injection rates greater than 2.0-2.5ml/s have a greater potential to
cause acute nausea and vomiting, and — as a result — motion, if ionic CM are used.
Furthermore, extravasation of ionic CM is less well tolerated than non-ionic CM.
Therefore, non-ionic CM are probably the best choice for contrast enhanced MDCT in
general (HopPER 1996).

Because of the unique anatomy of large vessels in the chest and the
complexity of early contrast medium dynamics, an increased awareness towards the
iodine concentration of the contrast agent is critical in thoracic MDCT applications.

4.2 Pharmacokinetic and Physiologic Principles

From a pharmacokinetic point of view, all angiographic x-ray contrast media
represent extracellular fluid markers. After intravenous administration these agents
are rapidly distributed between the vascular and interstitial spaces (DAWSON and
BLOMLEY 1996a). The volume of distribution is about 0.25 I/kg bodyweight, which
typically represents the extracellular fluid space. The main process of elimination is
renal glomerular filtration. In general, kinetics were found to be linear or proportional
to the dose. Because relative CT attenuation values (AHU — A Hounsfield Units),
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derived by subtracting background attenuation before administration of contrast
medium, are linearly related to the concentration of contrast medium (iodine), contrast
medium dynamics may be expressed in these units (DAWSON and BLOMLEY 1996b,
1996a).

Pharmacokinetic studies on CM have typically concentrated on the phase of
elimination (following CM injection) rather than on the very early phase of CM
distribution (during CM administration). For thoracic CTA, however, it is the
particularly complex phase of early contrast medium dynamics, which determines
vascular enhancement, perivenous artifacts, and, to a lesser degree, parenchymal
enhancement.

It is important to recognize that early vascular enhancement and subsquent
tissue enhancement phases utilized in MDCT are affected by different pharmaco-
kinetics, which will be reflected in the timing and composition of injection
techniques. Early vascular enhancement is essentially determined by the relationship
between iodine administration per unit of time (mg I/s) versus blood flow per unit of
time (i.e. cardiac output [I/min]). Parenchymal enhancement is governed by the
relationship of total iodine dose (mg I) versus total volume of distribution (i.e. body
weight [kg]).

4.2.1 Early Contrast Medium Dynamics in the Chest

The sequence of early vascular enhancement effects in the thorax following
intravenous administration of CM is particularly complex, because it differs between
the great veins, the heart, the pulmonary and systemic arteries. This is illustrated in
Figure 4.1. Figure 4.1a shows a series of non-incremental dynamic images obtained
every two seconds at the level of the pulmonary artery during the injection of a small
test-bolus. CM appears 4 seconds after the begin of the injection, relatively undiluted
and incompletely mixed, in the superior vena cava (which collects approximately one
third [~25ml/s] of the cardiac output [~80 ml/s]). This causes both bright
enhancement but also perivenous streak artifacts. The subsequent enhancement of the
pulmonary arteries and of the thoracic aorta is less strong, because it has mixed in the
right atrium and ventricle with blood from the inferior vena cava and coronary sinus.
The magnitude (in HU) and the time course (in seconds) of opacification for each
vascular territory is plotted in Figure 4.1c. Note, that pulmonary arterial enhancement
begins immediately (2s) after enhancement of the superior vena cava. The bolus,
which is subsequently delayed and broadened in the pulmonary circulation and left
heart chambers, appears in the thoracic aorta after another ten seconds (14 s after
initiation of the injection). Figure 4.1d integrates the relative enhancement effects (in
AHU, above baseline) for a prolonged injection of 20 seconds for each vessel,
respectively. Note, that the enhancement events overlap in time. During a prolonged
MDCT acquisition of e.g. 20 seconds, the enhancement is expected to be substantially
greater in the superior vena cava than in the pulmonary vasculature and in the aorta
(Figure 4.1b). With respect to perivenous artifacts, it is pertinent that the time
window, which shows maximum pulmonary arterial and aortic enhancement without
dense opacification of the superior vena cava is particularly narrow.

4.2.2 Early Arterial Contrast Medium Dynamics

Early contrast medium dynamics for a given vascular territory such as the
pulmonary or systemic arteries have gained substantial interest because of their
implications for CT angiography. Whereas time attenuation responses to
intravenously injected CM vary widely between vascular territories and across
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individuals (as discussed below), some basic principles apply to all arterial
(pulmonary and systemic) vessels.

Figure 4.2 schematically illustrates the early arterial contrast medium dynamics
as observed in the supra-celiac abdominal aorta: When a 16 ml testbolus of contrast
medium is injected intravenously, it causes an arterial enhancement response in the
aorta. The time interval needed for the contrast medium to arrive in the arterial
territory of interest is referred to as the contrast medium transit time (tcmt). The first
peak in the enhancement response is also referred to as the "first pass” effect. For a
given individual and vascular territory, the enhancement response is proportional to
the iodine injection rate.

After the CM is distributed throughout the intravascular and interstitial fluid
compartments of the body, a certain proportion of CM reenters the right heart
("recirculation”). It is important to realize that within the time-frame relevant to
MDCT acquisiton one will not only observe the first pass of contrast material but also
its recirculation. As shown in Figure 4.2, a larger (128 mL), prolonged (32 s) bolus of
CM can be viewed as the sum of eight subsequent injections of small "testbolusses” of
16 mL each. Each of these eight "testbolusses™ has its own effect on arterial
enhancement, respectively. Under the assumption of a time-invariant linear system,
the cumulative enhancement response to the entire 128 mL injection equals the sum
(time integral) of each enhancement response to their respective eight testbolusses
(FLEISCHMANN 2002). Note, that the recirculation effects of the earlier testbolusses
overlap (and thus sum up) with the first pass effects of later testbolusses.

In other words, when contrast medium is injected intravenously over a
prolonged period of time (e.g. over 15 to 40s), the arterial enhancement will
continuously increase over time, before it decreases rapidly after the end of the
injection. This well documented effect is particularly important for CTA injection
protocols, because it refutes the widely held misconception, that continuous-rate
prolonged injections lead to an arterial enhancement plateau. Biphasic (or
multiphasic) injections with high initial and lower continuing flow rates lead to a
more favorable plateau-like arterial enhancement (FLEISCHMANN et al. 2000).

From the erroneous assumption that constant-rate injections cause a constant
plateau enhancement comes another widely held misconception. One might intuitively
assume, that the average arterial enhancement from a 30 s CTA acquisition achieved
with a 30 s contrast medium injection is identical to the average enhancement from a
15 s CTA acquisition achieved with a 15 s injection duration. Again, it is apparent
from Figure 4.2, that if only 50% of contrast medium was injected (corresponding to
the first four of eight "test bolusses"”), the cumulative enhancement (the sum of the
first four test-enhancement curves) is substantially less compared to the cumulative
enhancement from the total dose (eight "test bolusses"). It follows, that if one wants to
achieve the same level of enhancement with shorter injection times the injection flow
rate and/or the iodine concentration of the agent has to be increased. Alternatively, the
injection delay may be increased relative to the tcmr. This relative increase of the
delay plus the scan time should equal the injection duration (see section 4.5).

4.2.3 Physiologic Parameters Affecting Vascular Enhancement

The vascular enhancement response to intravenously injected CM is
characteristic for a given vascular territory and for a given patient. It is determined by
individual physiologic parameters, and beyond the control of the observer. The
contrast material transit time (tcmt) from the injection site to the vascular territory of
interest depends on the anatomic distance between them, and also on the encountered
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physiologic flow rates between these landmarks. Except for the veins used for
intravenous access, injection flow rates hardly affect the tcmt. For systemic arteries,
the temr is primarily controlled by cardiac output. Cardiac output also accounts for
most of the wide interindividual variability of the tcmt. Low cardiac output prolongs,
and high cardiac output decreases the tcmt. Obviously, the tcmt can be substantially
delayed in patients with venous obstructions downstream from the injection site.

The degree of arterial enhancement following the same intravenous contrast
medium injection is also highly variable between individuals (“patient effect”). Even
in patients considerd to have normal cardiac output, mid aortic enhancement may
range from 140 HU to 440 HU (a factor of three) between patients (SHEIMAN et al.
1996). Even if body weight is taken into account, the average aortic enhancement
ranges from 92 to 196 HU/ml/kg (a factor of two) (HITTMAIR and FLEISCHMANN
2001). Adjusting the contrast medium volume (and injection rates) to body weight
will therefore reduce interindividual differences of arterial enhancement, but will not
completely eliminate them. The key physiologic parameters affecting individual
arterial enhancement are cardiac output and the central blood volume.

Cardiac output is inversely related to the degree of arterial enhancement,
particularly in first pass dynamics (BAE et al. 1998b): If more blood is ejected per unit
of time, the contrast medium injected per unit of time will be more diluted. Hence,
arterial enhancement is lower in patients with high cardiac output, but it is stronger in
patients with low cardiac output (despite the increased tcwmt in the latter). This effect is
illustrated in two patients with chronic thromboembolic pulmonary hypertension, in
whom cardiac output was known from invasive measurements (Figure 4.3).

Central blood volume is also inversely related to arterial enhancement — but
presumably affects recirculation and tissue enhancement rather than the first pass
effect. (DAwsON and BLOMLEY 1996a) Central blood volume correlates with body
weight. If total contrast medium volumes are chosen relative to body weight, then 1.5
to 2.0 mL/kg bodyweight (450-600 mg | / kg) are a reasonable quantity for arterial
CTA.

Other physiologic factors which affect the tcmt but also pulmonary as well as
arterial enhancement is a temporarily diminished venous return caused by a forced
Valsalva maneuver of the patient in an attempt to hold his or her breath. In patients
with known but also in previously undiagnosed asymptomatic individuals with a
patent foramen ovale, such a maneuver may also cause a temporary right-to-left shunt
with early arterial enhancement.

4.2.4 Physiologic Parameters Affecting Tissue Enhancement

Parenchymal and soft tissue enhancement also diverges between different
organs and tissues (LEGGETT and WiLLIAMS 1995). Arterial blood flow, the relative
proportions of intravascular to interstitial fluid compartments and diffusion
coefficients between compartments all play a role. Highly perfused tissue such as the
renal cortex and the spleen, as well as hypervascular neoplasms, exhibit a similar but
somewhat delayed enhancement course (e.g. 10 to 15 s delay relative to arterial
enhancement for hypervascular liver lesions. Maximum lesion-to-background contrast
between many other moderately enhancing pathological lesions (inflammatory or
neoplastic) occurs 60s or longer following CM administration (FOLEY 2002). It is
again noted that such attenuation differences are generally dose dependent, and less
affected by the injection flow rate.
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4.2.5 Perivenous 'Streak' Artifacts

Streak artifacts arising from densely opacified brachiocephalic veins or the
superior vena cava during CM administration are a well-known problem in thoracic
CT. Streak artifacts may obscure neighboring structures and pathology, or lead to
spurious abnormalities, such as a pseudo-intimal flap suggestive of aortic dissection.
Similarly, artifacts arising from the right atrium and ventricle of the heart may
obscure the right coronary artery in coronary CT angiography.

In technical terms, these artifacts are caused by beam hardening (e.g. in the
vicinity of subclavian and brachiocephalic veins) or by the acquisition of inconsistent
projection data (views) collected during the time window needed for the
reconstruction of a given CT cross sectional image. The latter situation occurs when
densely opacified blood is incompletely mixed with unopacified blood and swirls
within the superior vena cava during data acquisition.

Streak artifacts can therefore be reduced or completely avoided, if the CT
acquisition is performed after contrast material is already removed from the large
veins. This can be accomplished by flushing the venous system with saline
immediately after the CM injection (HOPPER et al. 1997; HAAGE et al. 2000). Hand
exercising during CM administration has also been reported to exhibit this effect
(NAKAYAMA et al. 2000). It is important to keep in mind, though, that the time
window exhibiting strong pulmonary and systemic arterial but minimal venous
enhancement is remarkably short. Artifacts can also be reduced, if the attenuation
difference between newly injected swirling contrast medium and blood is minimized
(FLEISCHMANN et al. 1997). This can be accomplished by using lower injection flow
rates and less concentrated contrast medium (RuBIN et al. 1996), and / or by scanning
during a recirculation phase. Diminished arterial opacification is a potential trade-off
when such a strategy is used.

Double-piston (“dual head”) power injectors, which allow automated saline
flushing and online variation of CM concentration may be the most versatile tools for
CM administration, while also minimizing streak artifacts at the same time during fast
MDCT acquisitions.

4.2.6 Mathematical Modeling

Accurate prediction and controlling of time dependent arterial enhancement is
highly desirable for MDCT, particularly with faster scanners and for CTA. Ideally,
one wants to predict and control the time course and the degree of vascular
enhancement in each individual — independent of an individual’s underlying
physiology. Two mathematical techniques addressing this issue have been developed.

The first is a sophisticated compartmental model, which predicts vascular and
parenchymal enhancement using a system of more than 100 differential equations to
describe the transport of contrast medium between intravascular and interstitial fluid
compartments of the body (BAE et al. 1998a). For CT angiography, this model
suggests multiphasic injections to achieve uniform vascular enhancement. The
injection flow rate is maximum at the beginning of the injection followed by a
continuous, exponential decrease of the injection rate (BAE et al. 1998b).

The second black-box model approach is based on the mathematical analysis
of a patient's characteristic time-attenuation response to a small test-bolus injection
(FLEISCHMANN and HITTMAIR 1999). Assuming a time-invariant linear system, one
can mathematically extract and describe each individual's response to intravenously
injected contrast medium (“patient factor") and use this information to individually
tailor biphasic injection protocols to achieve uniform, prolonged arterial enhancement
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at a predefined level. The principle of this technique is outlined in Figure 4. The
method is robust and has been successfully used in clinical practice.

Mathematical models utilizing both the “compartmental” and “black-box” models
have recenty been incorporated into commercial CM power injector systems. The
greatest value of these systems, however, may come from the gained insights into
early contrast medium dynamics for the time frame relevant for current and future CT
technology, which allows rational design and implementation of empiric and routinely
applicable injection techniques.

4.3 Instrumentation and Technique

4.3.1 Intravenous Access

Adequate intravenous CM administration for MDCT requires the use of a
mechanical, programmable power injector. A large cubital or antebrachial vein is the
most favorable injection site. For a given vein the largest diameter peripheral catheter,
which accommodates the desired injection rate is selected. Whereas cannula lumen
diameters as small as 22g (0.71 mm) may suffice for routine thoracic MDCT,
diameters up to 17g (1.47 mm) have been used for dedicated CTA of the thoracic
aorta. If high injection flow rates are desired, a fast manual saline injection with the
patient's arms in scanning position (usually above the head) before mechanical CM
delivery is recommended to assure correct peripheral catheter position. Injections
through a central venous catheter reduce the contrast medium transit time (tcmt),
injections in a peripheral vein at the dorsum of the hand slightly prolong the tcmt. In
both instances, the flow rates may need to be adapted in order to prevent CM
extravasation or catheter rupture.

Advances in IV cannula design, including the addition of sideholes/ fenestrations,
have resulted in lower shear force on the cannula, reduced venous wall stress, and less
pressure drop across the cannulas. Radial velocities are more uniform and exiting
velocity of CM from the cannula is reduced. These devices allow delivery of CM at
higher flow rates at each guage size than previously available (WEBER, et al. 2009).
This allows use of smaller gauage cannulas with preservation of high flow rates and
decreased incidence of extravasation (JOHNSON, et al. 2014).

4.3.2 Power Injectors and Safety Issues

The use of CM in MDCT carries the same risk of idiosyncratic (non dose-
dependent) adverse reactions as in other CM applications. These allergy-like effects
are well described (KATAYAMA et al. 1990) and their discussion is beyond the scope
of this chapter. Because MDCT requires faster injections and the use of a power
injector, dose-dependent (non-idiosyncratic) adverse effects, and the risk of CM
extravasation have recently regained interest.

Dose dependent adverse reactions include nausea, vomiting, arrhythmia,
pulmonary edema, and cardiovascular collapse. Based on clinical and experimental
evidence for ionic CM, one might naturally assume that rapid injections would be less
well tolerated than slower injections (DAwsON 1998). However, at least for injection
flow rates up to 4 ml/s, there seems to be no correlation between injection rate and the
overall rate of adverse reactions (JACOBS et al. 1998).
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The rate of CM extravasation during the intravenous administration of CM
with power injectors is low, ranging from 0.2 to 0.6% (BELLIN et al. 2002). Whereas
this is presumably higher when compared to hand-injection and drip infusion
technique, no correlation was found between extravasation frequency and injection
rates up to 4 ml/s (JACOBS et al. 1998). Most extravasations involve only small
volumes and result in minimal to mild symptoms if non-ionic CM is used.

Large volumes of CM may be involved, however, in non-communicative
patients such as infants and children, elderly, or unconscious patients. Monitoring of
the injection site during CM administration is recommended for these patients,
because severe extravasation injuries could occur without the usual patient
complaints. Such extravasations have occasionally been reported, and guidelines for
managament of extravasation injuries should be at available (BELLIN et al. 2002).
Recently an automated CM extravasation device has been developed, which interrupts
the mechanical injection when a skin-impedance change due to fluid extravasation is
detected (NELSON et al. 1998). Such a device might prove useful in high-flow-rate
MDCT applications (BIRNBAUM et al. 1999). Newer IV cannula design may also
decrease extravasation rate (JOHNSON, et al. 2014).

4.3.3 Saline Flushing of the Veins

Flushing the venous system with saline immediately after CM injection pushes
the CM column from the veins into the circulation. This has two desirable effects in
thoracic MDCT.

First, because the CM which would otherwise remain in the arm veins after the
end of the injection contributes to vascular enhancement, opacification of
intrathoracic vessels is improved. This effect can also be exploited to reduce the total
CM volume in routine thoracic MDCT (HoPPER et al. 1997; HAAGE et al. 2000).
Second, because saline flushing removes CM from the brachiocephalic veins and the
superior vena cave, it reduces perivenous streak artifacts in thoracic and cardiac CT.

Saline flushing has been performed (a) manually - using a three-way valve —
or (b) by layering saline above contrast in the syringe of a power injector, or (c) by
using two interconnected power injectors. The former techniques, however, are
impractical for routine CT, because the manual technique may expose the radiologist
or technologist to radiation, and the layering technique is time consuming and poses a
risk for contamination.

The most convenient technique for routine saline flushing after CM injection
are new programmable double piston power injectors (one syringe for contrast
material, one for saline) similar to those used in MR angiography. Furthermore, these
devices may not only allow variation in CM injection rates, but also the ability to vary
the contrast material concentration during a single injection (through saline
admixture). Such a strategy might allow to achieve the desired enhancement profile
by initially injecting non-diluted contrast medium, followed by a phase of diluted
contrast medium injection, with subsequent saline flushing to avoid artifacts.

4.3.4 Scanning Delay & Automated Bolus Triggering

A fixed, empiric injection-to-scan delay may be adequate for many routine
thoracic and abdominal CT acquisitions, particularly if maximum vessel opacification
is not of critical importance. The greatest advantage of fixed-delay protocols is
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obviously ease of use. As early contrast medium dynamics in patients without
cardiocirculatory disease are within a comparable range, and as it is easier to achieve
good opacification in the pulmonary arteries compared to more distant systemic
arteries, fixed scanning delays have also been employed successfully for pulmonary
CTA acquisitions.

For dedicated arterial or organ (liver) MDCT imaging studies a fixed scanning
delay cannot be recommended, because the arterial CM transit time (tcmr) is
prohibitively variable between individual patients — ranging from 8 to as long as 40
seconds in patients with cardiovascular diseases. One might completely miss the bolus
with a fast MDCT acquisition if the delay is not properly chosen.

In vascular MDCT, therefore the delay needs to be timed relative to the
contrast transit time (tcmt). It is important to realize that with the possibility of very
fast MDCT acquisitions the tcmr itself does not necessarily serve as the scanning
delay, but rather as a means of individualizing the delay relative to it. Depending on
the vessels or organ of interest an additional delay relative to the tcmt needs to be
selected. In CTA, this additional delay may be as short as 0 to 2 seconds added to the
temt ("temt + 28"). For visualizing hypervascular liver lesions this additional delay
may be 10 to 15 seconds (“tcmt + 15s"). Transit times can be easily determined using
either a test-bolus injection or an automatic bolus triggering technique.

Test Bolus: The injection of a small test-bolus (15 — 20 mL) while acquiring a
low-dose dynamic (non-incremental) CT acquisition is a reliable means to determine
the tcmt from the intravenous injection site to the arterial territory of interest (VAN
HoE et al. 1995). The tcmt equals the time-to-peak enhancement interval measured in
a region-of-interest (ROI) placed within a reference vessel. Furthermore, time
attenuation curves obtained from one or more regions of interest can be used for
individual bolus shaping techniques using one of the previously described
mathematical models. A test-bolus is particularly useful to determine the tcmr if
unusual CM injection sites need to be used (e.g., lower extremity veins).

Bolus Triggering: Many CT scanners have this feature built into their system.
A circular region-of-interest (ROI) is placed into the target vessel on a non-enhanced
image. While contrast medium is injected, a series of low-dose non-incremental scans
are obtained, while the attenuation within a ROl is monitored or inspected visually.
The temt equals the time when a predefined enhancement threshold ("trigger level™) is
reached (e.g. 100 AHU) or observed by the person performing the scan. The minimal
trigger delay to initiate the MDCT acquisition after the threshold has been reached
("trigger delay™) depends on the scanner model and on the longitudinal distance
between the monitoring-series and the starting position of the actual MDCT series.
The minimal "trigger delay" before a scan can be initiated after the trigger threshold is
reached is currently between 2 and 8 seconds. Bolus triggering is a very robust and
practical technique for routine use and has the added advantage that it does not require
an additional test-bolus injection.

4.3.5 Contrast Medium Concentration

Vascular enhancement (over time) is proportional to the number of iodine
molecules administered (over time). This iodine administration rate can therefore be
increased either by increasing the injection flow rate, by increasing the iodine
concentration of the contrast medium used (Figure 4.4), or both. Thus, to achieve a
certain iodine administration rate (e.g. 1.2 g/s), a faster (e.g. 4 mL/s) injection flow
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rate will be needed with standard (300 mg I/mL) CM, compared to a slower (e.g. 3
mL/s) flow rate with high-concentration (400 mg I/mL) CM. Very high iodine
administration rates, up to 2.4 g/s or more can be safely injected with a 400 mg | /mL
solution at 6 mL/s, whereas an injection flow rate of 8 mL/s would be required using
standard (300mg | / mL) solution. High iodine administration rates are useful in CTA,
notably in patients with low enhancement response due to underlying
cardiocirculatory disease, and for avoiding high injection flow rates. Furthermore,
high iodine administration rates are also desirable for specific non-vascular imaging
purposes e.g. for detecting hypervascular liver lesions, or in organ perfusion studies.

Low concentration contrast media, on the other hand, have the advantage that
they cause less perivenous artifacts at the level of the brachiocephalic veins and the
superior vena cava in thoracic MDCT, particularly if no saline-flushing of the veins is
employed (RusIN et al. 1996).

4.4 Clinical Contrast Medium Injection Protocols

The following section provides an overview of clinically applicable CM
injection protocols for various thoracic MDCT applications. The suggested protocols
are based on pharmacokinetic considerations, published clinical and experimental
data, mathematical approximations and practical experience. An attempt is made to
provide both, a universal approach to injection strategies as well as specific examples
of injection protocols.

Because of the wide variation among available MDCT scanner types (ranging
from dual-channel to 320-slice MDCT systems, with subtantial variation in rotation
times and selectable table increments) the protocols are tabulated according to the
acquisition times. Abbreviations for temporal variables are indexed as follows: tscan
= acquisition time; tiny = injection duration.

The actual CM injection protocols should be adjusted to match the suggested
iodine doses and administration rates. CM doses and injection rates should also be
adjusted (£20%) in patients with a body weight smaller than 60kg and greater than
90kg bodyweight.

Given the availablility of wide area-detector CT and systems with very rapid
gantry rotation times, scan acquisition times may be very short- for example, one
gantry rotation for coronary imaging and < 2 s for the entire chest, abdomen, and
pelvis. One may be tempted to use very short CM injection protocols as well,
however, caution should be exercised. As discussed above, since observed
enhancement continually increases during continued injection, a very short injection
duration will lead to lower level vascular enhancement. A very short injection
duration will essentially serve as a “test bolus” with a narrow enhancement peak and
little benefit of recirculation effects. One can compensate, to some degree, by
increasing the CM injection flow rate. However, at programmed flow rates above 8
mL/sec there is no observed benefit over slower injection rates, but the risk of CM
extravasation can be higher. Further, since the bolus is very short and bolus triggering
includes some 3-8 sec of added delays, the bolus could be easily missed, resulting in
an inadequate exam. A very short injection duration also increases the likelihood of
outrunning the CM bolus completely, especially if the scanner is operated at high
pitch over long distances, such as peripheral runoff CTA. Finally, it is important to
remember that in general at least 7 seconds of CM injection time is needed to assure
complete filling of most vascular territories.
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4.4.1 Routine Thoracic and Mediastinal MDCT

Indications: Evaluation of various systemic or thoracic diseases; staging/follow up
malignancies (lymphoma, bronchogenic carcinoma).

Objectives: Opacification of thoracic vessels for better delineation of mediastinal and
hilar structures.

Strategy: A small to moderate amount of iodine (20-35g I) CM (60-120ml of
300mgl/ml CM) delivered at a slow injection rate (1.5 to 3.0 ml/s) and comparably
long injection duration (> 30s) results in sufficient opacification of thoracic vessels.
Low concentration agents or saline flushing are favorable to reduce perivenous
artifacts. A fixed delay is adequate and should be determined so that the injection ends
5 seconds earlier than the MDCT acquisition (Delay = ting + 55 — tscan). This
minimizes perivenous artifacts, particularly when a saline flush and a caudocranial
scanning direction is used. Examples are shown in Table 4.1a-c.

4.4.2 Pulmonary Arteries

Indications: Acute pulmonary embolism, chronic thrombo-embolic pulmonary
hypertension (CTEPH), pulmonary arteriovenous malformations (AVM), pulmonary
artery aneurysms and arteriovenous fistulas.

Objectives: High opacification of pulmonary arteries, in order to detect vascular
abnormalities — notably filling defects or mural thrombus.

Strategy: Moderate to large amount of iodine is required to allow distinction between
opacified blood and intraluminal abnormalities. A larger amount of iodine is
necessary if an additional, delayed (approx. 2 min) acquisition of the lower extremity
veins (CT venography) is desired. Moderate to high injection flow rates (3.0 to 4.0
ml/s) are required with a standard concentration agent, if a higher concentration agent
is used, flow rates can be slower. Saline flushing is recommended. A fixed delay is
adequate in the majority of patients, and should again be determined so that the
injection ends 3 seconds earlier than the end of MDCT acquisition (Delay = tiny + 35 —
tscan). For patients with severely compromised cardiocirculatory distress (CTEPH),
slower injection rates suffice (because diminished cardiac output leads to brighter
enhancement). Image quality is more consistent if the delay is timed relative to the
contrast medium transit time. (Table 4.2a,b)

4.4.3 Thoracic and Coronary CT-Angiography

Indications: Aneurysms and dissection of the thoracic aorta and its branches,
atherosclerotic or inflammatory (arteritis) arterial stenosis or occlusion, thoracic outlet
syndrome, chest trauma. Coronary CT angiography.

Objectives: High opacification of systemic and/or coronary arteries.

Strategy: For fast acquisitions (> 64-channel MDCT), moderate amounts of iodine at
high iodine administration rates are required (i.e. high injection flow rates and/or high
iodine concentration agent). For slower acquisitions, larger total CM volumes (with
longer injection durations and preferably biphasic injections) are optimal. Individual
scan timing relative to the tcmt is mandatory. Saline flushing is beneficial in thoracic
outlet and coronary CTA in order to reduce artifacts in the vicinity of large veins, the
right heart. (Table 4.3a,b)

4.4.4 Thoracic Veins
Indications: Assessment of venous thrombosis, obstruction or occlusion.
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Objective: Delineation of venous anatomy and pathology for treatment planning
Strategy A: Intravenous CM injection into the contralateral (non-diseased) arm
requires large iodine doses (e.g. 100-150 ml) at slow to moderate injection rates in
order to visualize the diseased venous territory during a recirculation phase. A long
delay (end of MDCT acquisition should be approx. 15s after the end of the injection)
and saline flushing are recommended. This strategy also allows assessment of
systemic arteries.

Strategy B: 200 ml of diluted CM (1:10 to 1:20 diluted with normal saline) injected
into the diseased arm (or both arms using a Y -connector) at a slow injection rate (2 —
4 mi/s) are sufficient to directly opacify the thoracic veins.

4.4.5 Thoraco-Abdominal MDCT

Indications: Assessment of thoracoabdomial diseases, such as staging of lymphoma.
Objectives: Delineation of hilar and mediastinal structures, combined with adequate
parenchymal enhancement of abdominal and pelvic organs.

Strategy: Since delineation of thoracic vessels is relatively easily achieved, CM
delivery is weighted towards adequate parenchymal and soft-tissue enhancement.
Large iodine doses (0.5 to 0.6g of iodine / kg BW) corresponding to approximately
100 to 150 ml (depending on the iodine concentration and on the patient's body
weight) are required. Injection rates can be moderate to slow, the scan delay should be
long enough to allow tissue enhancement (> 60 s).

Dedicated biphasic acquisitions (with high iodine administration rates) are also
possible with MDCT, where the first acquisition includes the thorax and upper
abdomen, the second acquisition includes the abdomen and pelvis (other sequences
are also possible if the MDCT scanner technology permits). Timing is optimized for
biphasic abdominal imaging, i.e. the first acquisition should include the liver in a late
arterial phase (Delay =tcmt+10s, or Delay = 25 s), the second acquisition is obtained
during a hepatic parenchymal phase (Delay =tcmt+40s, or Delay = 60 s).

45 Advanced Contrast Medium Considerations

4.5.1 Contrast Medium Considerations in Patients with Chronic
Kidney Disease

Chronic kidney disease (CKD) is defined as either the presence of kidney damage, or
glomerular filtration rate (GFR) measurement < 60 mL/min/1.73 m2 for more than 3
months. CKD can be divided into stages of renal dysfunction based on GFR:

STAGE DESCRIPTION GFR (mL/min/1.73m2)

I Kidney damage with normal or =290

increased eGFR

I Mild CKD 60-89

1l Moderate CKD 30-59
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Y Severe CKD 15-29

\Y Kidney Failure <15 (or dialysis)

Direct measurement of GFR is time consuming and may be clinically impractical. As
a result, renal function is typically estimated based on laboratory tests and other
variables such as age. The result is an estimated GFR (eGFR). An easy online
calculator that follows the National Kidney Foundation DKD-EPI guidelines
(http://www.kidney.org/professionals/KDOQI/gfr_calculator) (LEVEY, 2009) is our
standard method for eGFR determination. Of note, the calculator utilizes serum
creatinine, age, sex, and race and calculates results in ml/min/1.73m2 BSA. This result
is useful to directly compare renal function between individuals. However, to directly
calculate the most appropriate CM dose, the result will need to be corrected for body
weight.

Larger numbers of cardiovascular CT procedures are being performed today,
including greater utilization of CT in patients with underlying CKD. Pre-existing
CKD has been recognized as a risk factor for contrast-induced nephropathy (CIN).
The degree of potential deleterious impact from CM administration in patients with
CKD remains controversial (MCDONALD, et al. 2014), but the need to protect renal
parenchymal function is not. There is good pharmacokinetic and clinical evidence that
the ratio of the volume of CM administered to the underlying degree of renal
dysfunction can predict the subsequent risk of CIN (ALTMANN 1997, GURM 2011,
LASKEY 2007, NYMAN 2008, SHERWIN 2005). Specifically, a CM-to-eGFR ratio
of 3.7 has been found to offer optimum discrimination between patients who will
develop CIN and those who will not (LASKEY 2007). On a practical clinical level, a
ratio of <2.0 has shown no significant increased risk of CIN (GURM, 2011). As such,
these findings can be used to design a rational strategy for CM injection tailored to the
patient’s renal function and the clinical scan parameters.

In patients with CKD, lower concentration CM (300 mgl-/mL) can be utilized. The
total CM volume is calculated at two times the eGFR, corrected for body weight (e.g.
CM vol =2 x eGFR x (body wt kg/75). For example, for eGFR = 30, standard sized
(75kg) patient would receive: 2 x 30 x 75/75 = 60 mL CM for injection.

Table 2 lists sample calculations for three different patient sizes, all with the same
eGFR of 30 mL/min/1.73m2:

Patient Body eGFR based CM Adjustment for Final CM volume

Weight (kg) volume BW available (mL)
(2x eGFR) (BW/75)

50 2x30=60mL 50/75=0.67 40

75 2x30=60mL 75/75=1.00 60

100 2x30=60mL 100/75=1.33 80

Generic (2 x eGFR) BW/75 = total volume
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Clinical decision-making:

Once the maximal CM volume has been calculated, it is imperative to then decide
whether the clinical question can be answered by utilizing only the available amount
of CM. Chest CT imaging, where scan times for most applications are <10 sec, lends
itself well to smaller CM volume administration protocols. Other vascular territories,
such as lower extremity CTA, require longer injection profiles (FLEISCHMANN, et
al. 2006) and may not be feasible to assess at very small CM volumes.

One instance deserves special mention: in the acute setting and when dealing with
life-threatening emergent conditions, the risk of CIN can be outweighed by the urgent
need to obtain relevant information to guide life-saving treatment decision-making. In
these instances, standard doses and rates of CM should be utilized, irrespective of
renal function status.

4.5.2 Low Energy / Low Contrast Imaging

Utilization of of lower peak tube voltage (kVp) can be employed in selected patients
to help maximize signal from available CM, decrease patient radiation dose, and/or
provide greater arterial enhancement (Figure 4.5) . Among others, these techniques
are valuable for pediatric, smaller body-size adult patients, and patients with CKD.
Current generation CT scanners allow scanning at tube potentials lower than the
standard 120 kVp (e.g. 100 kVp, 80 kVp). At lower kVp, the proportional absorption
of x-rays by iodine increases as the energy approaches iodine’s k-edge of 33.2 keV.
This phenomenon translates into higher observed attenuation values of CM-enhanced
structures (NEWTON, 1981) However, a greater fraction of these (lower-energy) x-
ray photons are also absorbed in tissue; therefore tube current (milli-Ampere, mA)
must increase to offset the increase in image noise. It is possible, especially with older
scanners, that tube current output may be insufficient alone to prevent high image
noise acquisitions. Current generation scanners are best suited to acquire high mA
exams. In older scanners, however, either slowing the pitch or gantry rotation time
(e.g. to 0.5 sec) has the effect of increasing photon flux per tube rotation and limiting
noise (at the expense of greater patient dose).

In general, attenuation of iodine increases by 25% from 120 kVp to 100 kVp, and
another 25% from 100 kVp to 80 kVp (Table 1). Thus, by decreasing the tube voltage
from 120 kVp to 80 kVp, one should observe approximately 50% increased iodine
attenuation. Conversely, increasing the tube voltage from 120 kVp to 140 kVp will
decrease iodine attenuation by approximately 25%. Although image noise also
decreases at high kVP imaging, attenuation also decreases, with resultant limited
benefit to signal-to-noise ratio (SNR) at the expense of higher patient dose.

140 kVp 120 100 kVp 80 kVp 70 kVp
kVp
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lodine - 25% - +25% +50% +70%
Attenuation attenuation attenuation | attenuation | attenuation
Compared to
120 kVp:

Table 1: lodine attenuation at different kVp imaging.

The observed effects of lower kVp imaging can be leveraged to predict arterial
enhancement at lower kVp and to subsequently modify CM injection protocols to
obtain adequate diagnostic quality at lower CM injection rates. Using this strategy, the
injection duration, scan-time, and any scan delays should be kept constant. The tube
current (mAs) should be increased by 30-50% for each “step” down in kVp. Then, for
each step down in kVp (e.g. 120 to 100 kVp, and 100 to 80 kVp), an increase in
attenuation should allow a reduction in CM volume by 25%. To maintain similar
noise levels when manually selecting mA, depending on vendor, one could either
select the same noise level on the scanner (auto/smart mA), or try to match the CTDI
of the new (low kVp) protocol to the original (120 kVp) protocol.

Disadvantages of low kVp imaging

The expected signal gain from CM administration may not be realized if small
volumes (flow rates) of CM are administered, either by design (for low kVp imaging)
or as a result of CM extravasation. Partial volume effects may also limit the iodine
concentration in a given voxel. These phenomena, in addition to potentially higher
image noise at lower tube voltages, can lead to significant SNR reduction if
appropriate corrections are not applied.

The increased mA required for lower kVp imaging also requires a larger x-ray focal
spot size, resulting in focal spot blooming beyond nominal size, which decreases
spatial resolution (OH, et al. 2014). In some situations where accurate measurements
are essential (e.g. TAVR planning), accuracy and inter-observer agreement could be
adversely affected. Newest generation scanner technology advances may also help
address this phenomenon (OH, et al 2014 and SOLOMON, et al 2015).

Other limitations are also observed. At lower kVp, the “signal” from calcium is also
increased, the blooming effect of vascular calcifications and metal (valve prostheses,
wires, etc.) is more pronounced, and beam-hardening artifacts may appear worse. The
iodine concentration in small vessels and along the periphery of vessels is also less
than in the center of large vessels. Further, cardiovascular CT is usually reviewed
interactively at a 3D workstation. Many of the 3D/4D post-processing and
visualization techniques utilized in clinical practice, such as maximume-intensity
projection (MIP), inherently amplify (or sum) image noise across the slab thickness.
In this scenario, small vessels can be completely obscured by surrounding image
noise.

Iterative Reconstruction Techniques
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Recent advances in computing processor speed and image reconstruction algorithms
have allowed use of iterative reconstruction (IR) techniques to improve CT image
quality. A full discussion of these techniques is beyond the scope of this chapter,
however, brighter vessels and borders may be more sharply defined with IR
techniques, which could be a benefit for smaller vessel assessement. Poorly opacified
vessels, however, may be more difficult to define or distorted by artifacts. Use of IR
techniques have yielded images with lower noise to be acquired at lower patient dose
(LEIPSIC, 2010). Newer model-based IR (MBIR) techniques allow even more
substantial patient dose and noise savings while maintaining diagnostic image quality
(KATSURA, 2012).

4.6 Conclusion

A basic understanding of early contrast medium dynamics provides the
foundation for the design of current and future CM injection protocols for various
clinical applications of thoracic MDCT. Additionally, a thorough knowledge of the
technical and safety aspects of the injection equipment and CM used is necessary.
Special considerations in patients with chronic kidney disease can be employed to
optimize image quality and promote patient safety. Recent advances in scanner
technology and image reconstruction algorithms allow further refinement of image
quality and patient radiation dose. With these tools at hand, CM utilization can be
optimized towards the clinical necessities while exploiting the full capabilities of
latest and continuously evolving MDCT technology.
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Table 4.1a: Routine Thoracic MDCT

Commented [D1]: | think the tables are a bit outdated;

Nobody scans a chest in 30s;
Maybe just delete the 30 and 25 s rows (even maybe the
20s), ....

Acquisition | Scanning | lodine lodine CM Injection | Injection
time (s) delay (s) | dose | administrtion | Volume rate Duration
(9) rate (g/s) (mha | (ml/s)? (s)
20 25 30 .75 100 25 40
15 30 30 .75 100 2.5 40
10 28 30 .90 100 3 33
5 33 30 .90 100 3 33
2Volume and flow rate calculated for 300 mg I / ml concentration CM.
Table 4.1b: Routine Thoracic MDCT, High CM Dose Protocol 2
Acquisition | Scanning | lodine lodine CM Injection | Injection
time (s) delay (s) | dose | administrtion | Volume rate Duration
(9) rate (g/s) (mh)d | (mlfs)b (s)
20 25 36 .90 120 3 40
15 30 36 .90 120 3 40
10 25 36 1.20 120 4 30
5 30 36 1.20 120 4 30

a applicable if soft tissue enhancement (e.g., chest wall) is also desired; provides good

pulmonary and systemic arterial enhancement as well. Patients with >90kg BW.

b Volume and flow rate calculated for 300 mg | / ml concentration CM.

Table 4.1c: Thoracic MDCT, Minimum Dose Protocol 2

Acquisition | Scanning | lodine lodine CM Injection | Injection
time (s) delay (s) | dose | administrtion | Volume rate Duration
(9) rate (g/s) (mhb | (ml/s)P (s)
20 25 18 .90 60 15 40
15 30 18 .90 60 15 40
10 25 18 1.20 60 2 30
5 20 18 1.20 60 2 30

a suffices for vessel delineation, if saline flush is used. Saline flushing is strongly

recommended.

b Volume and flow rate calculated for 300 mg I / ml concentration CM.
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Table 4.2a: Pulmonary Artery CTA, fixed Delay

Acquisition | Scanning | lodine lodine CM Injection | Injection
time (s) delay (s) | dose | administrtion | Volume rate Duration
(9) rate (g/s) (mha | (ml/s)? (s)
20 23 36 .90 120 3 40
15 18 36 1.20 120 4 30
10 23 36 1.20 120 4 30
5 28 36 1.20 120 4 30
2Volume and flow rate calculated for 300 mg I / ml concentration CM.
Table 4.2b: Pulmonary Artery CTA, with Individual Timing
Acquisition | Scanning | lodine lodine CM Injection | Injection
time (s) delay (s) | dose | administrtion | Volume rate Duration
(9) rate (g/s) (mha | (ml/s)? (s)
20 temt+8 30 .90 100 3 33
15 temt+10 27 1.20 90 4 30
10 temt+15 27 1.20 90 4 30
5 temt+20 27 1.20 90 4 30

Note — tcmt = contrast medium transit time, as established with a test-bolus or bolus

triggering technique.

2Volume and flow rate calculated for 300 mg I / ml concentration CM.
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Table 4.3a: Thoracic CTA, Uniphasic Injection

lodine 300mg I/ml CM | 400mg | /ml CM
Acquisiti | Scannin | Dose | Adminis- | CM Volume @ | CM Volume @
ontime | gdelay | (g) tration Inj.Rate Inj.Rate
(s) (s) rate (g/s) (ml@ml/s) 2 (ml@ml/s) b
20 temt+8 | 39 1.2 130 @ 3 100 @ 3
15 tcmt+t8 | 36 1.5 120@5 0 @38
10 tcmt+8 | 33 1.8 110@ 6 85@4.5
5 temt+12 | 27 1.8 90 @ 6 70@45

Note — tcmt = contrast medium transit time, as established with a test-bolus or bolus

triggering technique.

2Volume and flow rate calculated for 300 mg I / ml concentration CM.
5 Volume and flow rate calculated for 400 mg I / ml concentration CM.
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Table 4.3b: Thoracic CTA, Biphasic Injection

lodine 300mg 1/ mlI CM 400mg |/ mICM
Acquisi | Scannin | Total Biphasic Total Biphasic Total Biphasic
tion gdelay | dose adminis- volume | injections | volume | injections
time (s) (s) (9) tration (mha | (ml@mlfs)2 | (ml)® | (ml@ml/s)®
(9@ gls)
9@138 30@6 23@4.5
20 | tewrt8 | 3 | x@1a| M | +gs@as| P | +e7r@34
I@18 30@6 23@ 4.5
15 w8 | 32 | o3@14| 1 | +m@45| O | +57@34
I@18 30@6 23@ 4.5
10 tcmT+8 29 +20@ 15 95 +65@5 75 +52@38
9@1.38 30@6 23@4.5
S |twrtl2 ] 2 Ls@1s | 8 | vs0@s | P | +a2@3s

Note — tcmt = contrast medium transit time, as established with a test-bolus or bolus triggering technique.
@Volume and flow rate calculated for 300 mg | / ml concentration CM.
b Volume and flow rate calculated for 400 mg | / ml concentration CM.
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Figure Legends:

Figure 4.1: Early Contrast Medium Dynamics in the Chest

(a) Sequence of vascular enhancement observed in a non-incremental dynamic CT
acquisition following the intravenous injection of a small test-bolus are shown (see
text for details). (b) Maximum intensity projection of a MDCT pulmonary angiogram
shows extensive opacification of the left brachicephalic vein and SVC. As densely
opacified blood is mixed with unenhanced blood from the inferior vena cava in the
right atrium and ventricle, the pulmonary arterial enhancement is substantially smaller
than the enhancement in the SVC. Aortic enhancement is again slightly less than PA
enhancement.Analysis of the time attenuation curves from a 4s test-injection (c)
allows to predict the time attenuation curves for a prolonged, 20s injection (d). Note,
that the time window of maximum aortic enhancement without SVC enhancement is
particularly narrow.

SVC = superior vena cava; PA = pulmonary artery; AO = thoracic aorta.

Figure 4.2: Simple "additive model" illustrates the relationship between contrast
medium injection (a, ¢) and cumulative arterial enhancement (b, d).

Note that due to the asymmetric shape of the test-enhancement curve (b) and
recirculation effects (the "tail" in the test-enhancement), arterial enhancement (the
"time integral of 8 testbolusses") increases continuously over time (d). There is no
enhancement plateau (adapted from FLEISCHMANN 2002).

Figure 4.3: Cardiac Output and Pulmonary Arterial Enhancement

(a) Two patients with chronic thrombo-embolic pulmonary hypertension (CTEPH) are
compared. PAP = pulmonary arterial pressure [systolic/diastolic (mean)]; CO =
cardiac output. (b) Following a small test-bolus injection (16 ml @ 4ml/s), the time-
attenuation response measured in the pulmonary artery is smaller in the patient with
greater cardiac output.

(c) Corresponding thin-slab volume rendered images of pulmonary vessels.

Figure 4.4: lodine Administration Rates and CM Concentration

For a given CM concentration, the lodine administration rate (g/s) can be varied by
selection of the injection flow rate (in mL/s). High-concentration agents permit
greater iodine administration rates at the same injection rates.

Figure 4.5. Use Of Low Kvp Scanning To Decrease Patient Dose With Preserved
Image Quality

A 54 kg female patient with chest pain presented for CCTA. 80 kVp tube voltage was
utilized, with prospective ECG synchronization and iterative reconstruction
techniques. Patient dose was 0.4 mSv. High degree of vessel enhancement with
relatively little background image noise is noted on both curved-planar
reconstructions (upper row) and slice through images (lower row).
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Figure 4.1: Early Contrast Medium Dynamics in the Chest

(a) Sequence of vascular enhancement observed in a non-incremental dynamic CT acquisition
following the intravenous injection of a small test-bolus are shown (see text for details). (D)
Maximum intensity projection of a MDCT pulmonary angiogram shows extensive
opacification of the left brachicephalic vein and SVC. As densely opacified blood is mixed
with unenhanced blood from the inferior vena cava in the right atrium and ventricle, the
pulmonary arterial enhancement is substantially smaller than the enhancement in the SVC.
Aortic enhancement is again slightly less than PA enhancement.

Analysis of the time attenuation curves from a 4s test-injection (c) allows to predict the
time attenuation curves for a prolonged, 20s injection (d). Note, that the time window of

maximum aortic enhancement without SVVC enhancement is particularly narrow.
SVC = superior vena cava; PA = pulmonary artery; AO = thoracic aorta.
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Figure 4.2: Simple "additive model" illustrates the relationship
between contrast medium injection (a, ¢) and cumulative arterial
enhancement (b, d).

Note that due to the asymmetric shape of the test-enhancement
curve (b) and recirculation effects (the "tail" in the test-
enhancement), arterial enhancement (the "time integral of 8
testbolusses") increases continuously over time (d). There is no
enhancement plateau (adapted from FLEISCHMANN 2002).
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Figure 4.3: Cardiac Output and Pulmonary Arterial Enhancement

(a) Two patients with chronic thrombo-embolic pulmonary hypertension
(CTEPH) are compared. PAP = pulmonary arterial pressure
[systolic/diastolic (mean)]; CO = cardiac outpult.

(b) Following a small test-bolus injection (16 ml @ 4mi/s), the
time-attenuation response measured in the pulmonary artery is
smaller in the patient with greater cardiac output.

(c) Corresponding thin-slab volume rendered images of pulmonary
vessels.
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Figure 4.4: lodine Administration Rates and CM Concentration

For a given CM concentration, the lodine administration rate (g/s) can be
varied by selection of the injection flow rate (in mL/s). High-concentration
agents permit greater iodine administration rates at the same injection
rates.



Figure 4.5. Use of low kVp scanning to decrease patient dose with preserved image quality.

A 54 kg female patient with chest pain presented for CCTA. 80 kVp tube voltage was utilized, with prospective
ECG synchronization and iterative reconstruction techniques. Patient dose was 0.4 mSv. High degree of vessel
enhancement with relatively little background image noise is noted on both curved-planar reconstructions (upper
row) and slice through images (lower row).
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Figure 4.1: Early Contrast Medium Dynamics in the Chest

(a) Sequence of vascular enhancement observed in a non-incremental dynamic CT acquisition
following the intravenous injection of a small test-bolus are shown (see text for details). (D)
Maximum intensity projection of a MDCT pulmonary angiogram shows extensive
opacification of the left brachicephalic vein and SVC. As densely opacified blood is mixed
with unenhanced blood from the inferior vena cava in the right atrium and ventricle, the
pulmonary arterial enhancement is substantially smaller than the enhancement in the SVC.
Aortic enhancement is again slightly less than PA enhancement.

Analysis of the time attenuation curves from a 4s test-injection (c) allows to predict the
time attenuation curves for a prolonged, 20s injection (d). Note, that the time window of

maximum aortic enhancement without SVVC enhancement is particularly narrow.
SVC = superior vena cava; PA = pulmonary artery; AO = thoracic aorta.
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