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Objectives: The aim of this study was to analyze the influence of the tube
currentYtime product in multidetector computed tomography angiography on
the accuracy of stenosis quantification in a phantom model of occlusive
vessel disease.
Materials and Methods: Stenosed pelvic and visceral arteries were simulated
using acrylic tubes (inner diameter: small, 4.0 mm; large, 6.5 mm) filled with
plaque material (epoxy resin, hydroxylapatite, glass bubbles) to create different
degrees of stenosis and plaque composition (calcified plaques, 91000 Houns-
field units [HU]; soft plaques,È50 HU; inhomogeneous plaques, 50Y1000 HU).
The lumen was filled with water-diluted contrast material (Iomeprol 400;
Bracco Imaging, Konstanz, Germany) to increase the density to 350 HU. The
vessel phantoms were inserted in an Alderson phantom and imaging was con-
ducted on a 64-slice MDCT (Somatom Definition, Siemens, Forchheim,
Germany; collimation, 0.6 mm; reconstructed slice thickness, 1 mm; 120 kVp)
using 8 different image acquisition protocols (IAPs), with reference tube cur-
rentYtime products (IQualRef) ranging between 20 and 280 mAs (IAP20YIAP280).
The signal-to-noise ratio was calculated for each IAP. The measured luminal
area within a stenosis was correlated to the known value using the Kappa-Lin
test (JLin). A decrease of 10%of themaximumachievable correlationwas defined
as substantial. The sensitivity and specificity of hemodynamically relevant ste-
noses (950%) were computed. For all IAPs, the effective dosewasmeasured with
thermoluminescence dosimetry and calculated with CTEXPO 2.0 (ICRP103).
Results: The measured effective dose ranged from 0.8 to 10.7 mSv. The calcu-
lated effective dose was approximately 10% lower for each IAP (0.7Y9.8 mSv).
A total of 2592 stenosis measurements were performed. In large vessels, the
correlation was almost perfect for IAP80 to IAP280 (JLin = 0.91Y0.95). In com-
parison, overall correlation was inferior in small vessels and was substantial for
IAP280 to IAP120 (JLin = 0.89Y0.82). Overall, the best correlation was observed
in calcified (JLin = 0.95) and soft (JLin = 0.93) plaques as compared with in-
homogeneous (JLin = 0.89) plaques. A substantial decrease in the correlation was
observed below IAP100 for the large vessel phantoms and IAP120 for the small
vessel phantoms. The sensitivity of hemodynamically relevant stenoses was
90% to 99% for IAP20 to IAP280 and both vessel diameters, whereas the spe-
cificity decreased from 91% (IAP280) to 31% (IAP20) for the large vessel phan-
toms and from 81% to 25%, respectively, for the smaller vessel phantoms.
Conclusion: In large (96.5 mm) vessel phantoms that simulate pelvic and renal
arteries, representing a high-contrast scenario, a substantial dose reduction is

feasible as compared with established abdominal imaging protocols. In smaller
vessel phantoms that represent intestinal arteries, the quality of luminal de-
lineation is already limited because of the spatial resolution. Therefore, an
increase in image noise can only be accepted to a smaller degree and the po-
tential dose reduction is limited but still substantial.
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M ultislice computed tomography angiography (CTA) and mag-
netic resonance angiography (MRA) are highly accurate for the

evaluation of abdominal vessels.1Y4 The invasive digital substraction
angiography as the gold standard is therefore being increasingly
replaced by the noninvasive CTA and MRA.5 Duplex ultrasound as
another imaging modality has a lower accuracy as compared with
MRA and CTA and is subject to higher interobserver variation and
longer examination times.6

Shorter examination times, less frequent interruption of image
acquisition caused by claustrophobia, continuous availability in the
emergency setting, and lower costs of CTA compared with MRA have
led to a wide acceptance of CTA.7

Amajor disadvantage of CTA is the need for ionizing radiation.
In recent years, different techniques, such as automatic exposure con-
trol, adaptive dose shields reducing the overranging and overbeaming
effect, and new iterative reconstruction algorithms, have been intro-
duced to keep dose in computed tomography (CT) ‘‘as low as reason-
able achievable’’ (ALARA principle).8Y13

A key principle in terms of dose-wise CT scanning is to ad-
just the dose application and, thus, the image quality to the specific
diagnostic task.14 Several studies have proven the diagnostic value of
low-dose CT protocols based on low tube current (low-mAs) or low
tube voltage (low-kVp) compared with the standard parameters if high-
contrast objects are subject of interest.

In several settings, such a high contrast is intrinsic, for example,
in virtual CT colonoscopy, chest CT for pulmonary nodule detection,
or abdominal CT for urinary tract calculi detection. In these situa-
tions, a dose reduction between 70% and 90% compared with the
standard protocols for lung nodule detection and for virtual CT colo-
noscopy is feasible without a significant reduction in sensitivity and
specificity.15Y17 In CTA, a high-contrast situation is usually achieved
by an optimized contrast agent administration that leads to a strong
luminal enhancement. Watanabe et al18 showed that increasing the
enhancement by using higher iodine delivery rates allows for a re-
duction of the radiation exposure by approximately 30% in abdomi-
nal CT. Especially in biphasic abdomen protocols, where soft tissue
information is derived mainly from the portal-venous phase, a lower
signal-to-noise ratio (SNR) may be tolerated for the arterial phase if
the depiction of the vessel architecture is the primary task. Compa-
rable with lung nodules in the surrounding aerated lung parenchyma
or bowel wall polyps in CT colonoscopy, contrast-enhanced vessels
show a high luminal contrast to the surrounding tissue.When compared
with standard abdominal CT, CTA acquisition protocols therefore bear
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a high potential of dose reduction, in particular if large vessels, such as
the aorta or the iliac arteries, are of interest. Because of this fact, the
default CTA IAPs of many CT scanners already propose a reduced tube
currentYtime product. However, various CTA protocols are used for
abdominal CTA. For example, for renal arteries, the proposed protocols
as reported in the literature range between a volume CT dose index
(CTDIVol) of 6.3 mGy (80 mAs) for a 4-row CT (Siemens Volume
Zoom) and CTDIVol of 25 mGy.19,20 As of today, the effects of the
applied patient dose on the accuracy of stenosis quantification have
received little attention.

Despite the fact that there are several studies investigating the
dependency of radiation dose and image quality of CTA for the as-
sessment of restenosis, there is only 1 previous study in the literature
facilitating a 4-row CT that analyzes the tradeoff between radiation
exposure and luminal delineation of the arterial vessel in visceral and
peripheral CTA.21Y23

Therefore, the aim of our study was to analyze the influence
of the tube currentYtime product on the accuracy of stenosis quanti-
fication in a phantom model of occlusive vessel disease to derive a
reasonable acquisition protocol for imaging abdominal vessels.

MATERIALS AND METHODS

Phantom Design
Vessel phantoms were built as previously described24 using

acrylic tubes of 2 different diameters (outer diameter: small, 5.0 mm;
large, 8.0 mm; inner diameter: small, 4.0 mm; large, 6.5 mm). As
plaque material, a low-viscosity epoxy resin combined with an am-
monium-based harder was modified with glass bubbles and calcium
hydroxyl apatite to simulate soft (plaque density, 50 Hounsfield units
[HU]) and calcified (plaque density, È1000 HU) plaques. Inhomo-
geneous plaques were prepared by cutting calcified plaques into small
pieces and embedding them in soft plaques. The acrylic tubes were
filled with the plaque material. After hardening of the epoxy resin, the
cylindrical plaque material was removed from the acrylic tubes, and
circular, semicircular, and stairstep-like stenoses with varying degrees
(mild stenosis, 0%Y25%, moderate stenosis, 25%Y50%; severe ste-

nosis, 50%Y75%; heavy stenosis, 75%Y99% and occlusion) were
generated for both vessel phantom diameters by drilling holes and
filling. The known luminal stenosis area by preparation was verified
for each stenosis with a high-resolution CT protocol in air (tube
voltage, 120 kVp; 300 mAs; collimation, 0.3 mm; no automatic tube
current modulation; field of view, 150 mm; sharp kernel, U75). For
each plaque composition and vessel diameter, 8 mild to moderate and
8 severe to heavy stenoses and 1 occlusion were simulated, resulting in
a total of 108 equally distributed stenoses (Fig. 1). The stenoses were
reinserted into 50 acrylic tubes and fixed with a thin layer of epoxy
resin if necessary. Saline-diluted contrast material (Iomeprol 400;
Bracco Imaging, Konstanz, Germany) was filled into the created
vessel lumen to generate a luminal density of 350 HU, mimicking a re-
presentativevessel enhancement as known fromabdominalCTAobtained
with 120 kVp after intravenous application of Iomeprol 400 in patients
with a body mass index of 25 kg/m2 during the arterial phase.25

Thermoluminescence Dosimetry
Dose and phantom measurements were performed using an

anthropomorphic whole-body Alderson phantom (Alderson Research
Laboratories Inc; Long Island City, NY) positioned on a vacuum
mattress. The Alderson phantom consists of a human skeleton em-
bedded in radioequivalent soft tissue material and represents a 73-kg
man. For dosimetric measurements, 150 thermoluminescence detec-
tors (TLDs) 100H (1� 1� 6 mm, LiF:MgCuP; TLD Poland, Krakow,
Poland) were used. Thermoluminescence detectors were calibrated
for absorbed dose in water using conventional x-ray equipment (SRO
2550; Philips, Medizin Systeme GmbH, Hamburg, Germany) with a
tube potential of 125 kVp and 2.7-mm inherent aluminum-equivalent
filtration combined with an additional 5.0-mm aluminum filter to
simulate the radiation quality of the CT system. This is an appropriate
approach because mass energy absorption coefficients for soft tissues
differ by less than 4% from the corresponding value for water in the
range of photon energies used for CT imaging.26 As reference stan-
dard, a UNIDOS E with a Farmer chamber (TM30010; PTW Pychlau,
Freiburg, Germany) with a calibration traceable back to a secondary
standard (PTB, Braunschweig, Germany) was used. The Alderson

FIGURE 1. Image acquisition and assessment. Examples of the vessel phantoms measured with a high-resolution protocol (left)
and placed in the Alderson phantom (middle). Mean luminal area was measured in 3 different positions for each stenosis and
averaged for correlation as well as for sensitivity and specificity calculations. Luminal attenuation and standard deviation
were measured in an axial plane for SNR assessment (right).
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phantom was equipped with 130 TLDs distributed in all organs ac-
cording to ICRP 103, excluding the salivary glands because the con-
tribution of the head and neck to the effective dose was negligible
(G1%). This whole-body TLD distribution was chosen to take internal
and external scattering as well as overscanning into account. In larger
organs, for example, the liver, the mean dose was calculated by aver-
aging the values of 15 TLDs. For calibration of each measurement,
14 TLDs were exposed to a reference dose and 6 TLDs remained un-
exposed to estimate the background radiation for background correc-
tion. Thermoluminescence detectors were read out using an automatic
Harshaw 5500 TLD-Reader within 16 hours after exposure to avoid
fading. The measured electrical charge of each TLD was multiplied
with a TLD-specific calibration factor obtained before to calculate the
absorbed dose. To estimate the relationship between radiation dose
and tube current relation of the used CT system, TLD measurements
were conducted for 6 representative IAPs. The calculatedmean effective
dose and standard deviation was determined according to ICRP10327

and compared with CTEXPO 2.0 using the average tube current.28

Image Acquisition
In this phantom study, image acquisition was conducted on a

2 � 32Yrow CT (SOMATOM Definition; Siemens, Forchheim, Ger-
many) with the following imaging parameters: tube voltage, 120 kVp;
collimation, 0.6 mm; rotation time, 0.3 seconds; pitch, 0.7; recon-
structed slice thickness, 1.0mm; and reconstruction increment, 0.7mm.
We chose 120 kVp as the tube voltage because this is the current stan-
dard protocol in many institutions and is suitable for most patients.

In 8 different IAPs, the reference tube currentYtime product
(IQualRef) ranged between 20 mAs (IAP20) and 280 mAs (IAP280) to
cover an exposure range between an assumed very-low-mAs and a
high-dose-mAs protocol. For radiation dose estimation, 6 represen-
tative IAPs (IAP40, IAP80, IAP120, IAP160, IAP200, and IAP280) were
used. For image acquisition, vessel phantomswere inserted into drilled
holes of 5 and 8 mm in diameter, aligned along the z-axis at the center
region of the abdominal part of the Alderson phantom (slice 29Y34),
and computed tomograms were acquired for IAP20 to IAP280 (Fig. 1).
Automatic tube current modulation was applied to achieve similar
noise in each xy-plane (Care Dose 4D). The image data sets were
reconstructed with a standard soft kernel (B25f ) as recommended
by the manufacturer for vessel reconstruction and a field of view of
300 mm with a matrix size of 512 � 512 pixels.

Image Assessment and Statistics
The image data sets were loaded in a 3-dimensional DICOM

viewer (Visage Imaging PACS 7.10, Berlin, Germany). For image
quality assessment, the luminal attenuation and the image noise were
measured by one author in the axial images of the vessel phantoms
inserted in the Alderson phantom. Constant regions of interest (ROIs)
were placed in the contrast-enhanced center of the large vessel phan-
toms (28 mm2) and in the center of the Alderson phantom (700 mm2)
in a region with homogeneous absorption for each IAP. Mean and
standard deviation CT values of the vessel lumen were recorded.

For stenosis quantification, the image data sets were assessed in
random order by 2 blinded readers with 5 and 9 years of experience in

FIGURE 2. Large-vessel (upper half ) and smalls-vessel (lower half ) phantoms with a hyperdense stepwise plaque imaged with
different IAPs with left highest exposition and right lowest exposition. Between IAP280 and IAP120, nearly no differences in image
quality are observed, whereas in IAP80, a slight reduction in image quality is observed. For IAP40 and IAP20, a reduction in image quality
is observed.
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reading CTA and low-mAs CT. For image interpretation and mea-
surement, a standard CTAwindow setting was provided (center/width:
400/1500 HU). Examples of stairstep-like stenoses in large and small
vessel phantoms imaged with IAP20 to IAP280 are shown in Figure 2.
The 2 readers measured in consensus the remaining luminal area in
each stenosis by placing a freely definable ROI. If the readers did not
agree, the larger ROI was chosen for further analysis. Mean luminal
area measurements were recorded and repeated 3 times at different,
equally spaced positions for each stenosis for averaging. In Figure 1,
the image acquisition and assessment are summarized.

Statistics
The statistical analysis was performed using PASW 18.0 (SPSS

Inc, Chicago, IL). To assess the effect of varying tube currents, SNR
was determined for each IAP to find the minimum tolerable SNR.
Signal-to-noise ratio was defined as the ratio of attenuation in vessel
phantom and the standard deviation of the ROI density value in the
Alderson phantom. Accuracy of stenosis quantification was deter-
mined by correlation between known and measured luminal stenosis
area using Lin’s concordance correlation coefficient (JLin) and 95%
confidence intervals dependent on vessel diameter, plaque composi-
tion, and IAPs.

In contrast to Pearson’s correlation, Lin’s correlation assumes
a slope of 1 and zero-crossing of the line of best fit. As described
previously, agreement was classified as ‘‘almost perfect’’ (JLin values 9
0.9), ‘‘substantial’’ (JLin values of 0.8Y0.9), ‘‘moderate’’ (JLin values
of 0.65Y0.8), and ‘‘poor’’ (JLin values G 0.65).29 The slope of J values
was approximated with an exponential function. To find a reasonable
tradeoff between radiation exposure and accuracy of stenosis quanti-
fication, a decrease of more than 10% below the maximum achiev-
able correlation value was arbitrarily defined as substantial decrease in
accuracy.

Sensitivity, specificity, and 95% confidence intervals were
calculated based on the area measurements for the detection of he-
modynamically relevant stenoses (950% luminal stenosis). For this
evaluation, all plaque compositions were merged to reflect the broad
spectrum of calcified and noncalcified steno-occlusive lesions in a
patient population. Equivalent to Lin’s correlation, a decrease of more
than 10% compared with the maximum achievable sensitivity and
specificity was defined as a substantial decrease in accuracy.

RESULTS

Radiation Dose and Overall Image Quality Assessment
The measured effective dose ranged between 0.8 T 0.2 and 10.7

T 1.1 mSv (IQualRef, 20Y280 mAs; CTDIVol, 1.1Y12.5 mGy; Table 1)

for the chosen reference tube currentYtime products. The mean ap-
plied tube current (Ieffective) ranged between 14 and 172 mAs and was
35% T 4% lower than the chosen reference tube currentYtime product.
The corresponding estimated radiation dose in CTEXPO was ap-
proximately 10% lower (0.7Y9.7 mSv). The effective dose of the
clinically used standard abdomen protocol (IQualRef, 210 mAs; CTDIVol,
9.4 mGy) was 8.2 mSv (Fig. 3).

TABLE 1. Image Acquisition Protocols

IAP
IQualRef,

mAs
Ieffective,
mAs

CTDIVol,
mGy

Dm,

mSv
DCTEXPO,

mSv SNR

IAP20 20 14 1.1 0.8 T 0.1* 0.7 3.4

IAP40 40 28 1.7 1.3 T 0.2 1.2 5.9

IAP80 80 55 3.6 3.0 T 0.3 2.8 9.1

IAP120 120 78 5.3 4.6 T 0.5 4.2 11.4

IAP160 160 104 7.1 6.5 T 0.6 5.5 13.4

IAP200 200 121 8.9 7.7 T 0.8 6.9 15.2

IAP240 240 148 10.7 9.2 T 0.9* 8.4 16.9

IAP280 280 172 12.5 10.7 T 1.1 9.8 18.3

Dm indicates measured effective radiation dose with 95% confidence
intervals; DCTEXPO, with CTEXPO 2.0 calculated effective dose.

*Estimated dose.

FIGURE 3. Measured effective radiation dose with 95%
confidence intervals compared with CTEXPO 2.0 theoretically
calculated values and CTDIvol dependent on the IAP. Measured
radiation dose is approximately 10% above the theoretical
values. The standard abdomen protocol (IQualRef, 210 mAs)
is equivalent to 8.2 T 1.0 mSv in the used Alderson phantom.

FIGURE 4. Lin’s correlation of stenosis quantification was
averaged over all plaque compositions for each IAP dependent
on the IAP and vessel phantom size. For each IAP, correlation
was superior for the 6.5-mm vessel phantoms compared
with the 4.0-mm vessel phantoms. A substantial decrease in
correlation was observed for an IQualRef of 90 mAs for the
larger vessel phantoms and for an IQualRef of 70 mAs for the
smaller vessel phantoms (dotted line).
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The highest SNR was observed for the highest effective dose.
The SNR decreased nearly linearly to 80 mAs and deteriorated rapidly
at settings below 80 mAs (Table 1).

Stenoses Quantification
The quality of stenosis quantification was assessed in a total of

2592 stenosis measurements (108 stenoses were measured 3 times for
each of the 8 IAPs).

The correlation averaged over all plaque compositions was, for
each IAP, superior for 6.5-mm vessel phantom stenoses as compared
with 4.0-mm vessel phantoms, as shown in Figure 4. The best cor-
relation for both vessel phantom diameters was noted for the IAP
with highest reference tube currentYtime product (6.5 mm, 0.95 T
0.01; 4.0 mm, 0.89 T 0.02). In large vessel phantoms (6.5 mm), the
correlation decreased slightly with reduced tube current but was still
noted to be almost perfect for IAP80 to IAP280 (JLin = 0.91Y0.95). For
IAP40, the correlation decreased to moderate values (JLin = 0.74) and
poor values for IAP20 (JLin = 0.42). In 4-mm vessel phantoms, the
best correlation was also observed for the highest exposition level

(IAP280, JLin = 0.89, substantial correlation). For the tube currentY
reduced acquisition protocols IAP240 to IAP120, the correlation values
remained substantial (IAP120, JLin = 0.82). The correlation decreased
to moderate values for IAP80 (JLin = 0.78) and to poor values for the
low-mAs protocols IAP40 (JLin = 0.55) and IAP20 (JLin = 0.39).

In the subgroup analysis for the 3 different plaque types,
differences were low in large vessels between IAP280 and IAP120
(JLin = 0.91Y0.96). For IAP80 and IAP40, luminal delineation was
superior for homogeneous hypodense and hyperdense plaques ste-
noses (IAP40, JLin = 0.79; IAP80, JLin = 0.91Y0.92) compared with
inhomogeneous plaque stenoses (IAP40, JLin = 0.62; IAP80, JLin =
0.87) (Table 2, Fig. 5A). In 4-mm vessel phantoms, the correlation
for hyperdense plaque stenoses was superior for each IAP compared
with inhomogeneous and hypodense plaque compositions, which
showed very similar correlation as shown in Figure 5B and Table 3.
According to the defined threshold, a substantial deterioration of
correlation was observed below a current-time product of approxi-
mately 90 mAs (SNR, 9.1) for large vessel phantoms and 120 mAs
(SNR, 10.8) for small vessel phantoms.

TABLE 2. Lin’s Correlation Coefficient of Stenosis Quantification for 6.5-mm Vessels

IAP

Plaque Composition

Average Soft Plaque Calcified Plaque Inhomogeneous Plaque

IAP20 0.42 (0.37Y0.46) 0.41 (0.32Y0.49) 0.58 (0.51Y0.65) 0.35 (0.26Y0.42)

IAP40 0.74 (0.70Y0.78) 0.79 (0.71Y0.84) 0.79 (0.71Y0.84) 0.62 (0.54Y0.69)

IAP80 0.91 (0.89Y0.93) 0.91 (0.86Y0.94) 0.92 (0.89Y0.95) 0.87 (0.81Y0.91)

IAP120 0.95 (0.94Y0.96) 0.96 (0.94Y0.98) 0.91 (0.87Y0.94) 0.93 (0.90Y0.95)

IAP160 0.95 (0.93Y0.96) 0.95 (0.92Y0.97) 0.93 (0.90Y0.95) 0.93 (0.90Y0.95)

IAP200 0.95 (0.94Y0.96) 0.95 (0.93Y0.97) 0.93 (0.89Y0.95) 0.93 (0.91Y0.95)

IAP240 0.95 (0.94Y0.96) 0.95 (0.92Y0.96) 0.94 (0.91Y0.96) 0.94 (0.91Y0.96)

IAP280 0.95 (0.94Y0.96) 0.95 (0.92Y0.97) 0.94 (0.91Y0.96) 0.94 (0.91Y0.96)

Data are presented as JLin (95% CI).

95% CI indicates 95% confidence interval.

FIGURE 5. Lin’s correlation of stenosis quantification dependent on the plaque composition for 6.5-mm (A) and 4.0-mm (B) vessel
phantoms. The lowest correlation for both vessel diameters is observed for the inhomogeneous plaques stenoses, which
therefore limit the dose reduction possibilities to an IQualRef of 90 mAs for the large and IQualRef of 120 mAs for the small vessel
phantoms (dashed line).

Werncke et al Investigative Radiology & Volume 47, Number 9, September 2012

534 www.investigativeradiology.com * 2012 Lippincott Williams & Wilkins

Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Sensitivity and specificity values for the detection of stenoses
of greater than 50% are shown in Figure 6. The sensitivity for the
detection of hemodynamically relevant stenoses remained high in
large and small vessels for all IAPs (IAP20YIAP280, 90%Y99%). The
overestimation of nonhemodynamic relevant stenoses as expressed
by the specificity showed a considerable dose dependency as shown
in Figure 6. In 4-mm vessel phantoms, an overestimation of the ste-
noses was more often observed as compared with large phantoms for
each IAP, resulting in a lower specificity for each IAP in the smaller
phantoms. The highest specificity values were observed for the IAP
with the highest exposition (4 mm, 0.81; 6.5 mm, 0.96) and decreased
remarkably with tube current reduction. A substantial loss of speci-
ficity was achieved at an IQualRef of 100 mAs (SNR, 9.7) and lower
for large vessel phantoms and at an IQualRef of 130 mAs (SNR, 11.3)
for the small vessel phantoms.

DISCUSSION
The results of our phantom study suggest that if arterial vessel

depiction is the main imaging task of an abdominal CTexamination, a
substantial tube current reduction as compared with the standard
abdominal CT protocol is feasible. The possible tube current reduction
in CTA as compared with the standard protocol depends on the arterial
vessel size and the image noise that is accepted by the reader. These
findings underline the importance of optimizing scan protocols with
respect to the specific imaging task to follow the ALARA principle as
close as possible.

For this study, we used a phantom-based study approach be-
cause it has 2 major advantages when compared with a patient study.
First, the results can be compared with a true gold standard because
the geometrical properties of the vessel phantoms are known in de-
tail. In contrast, patient studies of CTA in steno-occlusive disease are
usually limited by the lack of a true gold standard. Even in cases where
digital substraction angiography is available, the comparison between
cross-sectional and projection imaging is challenging and prone to
errors. Second, a phantom study allows for a systematic analysis of a
broad variety of scan parameters that would not be possible in a patient
study. Another advantage of this phantom-based approach is that it
represents the qualitative and clinically relevant aspects of stenosis
depiction by the radiologist as compared with the SNR and modula-
tion transfer function measurements with technical phantoms, which
allow to characterize only the physical characteristics of the imaging
system.30

In our experimental setting, 2 vessel diameters with stenoses
ranging from 10% to occlusion with 3 plaque compositions (soft,
calcified, and inhomogeneous plaques) were simulated. The absorp-

tion of the plaques was in good agreement with values obtained from a
previous patient study.31 Because of technical limitations, the density
of calcified plaques was limited to 1000 HU compared with in vivo
values ranging up to 1900 HU.31 Compared with Perisinakis et al,22

not only circular in-stent stenosis but also more complex stenoses with
inhomogeneous plaques were simulated.

The luminal enhancement of 350 HU was chosen according
to values known from clinical studies.25 This phantom design allowed
for a precise correlation of measured stenosis area with the known
geometric properties of the phantom. The clinically used diameter
measurements were omitted, because stenosis area measurements
represents the complex stenosis configuration more realistically com-
pared with diameter measurements.

In this study, the optimal correlation of stenosis quantification
was, as expected, observed for the highest radiation dose. A substantial
reduction of 10% in the correlation as compared with the maximal
achievable correlation was observed for large vessel phantoms, with
all plaque compositions merging at an IQualRef of 70 mAs, and for the
smaller vessels, at an IQualRef of 100 mAs. This reflects the lower
effect of SNR on the stenosis quantification for larger vessels (Fig. 4).

TABLE 3. Lin’s Correlation Coefficient of Stenosis Quantification for 4.0-mm Vessels

IAP

Plaque Composition

Average Soft Plaque Calcified Plaque Inhomogeneous Plaque

IAP20 0.39 (0.34Y0.43) 0.31 (0.21Y0.40) 0.55 (0.45Y0.64) 0.32 (0.28Y0.37)

IAP40 0.55 (0.50Y0.60) 0.45 (0.33Y0.55) 0.67 (0.60Y0.73) 0.53 (0.45Y0.61)

IAP80 0.78 (0.73Y0.82) 0.78 (0.69Y0.84) 0.90 (0.84Y0.93) 0.69 (0.61Y0.76)

IAP120 0.82 (0.78Y0.85) 0.80 (0.71Y0.86) 0.88 (0.82Y0.92) 0.77 (0.70Y0.83)

IAP160 0.84 (0.81Y0.87) 0.79 (0.79Y0.85) 0.90 (0.84Y0.94) 0.82 (0.77Y0.87)

IAP200 0.87 (0.83Y0.89) 0.81 (0.72Y0.87) 0.89 (0.83Y0.93) 0.86 (0.81Y0.90)

IAP240 0.87 (0.84Y0.89) 0.84 (0.76Y0.89) 0.91 (0.87Y0.94) 0.87 (0.82Y0.90)

IAP280 0.89 (0.87Y0.91) 0.85 (0.78Y0.90) 0.94 (0.91Y0.96) 0.86 (0.82Y0.90)

Data are presented as JLin (95% CI).

95% CI indicates 95% confidence interval.

FIGURE 6. Sensitivity and specificity with 95% confidence
intervals for the detection of hemodynamically relevant
stenoses. All plaque compositions were merged to reflect
the broad spectrum of steno-occlusive lesions in a patient
population. The substantial loss of specificity is observed for
the large vessel phantoms at an IQualRef of 80 mAs and for the
small vessel phantoms at an IQualRef of 130 mAs (dashed line).
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Considering the plaque composition, the lowest correlation was
observed for inhomogeneous plaque stenoses (Figs. 5A, B) because a
visual separation of the inhomogeneous plaque material and the
contrast-enhanced lumen is difficult. In the clinical setting, a reliable
stenosis quantification is essential. Because the composition of
plaques is unpredictable in most cases, especially the results obtained
for the inhomogeneous plaques have to be taken into account when
dose reduction is applied.

The results for sensitivity and specificity are in good agree-
ment with the results for dose reduction obtained with Lin’s correla-
tion. A substantial decrease in specificity compared with maximum
specificity was observed for large vessel phantoms at an IQualRef of
90 mAs and for small vessel phantoms at an IQualRef of 130 mAs. If
tube current is further reduced, the noise increases and the luminal
delineation is reduced, as demonstrated by the correlation results. The
increase in image noise at lower exposition leads to an overestima-
tion of stenoses grading caused by the inhomogeneous appearance
of the vessel lumen and thus results in lower specificity while the
sensitivity remains high for all IAP.

All phantom measurements were conducted in an anthropo-
morphic Alderson phantom with TLD dosimetry to simulate the ra-
diation quality in human beings and to measure the radiation exposure
to estimate the effective dose. The measured effective dose in this
study for a standard abdominal study was in the lower range compared
with literature values,32,33 mainly because of the slim habitus of the
Alderson phantom and the automatic tube current modulation. As
compared with the theoretical approximation with CTEXPO, the
measured exposition was 10% higher, which is in good agreement
with published values.26 Reasons for this difference can be addressed
by the use of a mean tube current for calculation of the radiation
exposure and differences between the mathematical phantom ADAM
used in CTEXPO compared with the Alderson phantom.26

Our results show that a tube current reduction of approximately
43% to 4.6mSvwith IAP120 as compared with the standard abdominal
protocol with the standard tube voltage is possible. This is in good
accordance with the results of Fraioli et al,19 who showed with a 4-row
CT and a 2.5-mm collimation without tube current modulation that
low-mAs CTA is possible in aortic and lower extremity arteries with
3.7 mSv as compared with standard abdominal CTwith 13.7 mSv. Our
results also confirm the results from Perisinakis et al22 that in vessels
with a circular shape, low-mAs protocol is feasible, which is, however,
limited, as demonstrated in this study if an inhomogeneous unknown
plaque structure is present.

Several potential limitations of our study merit consideration.
First, all phantoms were rigid, not simulating any cardiac-induced
vessel motion, and all phantomswere measured in the best orientation,
possibly overestimating the results. Second, the Alderson phantom
simulates only 1 patient habitus. However, because of the use of
the automatic exposure control, the image noise index should be
comparable in other patient sizes. Third, the tube voltage was set to
120 kVp because this tube voltage is the standard setting in many
institutions, as it is principally suitable for patients of different body
habitus. A further dose reduction may be possible with low-kVp
protocols, which results in higher iodine absorption and higher image
noise but together may provide diagnostically acceptable images.34

However, it would not have changed the relative dependency of
the tube current product on the image quality in CTA. In addition,
the use of lower tube voltages is applicable only in slim patients be-
cause of tube current limitations. Therefore, the study was limited to
the standard tube voltage, but the results obtained for 120 kVp may
suggest the imaging parameters for lower tube voltages to optimize
the application of radiation dose. Furthermore, only 1 reconstruction
algorithm with 1 reconstruction matrix size was investigated. A harder
reconstruction kernel may, on the one hand, increase the luminal
delineation for the high-contrast phantoms, but on the other hand, it

increases the image noise. Therefore, a harder kernel may lead to
higher needed radiation exposure to preserve the SNR.23 This effect
may be reduced by adding new iterative reconstruction algorithms in
the future.20

Finally, we arbitrarily defined a 10% loss in correlation,
specificity, and sensitivity as acceptable for our tube currentYreduced
scan protocols.

In conclusion, CTA represents a high-object-contrast scenarioV
comparable with virtual colonoscopy and lung CTVwith a high po-
tential for dose reduction while maintaining a high diagnostic accuracy.
To ensure a reliable diagnostic quality in CTA, the most challenging
small vessels with heterogeneous plaque composition have to be as-
sessable. Our study suggests that the SNR should not fall below 10.8
for the used standard soft reconstruction kernel, which allows a con-
siderably tube current reduction compared with a standard abdominal
study protocol.

Clinical Impact
In abdominal CTA, a considerable reduction in radiation ex-

posure as compared with an abdominal standard protocol is feasible.
The extent of the dose reduction is dependent on the size of the vessel
to be depicted.
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