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OBJECTIVE. The objective of this study was to assess the exposure of patients to radia-
tion for the cardiac CT acquisition protocol of the multicenter Coronary Artery Evaluation
Using 64-Row Multidetector Computed Tomography Angiography (CORE 64) trial.

MATERIALS AND METHODS. An algorithm for patient dose assessment with Monte
Carlo dosimetry was developed for the Aquilion 64-MDCT scanner. During the CORE 64
study, different acquisition protocols were used depending on patient size and sex; therefore,
six patient models were constructed representing three men and three women in the catego-
ries of small, normal size, and obese. Organ dose and effective dose resulting from the car-
diac CT protocol were assessed for these six patient models.

RESULTS. The average effective dose for coronary CT angiography (CTA) calculated
according to Report 103 of the International Commission on Radiological Protection (ICRP)
is 19 mSv (range, 16-26 mSv). The average effective dose for the whole cardiac CT protocol
including CT scanograms, bolus tracking, and calcium scoring is slightly higher—22 mSv
(range, 18-30 mSv). An average conversion factor for the calculation of effective dose from
dose-length product of 0.030 mSv/mGy - cm was derived for coronary CTA.

CONCLUSION. The current methods of assessing patient dose are not well suited for
cardiac CT acquisitions, and published effective dose values tend to underestimate effective
dose. The effective dose of cardiac CT is approximately 25% higher when assessed accord-
ing to the preferred ICRP Report 103 compared with ICRP Report 60. Underestimation of
effective dose by 43% or 53% occurs in coronary CTA according to ICRP Report 103 when
a conversion factor (E / DLP, where E is effective dose and DLP is dose-length product) for
general chest CT of 0.017 or 0.014 mSv/mGy - cm, respectively, is used instead of 0.030

mSv/mGy - cm.
nary artery disease. The diag-

nostic performance of coronary

relevant for cardiac CT because it is increas-
ingly used in patient groups with various risk
profiles [4, 5].

The CT acquisitions that were performed

oronary CT angiography (CTA)
is widely used to rule out coro-

CTA improved significantly with the intro-
duction of 32- and 64-MDCT scanners com-
pared with the preceding systems with 4-
and 16-MDCT scanners [1, 2]. The results of
a multicenter trial with the participation of
nine sites worldwide on cardiac 64-MDCT
have been reported [3]: The study is titled the
“Coronary Artery Evaluation Using 64-Row
Multidetector Computed Tomography Angi-
ography Study” and is referred to as the
“CORE 64 study” [3]. The objective of the
clinical CORE 64 study was to evaluate the
diagnostic accuracy of 64-MDCT for identi-
fying coronary artery stenosis. The study
presented here reports on the assessment of
patient dose. Dose assessment is particularly

according to the CORE 64 acquisition pro-
tocol during one cardiac CT examination in-
cluded two CT scanograms, calcium scoring,
region-of-interest (ROI) planning, bolus track-
ing, and coronary CTA. Existing dosimetric
methods did not allow appropriate assessment
of organ dose and effective dose because they
did not permit us to take into account accu-
rately the characteristics of the Aquilion 64
CT scanner (Toshiba Medical Systems), they
did not facilitate taking into account different
patient sizes, and they did not allow dose as-
sessment for CT scanograms.

The purpose of this study was to assess
patient dose for the CORE 64 cardiac CT
acquisition protocol taking into account the
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characteristics of the CT scanner (Aquilion
64) and patient size and sex. Our findings
were compared with other reported values of
effective dose in coronary CTA.

Materials and Methods

A comprehensive assessment of patient dose was
completed for examinations performed according
to the cardiac CT protocol of the CORE 64 study.
During the trial, patients were positioned on a CT
table with an offset to the right so that the position of
the heart coincided with the axis of rotation. Each
examination started with two CT scanograms, one
frontal and one lateral (beam collimation, 2 mm;
tube current, 50 mA; table speed, 100 mm/s). Next,
unenhanced prospective heart rate—triggered axial
scanning of the heart was performed for calcium
scoring (slice thickness, 3 mm; tube current, 50
mA; 0.25-second partial rotation). In preparation
of coronary CTA, a 2-mm thin axial slice was
acquired for planning the appropriate ROI for
contrast bolus tracking within the descending
aorta (tube current, 50 mA; rotation time, 0.4
second). Next, a dynamic scan was obtained
(slice thickness, 2 mm; rotation time, 0.4 second;
scan time, ~ 10 seconds) to detect when contrast
enhancement exceeded the preset threshold of 180
HU within this ROI, thereby triggering the start of
the coronary CTA acquisition (SUREStart, Toshiba
Medical Systems). The coronary CTA acquisition
was optimized for heart rate, patient attenuation
(size, weight), and sex [6] (Table 1). A software
application (SVRECardio, Toshiba Medical Systems)
selected automatically the optimal pitch [7].
Overranging was taken into account for the helical
coronary CTA acquisition [8]; all acquisitions were
performed at a tube voltage of 120 kV.

Development of Patient Models

Patient models (voxel phantoms) were con-
structed from CT scans of the entire trunk of six
adult patients (matrix, 256 x 256; voxel height, 3
mm; average pixel size, 1.6 mm? [range, 1.5-1.7
mm?]). Patients who underwent these six CT scans
of the trunk were not part of the population that
was recruited in the CORE 64 study. The patient
models represent three men (Fig. 1, upper row) and
three women in three body size categories: small,
normal, and obese. Segmentation of organs in the
patient models was performed (Fig. 1, middle row).
For skin, lung, bone surface, and bone marrow,
segmentation was performed automatically with
a simple algorithm based on thresholding and
contour detection. For the other organs—that is, the
adrenals, urinary bladder, breasts, colon, intestine,
heart, liver, spleen, kidneys, esophagus, ovaries,
pancreas, stomach, thymus, thyroid, uterus, and
gallbladder, manual segmentation was performed
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TABLE I: Selection of Tube Current for the Coronary CT Angiography

Examinations
Sex, Weight Pitch Factor? Tube Current (mA)
Males
<60kg <0.225 300
>0.225 310
60—80kg <0.225 340
>0.225 360
>80kg <0.225 360
>0.225 400
Females
All weights <0.225 240
>0.225 270

Note—All studies were performed at a tube voltage of 120 kV and in a 64-slice configuration with a 0.5-mm

slice thickness.

2n the clinical trial, mainly the heart rate—dependent pitch factor of 0.2 or 0.225 was selected.

by x-ray technologists under the supervision of a
radiologist. The trunk models developed in this
study did not include the extremities or head.

For the assessment of tissues distributed
throughout the entire body—that is, red bone mar-
row, skin, and bone surface—we assumed that

doses outside the trunk area would be zero. A
correction was made for the proportion of red
bone marrow, skin, and bone surface outside the
trunk. The proportion of red bone marrow outside
the range of the trunk models was estimated as
17.5% [9]. The proportion of skin outside the

Fig. 1—CT images illustrate physique of males used to create six voxel phantoms (top row), organ
segmentations (skin, lungs, bone, bone surface, esophagus, midd/e row), and calculated dose distributions
(bottom row).
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TABLE 2: Validation of the Scanner Output as Implemented in the Monte Carlo Simulations by Comparison of
Measured Dose Values and Calculated Values as Normalized CT Dose Index 100 (CTDI,, ) Values

Normalized CTDI‘UO Values (mGy/mAs) Difference Between Simulation
Position(s) in the Phantom Measured Monte Carlo Simulation and Measurement (%)
North 0.111 0.1 -0.2
East 0.106 0.107 0.6
South 0.088 0.088 -0.1
West 0.112 0.108 -3.7
Center 0.059 0.061 4.0
Average of north, east, south, and west 0.104 0.103 -0.9
Weighted sum of center and average of north, east, south, and west 0.089 0.089 0.2

trunk was derived from the average surface area
for different anatomic areas in adults, and it was
estimated to be 64%. The proportion of bone
surface and muscle tissue outside the range of the
trunk was estimated as being equal to that of red
bone marrow (i.e., 17.5%).

Monte Carlo Dosimetry

Monte Carlo dosimetry was performed with an
algorithm based on the Electron Gamma Shower V4
(EGS4) code [10] in combination with low-energy
photon-scattering expansion that was developed
by the National Laboratory for High Energy
Physics (Japan). Linear (CT scanograms), circular
(coronary calcium scoring, ROI planning, bolus
tracking), and helical (coronary CTA) pathways of
the x-ray tube relative to the patient were modeled.
A validation of the EGS4 Monte Carlo algorithm
for the Aquilion 64 CT scanner was achieved in this
study by comparing measured and calculated values
of CT dose index 100 (CTDI, ) values.

Dosimetry With a CT lonization Chamber

The output of the CT scanners at all nine
hospitals participating in the CORE 64 study was
assessed by measuring the normalized CTDI,,
(mGy/mAs) under standardized conditions by local
technicians in a standard cylindric CT dose body
phantom. Calibrated 100-mm-long CT ionization
chambers were used.

Dose Calculations

The Monte Carlo dose simulation algorithm
was used to assess the dose distribution in our six
patient models for the acquisition protocol used
during the CORE 64 study. The start and end
positions of the acquisitions were identified by
an x-ray technologist with 6 years of experience
in cardiac CT acquisitions. Effective dose was
calculated not only according to the recent
International Commission on Radiological
Protection (ICRP) Report 103 [11], but also
according to a previous ICRP publication, Report
60 [12]. For cardiac CT, a significant effect on
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effective dose assessment could be expected
from the increase of the tissue weighting factor
for breast tissue in ICRP 103 compared with the
tissue weighting factor in ICRP 60.

Different CT acquisition protocols were used
for males and females; therefore, sex-specific
calculations of effective dose had to be performed.
For the calculation of effective dose to males,
no tissue weighting factor for the breasts was
applied; for females, a tissue weighting factor for
breast tissue of, respectively, 0.10 (ICRP 60) and
0.24 (ICRP 103) was used. From the results, sex-
averaged effective dose (E) to dose-length product
(DLP) conversion factors (E / DLP) were derived
for coronary CTA acquisitions [13].

For comparison with the results that we derived
for our two normal-sized patient models, effective
dose for coronary CTA was also calculated using
the ImPACT CT Dosimetry Calculator [14] and
using our Monte Carlo algorithm also for four
other standard-sized patient models representing
standard-sized adult males and females—that is,
the Golem and Laura [15] and the Adam and Eve
[15, 16] patient models.

Results
Dosimetry With CT lonization Chambers

The normalized weighted CTDI,,
(CTDIL,,,,) for coronary CTA acquisitions
at the nine participating centers was, on av-
erage, 0.086 mGy/mAs (SD, 6%; range,
0.080-0.094 mGy/mAs). The good agree-
ment between sites confirms that variation
in radiation output was only minimal be-
tween the nine different CT scanners that
were installed at the centers participating in
the CORE 64 study. For the coronary CTA
acquisitions in the clinical trial, we derived
an average volume CTDI,, (CTDI lOO,vol) of
41 mGy for women and CTDIloo,vul of 52,
59, and 62 mGy for, respectively, the small,
normal-sized, and obese men (pitch factor,
0.2). We derived the DLP from the measured
CTDI,,,, the pitch factor, and the exposed

range. The DLP for coronary CTA acquisi-
tions including overranging was, respective-
ly, 635, 476, and 556 mGy - cm for the small,
normal-sized, and obese female models and
761, 862, and 794 mGy - cm, respectively,
for the male models.

Dose Calculations

Excellent agreement between measured
and simulated CTDI,, values—that is, with-
in a range of + 4%—was found (Table 2).
This result confirms that dose calculations
obtained using our Monte Carlo algorithm ac-
curately simulate actual exposure conditions.

Figure 2 provides an overview of select-
ed organ doses for coronary CTA (pitch fac-
tor, 0.2); doses to only the seven organs that
contribute most to effective dose according to
ICRP 103 are presented. The highest average
equivalent organ doses for our normal-sized
patient models were observed for, respec-
tively, breast tissue, 38 mSv; lung, 35 mSv;
liver, 32 mSv; stomach, 29 mSv; and esoph-
agus, 27 mSv. The largest contributors to ef-
fective dose were breast tissue in women and
lungs and stomach in men and women. Red
bone marrow and the thyroid also received a
considerable dose. Exposure of organs locat-
ed a greater distance from the examined re-
gion were much lower: For example, dose to
the bladder was 0.2 mSv or less; to the ova-
ries, 0.2 mSv or less; and to the testes, 0.02
mSv or less. Considerable variation in organ
doses was observed between the different pa-
tient models.

Effective dose is reported according to
the ICRP 103 definition and to the previ-
ous ICRP 60 here and in Table 3. Table 3
lists the size-specific, sex-averaged effective
doses for all acquisitions of the cardiac CT
protocol. The main contribution to the sex-
averaged effective dose resulted from the
coronary CTA acquisition. A smaller but not
negligible contribution to effective dose re-
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Fig. 2—Equivalent dose (mGy) for seven organs

that contribute most to effective dose according to
Report 103 [11] of the International Commission on
Radiological Protection (ICRP).

A and B, Organ doses are presented for ECG-gated
coronary CT angiography acquisitions, and they

are calculated for different normal-sized patient
models. All calculations were performed for pitch
factor of 0.2 and tube voltage of 120 kV. Calculations
for ImPACT phantoms were performed with InPACT
CT Dosimetry Calculator. All other calculations
presented in this article were performed using Monte
Carlo dosimetry simulation algorithm. Note that
acquisition protocols were different for men (A) and
women (B) (see Table 1).

sulted from coronary calcium scoring, rang-
ing between 1.7 and 2.6 mSv according to
ICRP 103 and between 1.4 and 2.0 mSyv ac-
cording to ICRP 60. Contributions of CT
scanograms, ROI planning, and bolus track-
ing were very small (£ 0.3 mSv).

Figure 3 shows an overview of the calcu-
lated effective doses for coronary CTA acqui-
sitions for standard-sized adults and for one
anthropomorphic mathematic phantom (Im-
PACT CT Patient Dosimetry Calculator, ver-
sion 1.0.3); for two sex-specific mathematic
phantoms (Adam and Eve); and for four sex-
specific voxel phantoms (the two phantoms
developed in this study and the Golem and
Laura phantoms). Compared with organ dose
assessment, there is better agreement in the
calculated effective dose values for the differ-
ent standard-sized patient models.

Using ICRP 103, we calculated for coro-
nary CTA a sex-averaged conversion factor for
the calculation of effective dose from a DLP
of 0.030 mSv/mGy - c¢m (range, 0.019-0.043
mSv/mGy - cm). Using ICRP 60, we calculat-
ed for coronary CTA a sex-averaged conver-
sion factor for the calculation of effective dose
from a DLP of 0.024 mSv/mGy - cm (range,
0.017-0.030 mSv/mGy - cm). Because pub-
lished effective doses for coronary CTA are of-
ten traceable to conversion factors derived from
the ImMPACT CT Dosimetry Calculator, an ef-
fective dose conversion factor was also derived
for the ImPACT CT Dosimetry Calculator,
yielding a value of 0.026 mSv/mGy - cm ac-
cording to ICRP 103 and 0.020 mSv/mGy -
cm according to ICRP 60.

Discussion

We accomplished our aim to accurately
assess radiation exposure associated with the
cardiac CT acquisition protocol of the CORE
64 study after developing an algorithm for
Monte Carlo dosimetry adapted to the char-
acteristics of the Aquilion 64 CT scanner
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and after developing six patient models rep-
resenting men and women of different phy-
siques. Substantial efforts were invested in
developing the dosimetric methodology be-
cause current methods for assessment of pa-
tient dose are not well suited for cardiac CT
acquisitions for various reasons: They ap-
ply only to normal-sized mathematic patient
models; they are based on old types of axial
CT scanners; they assume positioning of the
patient in the center of rotation of the scan-
ner; and they do not allow assessment of pa-
tient dose from CT scanograms.

Patient sex-averaged and size-averaged ef-
fective dose values based on definitions from
ICRP 103 were assessed to be, respectively,
19 mSv for only coronary CTA and 22 mSv
for the full cardiac CT acquisition protocol,
including two CT scanograms, calcium scor-
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ing, ROI planning, bolus tracking, and cor-
onary CTA. The sex-averaged effective dose
was 16 mSv and size-averaged dose was 18
mSv using definitions from ICRP. We recom-
mend use of an £/ DLP dose conversion fac-
tor of 0.030 mSv/mGy - cm for cardiac CT
(ICRP 103). Although many studies have re-
ported on patient exposures resulting from
coronary CTA, this study is, to our knowl-
edge, the first study that applied a dosimetric
methodology that is well adapted to a modern
CT scanner and to a patient size-specific and
sex-specific cardiac CT acquisition protocol.

In this study effective dose was calculated
according to the recent ICRP 103 publication
and to the ICRP 60 publication. The reasons
for presenting effective dose values also ac-
cording to the ICRP 60 definition were, first,
that the CORE 64 multicenter study was pre-
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TABLE 3: Sex-Averaged Effective Doses for Cardiac CT Examinations? Calculated for Six Voxel Phantoms With
Electron Gamma Shower V4 (EGS4) Monte Carlo Dosimetry and Averaged for Sex

Sex-Averaged Effective Dose (mSv) According to ICRP 103 [According to ICRP 60]

Examination Normal-Sized Patient Obese Patient Small Patient
Coronary CT angiography
Pitch factor of 0.2 18.3[14.7] 17.2[14.4] 22.2[18.1]
Pitch factor of 0.225 17.9[14.3] 17.1[14.3] 21.4[17.4]
CT scanogram
Lateral 0.0410.04] 0.04[0.03] 0.05[0.04]
Frontal 0.110.08] 0.09[0.07] 0.12[0.10]
Coronary calcium scoring 2.1[1.6] 1.701.4] 2.6[2.0]
Region-of-interest planning 0.006 [0.005] 0.006 [0.005] 0.011[0.007]
Bolus tracking 0.1[0.1] 0.2[0.1] 0.3[0.2]
Total
Pitch factor of 0.2 20.7[16.6] 19.2[16.0] 25.2[20.5]
Pitch factor of 0.225 20.2[16.2] 19.115.9] 24.5[19.8]
Note—ICRP 103 = Report 103 of the International Commission on Radiological Protection (ICRP) [11], ICRP 60 = Report 60 of the ICRP [12].
aThe multicenter Coronary Artery Evaluation Using 64-Row Multidetector Computed Tomography Angiography (CORE 64) trial [3].
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Fig. 3—Comparison of effective dose (mSv) according to Reports 103 [11] and 60 [12] of the International Commission on Radiological Protection (ICRP) for coronary CT

angiography (CTA) calculated for different phantoms.

A and B, All calculations were performed for pitch factor of 0.2 and tube voltage of 120 kV. Calculations for InPACT phantoms were performed with InPACT CT Dosimetry
Calculator. All other calculations presented in this article were performed using Monte Carlo dosimetry simulation algorithm. Note that acquisition protocols were

differentfor men (A) and women (B) (see Table 1).

pared before ICRP 103 was published, so all
considerations on effective dose with regard
to the CORE 64 study were based on ICRP
60 (e.g., acquisition protocol development and
medical ethical aspects); and, second, that the
substantial body of published literature on ef-
fective dose in cardiac CT is still based on the
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definition of effective dose in ICRP 60. Ef-
fective dose becomes much higher for cardi-
ac CT when assessed according to the now
preferred ICRP 103 publication because of
the higher weighting factor for breast tissue.
Sex-averaged effective dose is estimated to
be about 25% higher with the application of

ICRP 103 compared with ICRP 60. Effective
doses for the different standard-sized patient
models are in rather good agreement (Fig. 3),
whereas relatively large variations in organ
dose were observed between the same patient
models (Fig. 2). This indicates that assess-
ment of effective dose is rather insensitive for

AJR:196, May 2011
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the choice of a specific patient model; howev-
er, accurate assessment of organ dose is much
more complicated.

Many groups have reported on effective
dose for coronary CTA with 2 x 32, 64, and
320 detector-row scanners including 2 x 32
detector-row dual-source scanners. Forty-
nine reported values of effective dose were
found in 31 different studies. Analysis of
these values however raised concern with re-
gard to the accuracy of many of the reported
effective doses. First, from the total of 49 re-
ported dose values, only nine values (from
four studies) were traceable to actual dose
measurements [17-20]; for 10 values (from
nine studies), it remained unclear if dose
measurements were performed or if the dose
indication on the scanner was calibrated ap-
propriately [1, 21-28]. Many of the report-
ed dose values—that is, 30 of the 49 report-
ed dose values—were not traceable to dose
measurements; in these cases, the effective
dose was derived from the DLP or CTDI as
indicated on the operator’s console. In scien-
tific studies, it would be preferable that re-
ported dose values are at least traceable to
an actual dose measurement. Second, the
methodology for calculating effective dose
was not appropriate in many of the studies.
In five studies, investigators did not mention
how they calculated effective doses, which is
a major shortcoming [21, 22, 24, 26, 28].

The method applied most often for effec-
tive dose assessment (28 reported values, 16
studies) was based on the E / DLP conver-
sion factor of 0.017 mSv/mGy - cm that is
derived for general chest CT [18, 20, 29-42].
According to our study, this method is not
appropriate and yields an underestimation of
effective dose of 43% if ICRP 103 is used or
29% if ICRP 60 is used. One study used an
even lower conversion factor of 0.014 mSv/
Gy [43]; that conversion factor, compared
with our results, could lead to an underesti-
mation of effective dose of 53% (ICRP 103)
or 42% (ICRP 60). The reason that an E /
DLP conversion factor derived for general
chest CT yields systematic and substantial
underestimation of effective dose in cardi-
ac CT is that the E / DLP conversion factor
has been published as a rough estimate for a
regular CT acquisition of the entire chest. In
cardiac CT, in contrast to general chest CT,
the acquisition is limited to a small part of
the chest. This part is relatively sensitive for
radiation exposure because it includes the fe-
male breast tissue. The effective dose con-
version factors that we derived from the Im-
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PACT CT Dosimetry Calculator (ICRP 103
and ICRP 60: 0.026 and 0.020 mSv/mGy -
cm, respectively) confirm that it is not appro-
priate to use 0.017 and 0.014 mSv/mGy - cm
as E / DLP conversion factors.

For helical acquisition and retrospec-
tive ECG-gated reconstruction, the reported
dose values corresponded to an average ef-
fective dose of 15 mSv (range, 8.6—18 mSyv;
13 reported effective dose values) [1, 17, 23,
25, 27, 29, 31, 44-46]; for a helical acquisi-
tion with ECG-triggered modulation of tube
current and retrospective ECG-gated recon-
struction, to an average effective dose of 12
mSyv (range, 4-21 mSyv; 18 reported effective
dose values) [21-24, 26, 30-33, 35-38, 41,
47]; for helical acquisition of a small phan-
tom (55-kg adult) and retrospective ECG-
gated reconstruction, to 22 mSv (range,
12-32 mSv; five reported effective dose val-
ues) [18, 19]; for a step-and-shoot prospec-
tive ECG-triggered acquisition, to an aver-
age effective dose of 4 mSv (range, 1.2-6.7
mSv; 12 reported effective dose values) [20,
29, 32, 34, 37, 39, 40, 42]; and, finally, for
an extensive field survey including 50 par-
ticipating sites, to an average effective dose
of 12 mSv [43]. The exceptional high effec-
tive doses of 28 and 32 mSv were reported
in studies that used thermoluminescence do-
simetry and a rather small anthropomorphic
phantom [18, 19]; the reason for those high
effective doses is probably that the CT acqui-
sition was not properly adapted to the small
size of the phantom.

Our effective dose for the normal-sized
patient model of 15 mSv (Table 3, ICRP 60
definition) is equal to the reported average ef-
fective dose (15 mSv; range, 8.6—-18 mSv) for
helical acquisition and retrospective ECG-
gated reconstruction. The published values
show a trend of substantial dose reduction
when a helical acquisition with tube current
modulation is used (12 mSv) and even more
when prospectively triggered axial step-and-
shoot acquisitions are used (4 mSv). This ob-
servation suggests that with the wider imple-
mentation of these dose-saving acquisition
techniques, patient dose in cardiac CT de-
creases substantially. New technologies that
allow scanning the entire heart within one
heartbeat now have become available and
are expected to contribute to further opti-
mization of cardiac CT examinations. Such
acquisitions can be achieved with high-pitch
dual-source CT [48] and volumetric CT [49,
50]. These technologies are expected to pro-
vide opportunities for optimization of cardi-

ac CT, with regard to both better image qual-
ity and much reduced patient dose. Further
research needs to address if and to what ex-
tent these expectations can be realized.
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