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Abstract Background: Dose reduction by combined tube
current modulation has not been evaluated in pediatric
low-dose CT. Objective: This study was performed to
evaluate tube current reduction in non-ECG-gated heart
CT angiography in children by combined tube current
modulation, and to assess the effects of body weight, age,
sex, and scan direction on tube current reduction.
Materials and methods: From September 2004 to January
2005, non-ECG-gated heart CT examinations were
performed with combined tube current modulation in 50
children (median age 1 year, range 1 month to 16 years;
M/F 29/21) with congenital heart disease. Sixteen-slice
spiral CT studies were obtained using a weight-based low-
dose protocol (80 kVp, 50-160 effective mA). CT scans
were obtained in the craniocaudal direction when leg veins
(n=36) were used for IV injection of contrast agent and in
the caudocranial direction when arm veins (n=13) were
used. In one child who underwent a Fontan operation, both
arm and leg veins were used. We calculated tube current
reduction by combined tube current modulation and
evaluated the effects of body weight, age, sex, and scan
technique on tube current reduction. The quality of CT
angiography images was visually evaluated by an
experienced pediatric radiologist. Results: Overall tube
current reduction by combined tube current modulation
was 15.8411.1%. The reduction was variable among five
body weight groups (9.3+7.9% for <4.9 kg, 14.3+9.3% for
5.0-9.9 kg, 16.4£12.5% for 10.0-19.9 kg, 25.8+9.8% for
20.0-39.9 kg, 15.9£12.7% for 40.0-59.9 kg) and was
significantly different among the five groups (P=0.017).
When eight children in the 40.0-59.9-kg group were
excluded, age showed a significant positive correlation
with tube current reduction (y=0.4, P=0.003). There was
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no significant difference in tube current reduction between
boys and girls. Tube current reduction was significantly
greater for the caudocranial scan (21.2+£9.2%) than for
the craniocaudal scan (14.2+£11.3%) (P=0.049). All CT
angiography images were of diagnostic quality.
Conclusions: Combined tube current modulation reduced
tube current in pediatric non-ECG-gated heart CT by
15.8% without degradation of image quality. With our CT
protocol, for body weights up to 39.9 kg, age showed a
significant positive correlation with tube current reduction,
but there was a lower dose-saving effect in children
heavier than 40 kg. Tube current reduction was not
affected by sex, but was affected by scan direction.

Keywords Technique - Dose reduction - Multislice CT -
Tube current modulation - Congenital heart disease -
Children

Introduction

The importance of dose -reduction has been emphasized
particularly in pediatric CT [1-3]. Various strategies have
been described for CT dose reduction [3-9], and among
them the use of a body size-adaptive CT protocol [6, 7], a
low tube voltage [8], and tube current modulation [9] have
been highly recommended in children. Thus, a weight-
based pediatric CT protocol using a variable tube voltage
and a variable tube current, which was established to
achieve a diagnostic level of image noise for each body
part, has been employed in our department [3]. In body CT
angiography, the simultaneous use of a low tube voltage
(80 or 100 kVp) and a high concentration of iodinated
contrast agent (370 mg I/ml) has been found to be
synergistically beneficial. In addition, tube current modu-
lation is routinely applied to all CT studies including non-
ECG-gated heart CT. Tube current modulation is a
technique that allows dose reduction without significant
loss of image quality enabling the efficient use of CT
radiation by adjusting tube current according to the size and
attenuation characteristics of the scanned body part of the



Table 1 Weight-based low-dose protocol of non-ECG-gated heart
CT

Weight (kg) kVp Effective mAs Number of patients
<49 80 50 11
5.0-9.9 80 65 15
10.0-19.9 80 90 7
20.0-39.9 80 120 9
40.0-59.9 80 160 8

patient [9]. The technique is classified into angular
modulation (along the x—y plane), z-axis modulation
(along the z-axis), and combined modulation (along the
x—y plane and the z-axis).

Since the introduction of multislice CT in 1998, the
clinical applications of heart CT have substantially
increased [10]. At our institution, the three major clinical
indications for CT in congenital heart disease are: (1) the
morphological evaluation of the pulmonary circulation in
patients with tetralogy of Fallot or pulmonary atresia with
ventricular septal defect and major aortopulmonary collat-
eral arteries, (2) the morphological evaluation of the aortic
arch, and (3) evaluation of airway vascular compression. In
patients with congenital heart disease, non-ECG-gated
heart CT has been reported to be useful not only in the
morphological evaluation of cardiovascular defects, but
also in the evaluation of associated lung, airway and pleural
abnormalities [11-14]. Moreover, heart CT has the
advantages of a shorter examination time, less requirement
for sedation or general anesthesia, and easier patient
monitoring, as compared with MRI. However, the use of
ionizing radiation in CT is a concern, especially in children.
In addition to a body size-adaptive low-dose CT protocol,
radiation dose may be further reduced by means of tube
current modulation. However, dose reduction and resulting
image quality by combined tube current modulation in

Fig. 1 Three steps in cal- Step 1.

culating tube current reduction
by combined tube current
modulation
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pediatric low-dose CT have not, to our knowledge, been
evaluated. Therefore, this study was performed to evaluate
dose reduction in non-ECG-gated heart CT by combined
tube current modulation in children, and to assess the
effects of body weight, age, sex, and scan direction on dose
reduction.

Materials and methods

Our institutional review board approved this study and
informed consent was waived. From September 2004 to
January 2005, non-ECG-gated heart CT examinations were
performed with combined tube current modulation (CARE
Dose 4D; Siemens, Forchheim, Germany) in 50 consecu-
tive children (median age 1 year, range 1 month to
16 years; M/F 29/21) with congenital heart disease. CT
scans were performed for preoperative evaluation in 27
children and for postoperative evaluation in 23 children.
General indications for the examination were as follows:
pulmonary artery (n=24), aorta (n=14), airway (n=7),
anomalous pulmonary venous drainage (n=4), and cardiac
tumor (myocardial hemangioma; n=1). The tube current
modulation used in this study was based on the combined
use of angular modulation and z-axis modulation. In
angular modulation, tube current is adjusted along the x—y
plane by online monitoring of the attenuation with a delay
of 180° or 360° from the X-ray generation angle. In z-axis
modulation, tube current is adjusted along the z-axis by
using localizer radiograph projection data. In combined
modulation, tube current is adjusted to maintain a user-
selected image noise level. Three options (strong for an
obese patient, average for a standard patient, or weak for a
slim patient) were provided for strength of modulation in
the CT system. We chose average strength, which is the
default.
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Sixteen-slice spiral CT studies (Somatom Sensation 16;
Siemens) were obtained using a weight-based low-dose
protocol (Table 1). Depending on arm positions of young
children who were sleeping or shallowly sedated during the
scan, 5-15 effective mAs was added to the reference
effective mAs in order to avoid degradation of image
quality because of inclusion of their arms in the scan range
(Fig. 1). Spiral CT data were acquired with a 0.75-mm
detector collimation, 0.75-mm slice width, 0.5-mm recon-
struction interval, 12-mm table feed or with a 1.5-mm
detector collimation, 2-mm slice width, 0.7-mm recon-
struction interval, and 24-mm table feed, as required for

a

z-axis coverage or breath-hold time. In terms of
reconstruction algorithm or kernel, B20f was used for the
first body weight group (<4.9 kg) and B30f was used for the
other groups. The minimum gantry rotation time of 375 ms
was chosen for maximum reduction of motion artifacts.
For optimum vascular opacification, a dual power injector
[1.3 ml/kg of iodinated contrast agent (370 mg I/ml)
followed by a saline chaser| and automatic bolus tracking
system were used. A round region of interest was placed in
the left ventricular cavity, and the threshold for CT density
was set at 200 HU. The injection rate was determined by a
total injection time in the range 25-30 s. CT scans were
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Fig. 2 A 1-month-old boy (body weight <4.9 kg) who underwent
truncus separation and a valveless right ventricle-pulmonary artery
conduit for truncus arteriosus type 1. Contrast agent was
administered through a leg vein and CT was performed in the
craniocaudal direction. a Axial CT image at the level of the major
bronchi (the 12th of 37 slices) is of diagnostic quality (grade 2). The
round thoracic geometry may partly reduce the effect of combine
tube current modulation. b Graph illustrates tube current reduction
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by combined tube current modulation in relation to slice position.
An increase in tube current noted between the 6th and 18th slices is
due to inclusion of the arms; these slice positions correspond with
the position of the arms on the scout image (¢). The inclusion of the
arms in the scan range is thought to be the main cause of the lower
dose-saving effect of combined tube current modulation in this
examination



obtained in the craniocaudal direction when leg veins (n=36)
were used for IV injection of contrast agent and in the
caudocranial direction when arm veins (n=13) were used.
The caudocranial direction was to minimize streak artifacts
from undiluted contrast agent in the central thoracic veins
when an arm injection was performed. A child with a Fontan
operation had both arm and leg veins injected simulta-
neously and a caudocranial scan was obtained. In young or
uncooperative children, oral or IV sedation was adminis-
tered, as necessary; pulse oximetry was used according to
our departmental guidelines. No patient required general
anesthesia.
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We calculated tube current reduction from combined
tube current modulation by comparing tube currents with
and without tube current modulation (Fig. 1). Because we
used a fixed voltage setting (80 kVp), reduction in tube
current might have been closely proportional to reduction
in radiation dose. Absolute radiation dose, which is
affected by compound factors including patient size, was
not measured. Records of CT dose index volume or dose
length product displayed on the CT console at the time of
scanning were not available because of the retrospective
nature of this study. First, we estimated standard tube
current (mA per second) which would be given to a child
when tube current modulation would not be used, and the
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Fig. 3 A 7-year-old boy (body weight 20.0-39.9 kg) with
supravalvar aortic and pulmonary stenoses associated with Williams
syndrome. Contrast agent was injected through the leg vein and CT
was performed in the craniocaudal direction. a Axial CT image at
the level of the major bronchi (the 20th of 55 slices) is of diagnostic
quality (grade 3). Compared with the case illustrated in Fig. 2,
exclusion of the arms from the scan range and a large proportion of
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the lung in an ovoid thorax may contribute to greater tube current
reduction by combined tube current modulation. b Graph illustrates
tube current reduction by combined tube current modulation related
to slice position. In contrast to the case illustrated in Fig. 1, a
marked reduction in tube current is identified in the region of the
lung
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Table 2 Tube current reduction by combined tube current modulation in five body weight groups

Weight (kg) Standard mA per second without modulation®

b

Tube current reduction (%) Number of patients

<4.9 133.5-173.6°
5.0-9.9 173.6-200.3¢
10.0-19.9 240.3
20.0-39.9 320.4
40.0-59.9 427.2

9.3+7.9 11
14.3£9.3 15
16.4£12.5 7
25.849.8 9
15.9+£12.7 8
15.8+11.1 50

*Tube current without modulation was regarded as a reference value which would be given to a child when tube current modulation was not
used, and was calculated from the following equation: standard mA per second=effective mAs + gantry rotation time (0.375 s)

*Tube current reduction (%) was calculated from the following equation: tube current reduction (%)=(standard mA per second without
modulation — real mA per second with modulation) + standard mA per second without modulation x 100; and presented as mean+SD. The
reductions (%) among five groups were significantly different (P=0.017)
°5-15 effective mAs was added to reference effective mAs to compensate for an increase in image noise because of inclusion in the scan

range of the arms of 17 of 26 children in the first two groups

value was calculated by dividing effective mAs by gantry
rotation time (375 ms). As a next step, percentage tube
current reduction was calculated slice by slice from
estimated tube current without modulation and real tube
current with modulation, and then percentage tube current
reductions of all slices were averaged for each child. We
then evaluated the effects of body weight, age, sex, and
scan direction on tube current reduction. Because this study
was a retrospective study and we did not keep a record of
actual body weight at the time of the CT scan, correlation
between body weight and tube current reduction by
modulation could not be analyzed. Nevertheless, tube
current reduction of each body weight group could be
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Fig. 4 Graph illustrating the correlation between age and tube
current reduction by combined tube current modulation. Age shows
a significant positive correlation with tube current reduction (y=0.4,
P=0.003) when eight children in the 40.0-59.9-kg group are
excluded. A relatively wide range of tube current reductions in
children with similar ages on the graph may be due to wide
variations in thoracic geometry and attenuation

compared with those of other body weight groups by
means of analysis of variance. Tube current reduction by
combined tube current modulation was correlated with
patient age by means of a Spearman’s test. A paired #-test
was used to compare the reductions between boys and girls,
and to compare those between the two scan directions
(craniocaudal vs. caudocranial). P values less than 0.05
were considered statistically significant.

The quality of CT angiography images was visually
evaluated and graded using a three-point scale (/ non-
diagnostic images degraded by high image noise, 2 noisy
but still diagnostic images, 3 diagnostic images without
noticeable image noise) by an experienced pediatric
radiologist with 5 years experience of non-ECG-gated
heart CT. The major extracardiac vessels, including the
aorta, pulmonary arteries and pulmonary veins were
evaluated on both axial and reformatted images. CT
images showing grade 2 or 3 quality were regarded as
diagnostic.

Results

Overall tube current reduction by combined tube current
modulation was 15.8+11.1%. The reductions in five body
weight groups varied from 9.3+7.9% for the <4.9-kg group
(Fig. 2) to 25.849.8% for the 20.0-39.9-kg group (Fig. 3),
and the reduction tended to increase gradually with
increasing group weight apart from the 40.0-59.9-kg
group (Table 2). The percentage reductions among the
five groups were significantly different (P=0.017). The age
ranges of the children in the body weight groups were as
follows: 1-2 months, <4.9 kg; 4 months to 1 year, 5.0
9.9 kg; 5 months to 2 years, 10.0-19.9 kg; 2-9 years, 20.0—
39.9 kg; 7-16 years, 40.0-59.9 kg. The male:female ratios
in the groups were as follows: 8:3, <4.9 kg; 9:6, 5.0-9.9 kg;
3:4, 10.0-19.9 kg; 6:3, 20.0-39.9 kg; 3:5, 40.0-59.9 kg.
When all 50 children in the five groups were included, the
correlation between age and tube current reduction was not
statistically significant. However, age showed a significant
positive correlation with tube current reduction (y=0.4,
P=0.003) when eight children in the 40.0-59.9-kg group
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Fig. 5 A 7-year-old boy (body weight 20.0-39.9 kg) with pulmo-
nary atresia, ventricular septal defect and major aortopulmonary
collateral arteries who underwent a right ventricle-pulmonary artery
conduit. Contrast agent was administered through the arm vein and
CT was performed in the caudocranial direction. a Axial CT image at
the level of the major bronchi is of diagnostic quality (grade 2). The
cross section of the thorax looks ovoid and the lung occupies a large
proportion of the thoracic cross section. b Graph illustrates tube

were excluded (Fig. 4). Tube current reduction was
significantly greater for caudocranial scan (21.2+9.2%;
Fig. 5) than for the craniocaudal scan (14.2+11.3%;
P=0.049). There was no significant difference in the
reduction between boys and girls. There was no significant
difference in age between the two scan direction groups
(31+46 months among 36 children with craniocaudal scan:
48+47 months among 13 children with caudocranial scan;
P>0.05). All CT angiography images, including both axial
and reformatted images, showed diagnostic image quality
(visual grade 2 in 26 studies, visual grade 3 in 24 studies),
which meant that image noise was acceptable for the

Position

current reduction by combined tube current modulation related to
slice position. A 32.9% reduction was achieved by combined tube
current modulation. The pattern of the curve is very similar to the
case illustrated in Fig. 3 which was the result of scanning in the
opposite craniocaudal direction. The caudocranial scan was found to
provide greater tube current reduction by combined modulation than
did a craniocaudal scan

delineation of major extracardiac vessels including the
aorta, pulmonary arteries and pulmonary veins in all
studies.

Discussion

Tube current modulation has been reported to be useful in
achieving a significant reduction in CT radiation dose with
preservation of diagnostic image quality [15-23]. As far as
we are aware, there has been only one previous study
dealing with combined tube current modulation; it dem-
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onstrated that combined modulation using both angular and
z-axis modulation provided greater dose reduction and
better correlation between the mean effective tube current
level and body mass index of patients than did angular
modulation [15]. In a few studies tube current modulation
has been used in children [16, 17]. Low tube voltage, less
than 100 kVp, has not, to our knowledge, been evaluated
with tube current modulation and combined tube current
modulation has also not been evaluated in children. We
found that combined tube current modulation was able to
reduce tube current of non-ECG-gated heart CT when
performed with a weight-based low-dose protocol using
80 kVp in children, by an average of 15.8%.

Although combined modulation provides a good anat-
omy-adapted automatic exposure control, a body size-
adaptive reference mAs table is still required to maintain
desired image noise regardless of body geometry, particu-
larly in children. These individually adapted protocols
using a combination of weight-adapted effective mAs and
tube current modulation have been shown to provide a
well-balanced 16-slice spiral chest CT examination [17].
We also used a combination of our own weight-based
protocol and combined tube current modulation. In order to
be free from a body size-adaptive reference mAs table,
further technical developments are needed. Recently, a new
body size parameter, the so-called topogram-based esti-
mate, has been found to be more suitable for individual
dose adaptation than other body size parameters [24], but
the parameter has not been used in combination with tube
current modulation.

In our study, a tendency for greater tube current
reduction by combined tube current modulation was
found in older children except for the 40.0-59.9-kg
group. This tendency may be explained by differences in
thoracic geometry and attenuation profile among the
groups. In other words, younger children have a more
rounded thoracic geometry, smaller proportions of the lung,
and greater likelihood of inclusion of the arms, all of which
contribute to the lower dose-saving effect of tube current
modulation observed in younger children. A round thoracic
geometry unequivocally lessens dose reduction by angular
modulation. A smaller proportion of the lung having very
low attenuation might diminish tube current reduction by z-
axis modulation. Slice positions showing increased tube
current in young children actually matched well with the
position of the arms included in the CT scan (Fig. 1). This
inclusion of the arms might change the local attenuation
profile and, subsequently, might limit the reduction by tube
current modulation. Based on this finding, every effort to
exclude the arms from the CT scan range should be made in
young children. High attenuation structures, such as
metallic endoprostheses, were found to increase tube
current associated with tube current modulation [25].
Though a technique avoiding the increase in CT radiation
dose associated with metallic prosthesis was implemented
in the combined tube current modulation (CARE Dose 4D)
used in our study [26], high attenuation regions not
reaching a threshold, such as the arms, may still increase
tube current.

Older children heavier than 40 kg demonstrated a
paradoxical drop in tube current reduction using combined
tube current modulation. The exact reason for this remains
unclear, but the use of 80 kVp may relate to the lower dose-
saving effect of tube current modulation in older children.
An explanation could be that the penetrating strength of
80 kVp might be insufficient to generate tube current
modulation function data in the heaviest group. This
assumption was proven by our phantom study in which
80 kVp demonstrated a smaller dose-saving effect obtained
by tube current modulation than higher voltage settings in
two large phantoms (an adult-size torso anthropomorphic
phantom and a cone-shaped acrylic phantom, 36 to 85 cm
in diameter and bottles of dilute barium on both sides)
having some high-attenuation regions (unpublished data).
As far as we know, this finding has not been described in
the literature and should be taken into account in planning a
CT protocol with tube current modulation. Therefore, a
higher tube voltage (such as 100 kVp) may result in tube
current modulation having a larger dose-saving effect in
older children. Accordingly, we modified our CT angiog-
raphy protocol and now use 100 kVp instead of 80 kVp in
children heavier than 40 kg. In contrast to tube voltage
preset, the dose reduction obtained with tube current
modulation is independent of the effective tube current
preset [15].

As described above, three options (weak, average, or
strong) were available for strength of combined tube
current modulation in our study. This option was originally
described for adult patients and further optimization of tube
current modulation may be achieved by choosing an
appropriate strength of modulation according to body size,
‘strong’, ‘average’, or ‘weak’. The same principle can be
applied to children who have wider variations in body size.
In this study, we used ‘average’ strength modulation in all
children. We believe that application of ‘weak’ mode to
young children may achieve a greater reduction of tube
current by tube current modulation possible with the same
imaging parameters. A further study is necessary to assess
this.

In our study, tube current reduction by tube current
modulation was significantly greater in the caudocranial
direction than in the craniocaudal direction. The differ-
ences in reduction according to scan direction may be
caused by differences in attenuation of the introducing
body part where tube current modulation starts, which is
the upper abdomen for the caudocranial scan and the
shoulder in the craniocaudal scan. The upper abdomen is a
less-attenuating body part than the shoulder. Therefore,
when the scan begins with the less-attenuating body part
(the upper abdomen in the caudocranial scan), tube current
will be kept constantly lower than that obtained with the
opposite scan direction through tube current modulation.
Significantly greater reduction of tube current by combined
modulation in the caudocranial scan, which has not been
described in the literature, was confirmed by our phantom
study (unpublished data). Based on this finding, we
recommend caudocranial scanning whenever a CT exam-



ination includes the thorax and is performed with combined
tube current modulation.

There are several limitations of this study. Accurate body
weight of the child at the time of CT examination was not
available because of the retrospective nature of the study.
Nonetheless, we were able to determine that tube current
reductions by tube current modulation were significantly
different among five body-weight groups although the
numbers in each body-weight group were relatively small.
Instead of body weight, the age of a child was significantly
correlated with tube current reduction by tube current
modulation. A major limitation of this study was that our
results cannot be applied to different CT systems, different
types of tube current modulation, different CT protocols,
and different patient profiles. However, other pediatric
radiologists can test our results with their own equipment
and protocols, and this may eventually lead to improve-
ment in strategies for CT dose reduction based on our
results. Our observations come from clinical studies and,
therefore, multiple confounding factors potentially affect-
ing our results might have been present. However, a
phantom study (unpublished data) subsequently performed
after this study did validate our results. Finally, quantitative
evaluation of the quality of CT images would be better than
the qualitative approach we used.

In conclusion, combined tube current modulation re-
duced tube current in pediatric non-ECG-gated heart CT by
15.8%, without degradation of image quality. This is less
than the percentage reduction previously reported by other
investigators, partly due to our low-dose CT protocol using
80 kVp and partly due to inclusion of the arms in young
children. To obtain greater tube current reduction by
combined tube current modulation, we recommend exclu-
sion of the arms from the scan range in younger children,
the use of a higher tube voltage in older children, and the
use of caudocranial scanning in all children. We hope that
our results contribute to further technical optimization of
combined tube current modulation in pediatric CT.
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