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Abstract

Purpose: To investigate the operation principles of the automatic tube current
modulation (ATCM) of a CT scanner, using a dedicated phantom and the CT
dosimetry index (CTDI) phantom.

Material and methods: The Mercury 4.0 phantom and three different con-
figurations of the CTDI dosimetry phantom were employed. A frequently
used clinical scanning protocol was employed as a basis for the acquisitions
performed with all phantoms, using both scanning directions. Additional acqui-
sitions with different pitch and examination protocols were performed with
Mercury phantom, to further explore their effect on ATCM and the resulting
image quality. Different software named DICOM Info Extractor, ImageJ, and
imQuest, were used to derive CTDI, and table position,image noise, and water
equivalent diameter (WED) of each phantom CT image, respectively. ImQuest
was also used to derive the detectability index (d’) of five different materials
(air, solid water, polystyrene, iodine, and bone) embedded in the Mercury
phantom.

Results: It was exhibited with all four phantoms that the scanning direction
greatly affects the modulation curves. The fitting of the dose modulations
curves suggested that for each table position what determines the CTDlI
value is the WED values of the phantom structures laying ahead towards the
scanning direction, for a length equal to the effective width of the X-ray beam.
Furthermore, it was also exhibited that ATCM does not fully compensate for
larger thicknesses, since images of larger WED phantom sections present
more noise (larger SD) in all four phantoms and in Mercury 4.0 phantom
smaller detectability (d’).

Conclusion: Mercury 4.0 is a dedicated phantom for a complete and in-depth
evaluation of the ATCM operation and the resulting image quality. However, in its
absence, different CTDI configurations can be used as an alternative to inves-
tigate and comprehend some basic operation principles of the CT scanners’
ATCM systems.
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1 | INTRODUCTION

Modern CT scanners, usually referred to as multi-
slice CT (MSCT) or multidetector CT (MDCT), are all
equipped with automatic exposure control (AEC) sys-
tems. Traditionally, the primary goal of all AEC systems
was to adapt the dose to obtain a uniform image qual-
ity irrespective of the scanned patient size."~> However,
it could be probably more accurate to say that the pri-
mary goal of some AEC systems has been shifted to
adapt the dose to the level required for a specific diag-
nostic task, considering the differences in size and den-
sity between different patients and between different
anatomic regions within the same patient

In old CT scanners, a rough dose adaptation for differ-
ent patient sizes was performed manually, by selecting
appropriately the tube potential (kVp), tube current
(mA), and exposure time per rotation (t), but none of
these parameters could be varied during scanning. In
modern MSCT scanners, a fixed value of rotation time
and kVp is still used, though the kVp value can also
be automatically selected prior to the CT scan when
the Automatic Tube Voltage Selection (ATVS) feature
is available. However, mA can be continuously adapted
during scanning, allowing for the modulation of tube cur-
rent, which effectively leads to the modulation of dose
(i.e., the CTDI,, values) for each patient, depending
on the attenuation characteristics of each anatomical
region scanned.'~3 For this reason, CT AEC systems are
usually referred to as automatic tube current modulation
(ATCM or TCM) systems. Though different CT manufac-
turers provide different methods and software to obtain
the desired dose adaptation, a common characteristic
is that the mapping of the attenuation characteristics of
each patient or phantom is obtained using the scan pro-
jections radiographs (SPR) which precede the scans.'™

Several studies can be found in literature, in which
various phantoms and methods have been used to eval-
uate the ATCM systems of various CT-scanners.!>~10
However, the importance of ATCM testing has been
made more official with the publication of the AAPM
TG233 report* The cited report analyzes in depth the
specifics regarding ATCM systems, and reviews old and
new image quality indices that can be used for image
quality assessment in conjunction with the evaluation
of ATCM systems. However, the AAPM TG233 report
sets no performance guidelines nor pass-fail criteria,
but rather proposes assessment methods that pave
the way for approaching the operational performance
testing of new CT systems, not only for acceptance
testing purposes but also for system commissioning
and for determining how the system can be used most
effectively in clinical practice. The assessment methods
described in that report and the way that these can be
utilized in the clinical context, should be still consid-
ered as work-in-progress. Nevertheless, these methods
improve the understanding and utilization of the tech-

nologies available in each CT scanner and potentially
will be used to compare CT scanners and examination
protocol settings in terms of their performance in clinical
conditions.*

The APPM TG233 report does not endorse any
particular commercial phantom, but rather explores
the utility of some commercially available phantoms,
including the Gammex Mercury 4.0 phantom (shown
in Figure 1a) and different configurations of the CTDI
phantom* The first CTDI phantom configuration, is the
body CTDI phantom with its facet planes positioned flat
on the table (as shown in Figure 1b) and the second is
the same phantom with its facet planes perpendicular
to the CT table and parallel to the Z-axis (as shown
in Figure 1c). Both configurations have been used in a
study recently published,'’ soon after the publication
of the AAPM TG233 report. The last configuration
described in the AAPM TG233 report is a two-section
phantom created by the body and head CTDI phantoms,
positioned one-after the other, with their center on the
same axis parallel to the Z-axis* This configuration is a
simpler version of the three-section phantom, which can
be created when the nested CTDI dosimetry phantom
is available (comprised by a head phantom and a body
ring) by offsetting the head part of the nested CTDI
dosimetry phantom, halfway out of the body ring,'° as
shown in Figure 1d. The resulting phantom has a head
like section (PMMA cylinder of 16 cm in diameter),
an abdomen like section (PMMA cylinder of 32 cm in
diameter), and a lung like section (PMMA cylinder of
32 cm in diameter but with a 16 cm diameter cylindrical
hole in its center), all having a 7.5 cm length.

In [blinded] 21 latest technology CT scanners from
three different major manufacturers (Siemens, Philips
and Canon) are currently installed, which employ dif-
ferent ATCM systems.’® Though in the context of the
established quality assurance program, extensive QC
tests are performed in all CT scanners based on the
ACR recommendations,'? the operation of the ATCM
systems has never been evaluated. To complement and
evolve our QC procedures, the Gammex Mercury 4.0
phantom and the accompanying software package that
allows for the automatic assessment of image quality
(in line with the methodologies described in the AAPM
TG233 report*) were recently procured. In the context of
understanding the use of this phantom and the AAPM
TG233 methodology, the ATCM performance of a single
scanner was evaluated in terms of both dose and image
quality adaptation.

Given the fact that the Mercury 4.0 is a relatively large,
heavy, and expensive phantom that cannot be afforded
by many medical physicists around the world, the pro-
posed alternatives of CTDI dosimetry phantom were
also utilized for ATCM performance evaluation of the
same CT scanner in order to check whether, in absence
of the Mercury phantom, the CTDI phantom can partly
substitute it for the evaluation of ATCM systems.
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FIGURE 1

2 | MATERIALS AND METHODS

The Mercury 4.0 phantom and three different configu-
rations of the CTDI dosimetry phantom were used to
evaluate the ATCM system of a Siemens Somatom Def-
inition Flash CT scanner. The main material of the Mer-
cury 4.0 phantom is virgin ultra-high molecular weight
polyethylene (density = 0.93 g/cm® and CT# = —90
HU) and is made up of five cylinders and four cone-
rings (tapered transitional sections between the cylin-
ders) whose dimensions are described in Table 1. The
five cylinders of the phantom contain five rods (targets)
of the same diameter (2.5 cm) and length (3 cm), posi-
tioned at a distance 4.5 cm around the phantom’s cen-
tral axis. These are constructed by HE CT Solid Water®
(CT# = 0 HU), bone (CT# = 910 HU), polystyrene
(CT# = —40 HU), iodine (10 mg/ml) (CT# = 245 HU)
and air (CT# = —985 HU). This phantom was positioned
with its smallest diameter closest to the CT gantry, as
shown in Figure 1a.

The phantoms used in the study and their set-up on the CT table: (a) Mercury 4.0, (b) CTDI-P1, (c) CTDI-P2, and (d) CTDI-T

TABLE 1 Description of the Mercury 4.0 phantom. The water
equivalent diameter was calculated by the software (imQuest v 7.1),
which is used for the automatic evaluation of image quality

Phantom Shape and Diameter Length?®  WED (cm)
Regions number (cm) (cm) [Nominal]
Section 0 Handle - - max 25.5
Section 1 Cylinder #1 16 7 16.5
Section 2 Cone ring #1 16-21 4 16.5-21
Section 3 Cylinder #2 21 9 21 (21.8%)
Section 4 Conering#2  21-26 4 21.5-25
Section 5 Cylinder #3 26 6 25.6
Section 6 Cone ring#3 26-31 4 25.4-29.8
Section 7 Cylinder #4 31 6 30.5
Section 8 Conering #4  31-36 4 30.5-35.1
Section 9¢ Cylinder #5 36 7 35.2

a3 cm with five rods and the rest uniform.

®Maximum WED observed at the region of the solid water ramp used for z-axis
resolution measurements.

°A handgrip is engraved within the phantom.
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TABLE 2 Description of the scan acquisitions and the reconstructed series presented in this study. In the last column the figures at which
these data are shown are given. In bold are given the acquisitions that were performed with high dose examinations protocols
Set Series Scan Convolution kernel CTDlyq, DLP
IDNo No Acqg. No No Phantom dir. Protocol? (reconstructed ST) Pitch (mGy) (mGycm) Figure
1 A 5 9 Mercury HF Thorax Plain  Br38 (2 mm) 0.8 2.87 186.2 2,3,10
2 A 6 12 Mercury FH Thorax Plain  Br38 (2 mm) 0.8 2.83 183.5 2,3
3 A 3 3 Mercury HF Thorax Plain ~ Br38 (2 mm) 0.6 2.87 184.6 10
4 A 13 33 Mercury HF Thorax Plain  Br38 (2 mm) 1 29 189.8 10
5 A 14 36 Mercury HF Thorax Plain  Br38 (2 mm) 1.2 2.98 197.1 10
6 B 38 4 Mercury HF Abdomen Br38 (2 mm) 0.8 6.79 457.0 9
7 B 39 5 Mercury FH Abdomen Br38 (2 mm) 0.8 6.71 451.3 9
8 B 20-37 3 Mercury  HF AbdSeqP Br38 (2 mm) 0.92 9.09 564.3 8
9 B 2-19 2 Mercury FH AbdSeqP Br38 (2 mm) 0.92 9.09 564.3 8
10 C 14 27 CTDI-P1  HF Thorax Plain  Br38 (2 mm) 0.8 2.1 92.18 4,6
11 C 15 30 CTDI-P1  FH Thorax Plain  Br38 (2 mm) 0.8 2.1 92.18 4,6
12 C 2 2 CTDI-P2  HF Thorax Plain  Br38 (2 mm) 0.8 2.36 103.26 5,6
13 C CTDI-P2  FH Thorax Plain  Br38 (2 mm) 0.8 2.36 103.26 5,6
14 C 25 50 CTDI-T HF Thorax Plain  Br38 (2 mm) 0.8 3.12 98.24 7
15 C 26 54 CTDI-T FH Thorax Plain  Br38 (2 mm) 0.8 3.08 96.9 7

aThe reference mAs are: 66 for Thorax Plain and 210 for the Abdomen and AbdSeq.

bAxial scan.

The first CTDI phantom configuration used in this
study (henceforth referred to as CTDI-P1) is shown
in Figure 1b and the second configuration (henceforth
referred to as CTDI-P2) is shown in Figure 1c. For dif-
ferent Z-axis values, the CTDI-P1 configuration exhibits
varying thickness in the X-axis and constant thickness
in the Y-axis (15 cm), while the CTDI-P2 exhibits vary-
ing thickness in the Y-axis and constant thickness in the
X-axis (15 cm). The third CTDI phantom configuration
used in this study is the three-section phantom (hence-
forth referred to as CTDI-T), shown in Figure 1d.

All phantoms were initially scanned utilizing the most
often used clinical protocol for helical scanning (Tho-
rax CT-Chest Navigation) and two different scanning
directions, that is, from head-to-feet (HF) and from
feet-to-head (FH). The standard collimation of 64 X
0.6 mm was used, with a selected pitch of 0.8 and
a planned scan length that was extending beyond the
phantom boundaries by about 4 cm (roughly equal to
the total beam width). It must be noted that the SPRs
on which the scans were designed, were extending at
least 10 cm beyond both ends of the phantom. The
standard convolution kernel for chest was used (Br38)
and a reconstructed slice thickness (ST) of 2 mm was
selected. However, in the context of the investigation
of the effects of different acquisition and reconstruc-
tion parameters, additional scans and reconstructions
were made with Mercury 4.0 using: a) Pitch factors of
0.6, 1, and 1.2 (HF direction only), b) two additional
clinical examination protocols for abdomen, one heli-
cal and one axial (both scanning directions). Details
about the scan acquisitions are presented in Table 2.

All scans were performed using a fixed kVp value
of 120 kV.

The imQuest v7.1 software (Clinical Imaging
Physics Group, Department of Radiology, Duke Health,
imquest@duke.edu) that has been produced for evalu-
ation of image quality with the Mercury phantom (and
the ACR 464 phantom) according to the methodology
described in the AAPM TG233 report, was used in this
study for producing: a) the water equivalent diameter
(WED) of each phantom with respect to the Z-axis value
(table position), b) various image quality indices, includ-
ing the detectability index (d’) which is the only image
quality parameter that will be presented in this paper
(applicable only to the Mercury phantom). A free soft-
ware (Imaged 1.53a, https://imagej.nih.gov/ij/index.html)
and in-house build macros were also used to read the
CT number and standard deviation (SD) of the recon-
structed CT images. A free software (DICOM Info
Extractor'®) was used to read the DICOM headers
of the reconstructed CT images, to derive information
about the scanning and reconstruction parameters of
each image, including the table position values and the
respective mA and CTDI,, values.

For all phantoms, the ATCM modulation curves were
created in terms of CTDI,, versus table position of
each reconstructed CT image (using the DICOM data),
to present the dose modulation rather than mA mod-
ulation only, to also account for the effect of rotation
time and pitch. For each one of these ATCM curves
(henceforth referred to as dose modulation curves) two
additional curves were constructed: WED (secondary
Y-axis) versus table position, and SD of each image
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FIGURE 2 Dose modulation curves and respective SD and

WED values for acquisitions ID No 1 (HF) and ID No 2 (FH). The
letters H and F indicate the Head and Feet directions, respectively

(secondary Y-axis) versus table position. All these
curves were superimposed on scan projection radio-
graph images, where the positions of the first and
the last image positions of each scan series are also
depicted, so as to be able to observe the dose modula-
tion (primary Y-axis), with respect to the different phan-
tom sections. In this way, the result of dose modulation
was visually studied in terms of simultaneous variations
of CTDl,q, WED and SD with respect to the position
of the CT image within the phantom. The main results
of the above analysis are also presented in additional
graphs in terms of CTDI, versus WED and in Table 3,
where the d’values for the five rods from different materi-
als contained within the five different diameter cylinders
of the Mercury phantom are also given.

3 | RESULTS

The CTDI,, modulation curves for the acquisitions 1D
No 1 (HF) and ID No 2 (FH) using the Mercury phan-
tom are depicted in Figure 2. Apparently, the two dose
modulation curves differ much from each other, and nei-
ther of them follows closely the WED curve (secondary
Y-axis). The WED curve was produced by the imQuest
software using the reconstructed CT images obtained
from each scan series, and practically there was no dif-
ference between the WED curves produced for the HF
and FH scan series.

When looking at both modulation curves starting from
positive table position values (Head) and moving to neg-
ative table position values (Feet), it appears that the
dose modulation curve for the HF scanning direction
(HF scan) precedes the WED increments present in the

MEDICAL PHYSICS L2

WED curve along the HF direction. For example, the first
CTDl,,, peak is observed in the Air gap 1 region, about
20 mm prior to the abrupt increase in WED observed
in Section 0. On the other hand, the dose modulation
curve for the FH scanning direction (FH scan) seems
to present a considerable delay regarding the WED
increase observed in Section 0, since the first CTDI,,
peak is found in Section 1. The difference between
these two CTDI,,, peaks is about 60 mm. When moving
towards the other sections of the Mercury phantom in
the HF direction, it can be seen that the spatial difference
between the two dose modulation curves varies and
decrease to about 40 mm, while at some points along
the phantom the two curves intersect. The dose modula-
tion curve (HF scan) starts to move abruptly downwards
about 30 mm before the end of the thickest section
of the phantom (Section 9), whereas the dose modula-
tion curve (FH scan) starts descending abruptly about
20 mm after the end of the phantom, without reach-
ing the minimum CTDI,, of the dose modulation curve
(HF scan) observed in the Air gap 2 region. Despite
the differences observed between the dose modula-
tion curves for the two different scanning directions, the
CTDlI,, and DLP values for the two respective acqui-
sitions were practically the same, as can be seen in
Table 2.

However, when considering that the dose modulation
curve (FH scan) results when the Mercury phantom
is scanned in the opposite direction than the dose
modulation curve (HF scan), it becomes rather clear
that the changes in the dose modulation curve for
the FH scanning direction variations also precede the
respective WED variations. A closer look at the mod-
ulation curves reveals that the dose modulation curve
(FH scan) follows closer to the WED variations, as the
CTDl,,, decreases with WED decrease at the cone rings
(Sections 8, 6, 4, and 2) and remains relatively constant
at the cylindrical regions (Sections 7, 5, and 3). On the
contrary, the dose modulation curve (HF scan) exhibits
a mixed behavior, for both cylindrical and conical parts
of the phantom. For example, the CTDI,, is relatively
constant in Section 2 (cone ring) instead of increasing,
it increases in Sections 5 and 7 (cylinders) instead
of remaining constant, and it increases in Section 8
(cone ring) as it should. This behavior can be better
appreciated in Figure 3 where the CTDI,, data points
of Figure 2 are given in relation to the respective WED
value (in mm) of the phantom at each table position.
Except for some outliers (reflecting mostly data points
near transition zones), it can be seen in Figure 3 that
the CTDI,,, values of the dose modulation curve (FH
scan) follow an exponential-like variation in response to
the respective WED variations, in contrast to the dose
modulation curve (HF scan) which looks more like a
four-step function.

In Figure 2 are also depicted the SD values of the
respective CT images acquired from the HF and FH
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FIGURE 3 The CTDl values of Figure 2 are given in relation
to the respective WED values calculated by the imQuest software

scans. To obtain the SD values, a region of interest
(ROI) with the shape of a cylindrical band was posi-
tioned around the central axis of the phantom. It must be
noted that the SD values were considered valid only for
those CT images where the mean CT# of the ROl was
within the range of HU values expected for the phan-
tom material (—110 to —70 HU) to avoid considering
the SD values for CT images positioned in transitional
regions between slices, within the solid water ramp (it
is located in Section 1 and is used for Z-axis resolu-
tion measurements) or the air gap regions. Despite the
fluctuations observed, it can be seen that the SD values
which correspond to the dose modulation curve for the
FH scanning direction were in general larger than the
respective SD values for the dose modulation curve for
the HF scanning direction. An exception exists in Sec-
tion 1, where the ‘delayed’ increase of the CTDlI,, val-
ues observed in the dose modulation curve (FH scan),
resulted in smaller SD values. The variation of SD val-
ues with WED depicted in Figure 2 also indicates that
the SD values increase with increasing WED and there-
fore the dose modulation does not fully compensate for
thickness variations, so as to maintain the noise levels
constant.

The dose modulation curves derived using the CTDI-
P1 phantom and opposite scanning directions are
depicted in Figure 4. It can be seen that for the two
opposite scanning directions large differences between
the two dose modulation curves were observed, as with
the Mercury 4.0 phantom. Despite these differences,
the CTDIl,, and DLP values for the two respective
acquisitions were practically the same (Table 2). The
two dose modulation curves are not symmetrical around
the phantom center, as someone would expect based
on the symmetry of the CTDI-P1 phantom. On the
contrary, they look like mirror images around the phan-
tom’s center. When looking at the dose modulation
curve (HF scan) in the HF direction, it is evident that
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FIGURE 4 Dose modulation curves for acquisitions ID No 10
(HF) and ID No 11 (FH) and respective SD values with the phantom
CTDI-P1

the CTDI,, values start rising before even reaching
the phantom (within the air gap region), peak before
the phantom middle and decrease thereafter, reaching
the minimum slightly before the end of the phantom.
When looking at the other dose modulation curve
(FH scan) in the FH direction, the same observations
apply.

The dose modulation curves derived using the CTDI-
P2 phantom are depicted in Figure 5. As with the
CTDI-P1, the dose modulation curves for different scan-
ning directions were different and the same observa-
tions as for Figure 4 apply, regarding their shape. The
CTDI,, and DLP values for the two respective acqui-
sitions with CTDI-P2 were the same (see Table 2),
but the CTDI,, values in Figure 5 were larger com-
pared to the respective values observed in Figure 4,
though the WED curves were practically the same. This
could be attributed to the fact that the ATCM systems
increase the mA when the larger thickness is observed
in the AP direction (Y-axis) rather than the LAT direc-
tion (X-axis).®> Regarding the SD values also depicted
in Figure 5, it can be seen again that the asymmetry
in the dose modulation curves resulted in a reversed
asymmetry in the SD values. The same methodology
was used to derive the SD values, as with the CTDI-P1
phantom.

In Figure 6, the CTDI, values of Figures 4 and 5
are given in relation the WED values (in mm) of the
CTDI-P1 and CTDI-P2 phantoms at each table position.
With the exception of some data points around 80 mm
(points near phantom-air transition zones), this graph
proves the fact that for both scanning directions, the
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FIGURE 6 The CTDI, values of Figures 4 and 5 are given in
relation to the respective WED values calculated by the imQuest
software

CTDI,, values are larger when scanning the first half of
the phantom, compared to the respective values arising
when scanning the second half, which has been recently
reported in terms of mA modulation by Papadakis and
Damilakis."’

In Figure 7 are shown the dose modulation curves and
the resulting SD values with the CTDI-T phantom (3-
section phantom: head, abdomen, chest) for the HF and
FH scanning directions. As with the Mercury 4.0 phan-
tom and the CTDI-P1 and CTDI-P2 phantoms, the dose
modulation curves for the HF and the FH scanning direc-
tions, and the respective SD curves, presented large dif-
ferences, though the CTDI,, and DLP values for both

——CTDIvol: ID No14 (HF) CTDIvol: ID No15 (FH) ====WED (cm)

o SD:ID Nol4 (HF)

o SD:IDNol5 (FH)
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FIGURE 7 Dose modulation curves for acquisitions ID No 14
(HF) and ID No 15 (FH) and respective SD values with the phantom
CTDI-T

scans were practically the same (see Table 2). Regard-
ing the SD values, it should be noted that two ROIs were
used to monitor the SD values: one in the head phantom
area (head ROI) and one in the body ring area (body
ROI), since in the lung section the head ROI is within
the air and in the head section the body ROl is in the air.
To derive the SD values, the same rules were applied as
with the CTDI-P1 and CTDI-P2 phantoms.

The response of the ATCM system dose at the inter-
faces may be better comprehended by looking at the
dose modulation curves for the axial acquisitions (ID
No 8 and 9), shown in Figure 8. The scalar variation and
the position of peaks suggest that the modulation is
affected by the thickness of the material that lays ahead
of the table position of each image slice in the scanning
direction, but it is not only the maximum WED value that
determines the CTDI,, value. Since the X-ray beam
in all these acquisitions had a finite width of 38.4 mm,
it should be expected that mA change in steps equal
to the beam width (in line with what was mentioned
when commenting on Figure 6). However, since the
tube mA changes during tube rotation (angular modu-
lation) to account for differences in thickness in AP and
LAT directions (as has been seen in Figures 4 and 5
and reported elsewhere'3"9), the modulation can be
observed in smaller steps. Indeed, it was observed that
for the axial acquisition in the HF direction (ID No 8) the
CTDl,,, changes in steps of 14, 16, 20, 24 and 34 mm,
whereas for the axial acquisition performed in the FH
direction (ID No 9), in steps of 16,20 and 24 mm.

To understand how this modulation works, it was
attempted to find a relationship that fits the CTDI,,
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FIGURE 8 Dose modulation curves for axial acquisitions ID No
8 (HF) and ID No 9 (FH) with the Mercury phantom. The vertical
orange lines indicate the planed scanned length of the helical (outer
lines) and axial (inner lines) acquisitions

values of the dose modulation curves of the helical
acquisitions considering the respective WED curves.
Several relationships were tested and the one that gave
the best fit was the following:

CTDl,, = ax [exp (F(WED),,, xb)l+c (1)

f(WED),, 4 = wy x maximum(WED),, , + w»

x 3rdQuartile(WED),, ; + w3 x Median(WED),_ 4

+w X minimum(WED),, 4 (2)

where a,b,c,d,wq,wy,w3,w, are fitting parameters
(wi+wo+wsz+wy = 1), z is the table position of each
reconstructed slice and d is the range of images ahead
that is taken into account in the CTDlI,q (i.e., the mA)
value selection.

Equation (1) is the same as Equation (3) proposed
by Ria et al.'* for fitting the CTDI,,, data from the Mer-
cury phantom using the WED diameters of the five cylin-
ders and comparing them with data from dose modu-
lation curves in actual patients. The difference is that
combining Equation (1) with Equation (2) we attempted
to document that for the mA modulation it is not only
the maximum WED value that is considered. The fitting
results were not perfect as expected, since the result-
ing CTDI,,, of each slice is just an average of the val-
ues that correspond to the whole rotation. However, it
was deduced that the WED values of about 20 slices
(40 mm) ahead of the table position that correspond to
each CT image towards the scanning direction (HF or
FH) are considered for the mA modulation of the scans
derived with pitch 0.8,and it is not only the maximum and
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FIGURE 9 Dose modulation curves for acquisitions ID No 6
(HF) and ID No 7 (FH) with the Mercury phantom and respective
fitted curves. The vertical orange lines indicate the planed scanned
length of the helical (outer lines) and axial (inner lines) acquisitions

minimum WED value within this table positions’ range
that is considered, since the best fitting was obtained
with none of the wq,w,,w3 and w, being zero (a sin-
gle set of fitting parameters was used for both modu-
lation curves). The results of this fitting method for the
acquisitions performed with the Mercury 4.0 phantom
and the abdomen protocol (ID No 6 and 7) are shown
in Figure 9. Similar agreement between the actual
and the fitted dose modulation curves was observed
for the data derived using the three CTDI phantom
configurations.

The dose modulation curves for acquisitions ID No 3
(pitch = 0.6), ID No 1 (pitch = 0.8), ID No 4 (pitch = 1.0)
and ID No 5 (pitch = 1.2) with the Mercury 4.0 phantom
are shown in Figure 10. It appears that when scanning is
made using a larger helical pitch, the ability of the ATCM
system to follow the WED changes along the z-axis is
impaired, because with a large pitch the effective X-ray
beam width in relation to ATCM is increased.'>'" Indeed,
the best fitting results using Equations (1) and (2), were
obtained using d values of 16 (32 mm), 20 (40 mm), 25
(50 mm) and 26 (52 mm) for pitch values of 0.6, 0.8, 1,
and 1.2, respectively (all the rest fitting parameters were
identical).

Finally, results of the image quality evaluations of the
acquisitions of Table 2 derived using the imQuest soft-
ware package (for the Mercury phantom only) are sum-
marized in Table 3. It can be seen that the detectability
(d’) values for bone are the highest, followed by those
for air,iodine, water and polystyrene. Furthermore, it was
observed that for all materials the d’ values are larger
for the smaller nominal WED diameters of the Mercury
phantom and for the high dose protocols (Abdomen
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FIGURE 10 Dose modulation curves for acquisitions ID No 3
(pitch = 0.6), ID No 1 (pitch = 0.8), 1D No 4 (pitch = 1.0) and ID No 5
(pitch = 1.2) with the Mercury phantom (all HF)

and AbdSeq) with respect to the ThoraxPlain protocol
acquisitions. In Figure 11 a graphical comparison of
detectability (d’) values is presented for the acquisitions
made using the HF (ID No 1) and the FH (ID No 2)
scanning directions. It can be seen that the d’ values
increase for the phantom regions where the CTDI,, val-
ues were larger, leading to either smaller noise values
or/and larger Task Transfer Function (TTF) values, since
d’is a function of TTF and noise power spectrum (NPS),
and increases for larger TTF values and smaller values
of noise.

4 | DISCUSSION
According to the results presented the main findings of
this study are the following:

a. The scanning direction greatly affects the modula-
tion curves, since from the fitting procedure it is sug-
gested that at each table position the WED values
of the phantom structures that lay ahead (towards
the scanning direction) within the X-ray beam width
range, are accounted to select the right tube cur-
rent and consequently the right dose. The effect of
the scanning direction on dose modulation was ver-
ified using all four phantoms. Therefore, even when
scanning a perfectly symmetrical phantom, like the
CTDI-P1 and CTDI-P2 the dose modulation curves
for opposite scanning directions may differ in other
CT scanners as well."

Despite what suggested by the results of the fitting
procedure, it was notable that a unique set of fitting
parameters that could reproduce the dose modulation

curves for all the phantoms could not be found. The
exact way that the mA values are calculated is not
known but most probably it is based on a proprietary
algorithm, that may use the WED values (or pixel val-
ues) of the SPR images, to determine which is the most
attenuating phantom segment that is included within
the X-ray beam width, so as to adjust the mA for the
maximum WED and also apply angular modulation
at different rotation angles."? It is also possible for
the algorithm to use WED thresholds, to increase or
decrease the strength of modulation depending on the
examination protocol (reference mAs), and the ATCM
adjustment. However, it was difficult to understand how
any of these features could justify the effect of the
scanning direction. A mathematical model that was built
to study this effect suggested that the explanation is
rather complex and requires further investigation which
goes beyond the scope of this paper.

a. The current adjustment of ATCM modulation strength
does not fully compensate for the larger phantom
thickness, since the phantom regions with larger
WED present larger noise. This was also verified
using all four phantoms.

b. The dose modulation is affected by the pitch selec-
tion, and with smaller pitch values the ability of the
ATCM system to follow the WED changes along the
z-axis is improved, since the effective X-ray beam
width is reduced.

c. Apart from WED, the dose modulation is greatly
affected by the noise level required for each examina-
tion protocol. As can be seen in Table 3, the d’ values
for the abdomen helical and axial acquisitions (ID No
5-9) are much larger than those obtained with the
Thorax protocol. The only exception is the smallest
WED diameter, where the d’ values for the acquisi-
tion ID No 2 are comparable or even larger than the
respective values of the acquisitions ID 6, 8 and 9,
due to the large CTDI,, values at the uniform part
of the smallest diameter cylinder where the noise is
determined. It must be noted that as can be seen
in Figures 2, 8, 9, and 10, for acquisitions made with
ATCM, the mA will usually vary within each phantom
section. Therefore, the d’ values which are obtained
as a function of TTF and noise properties in phan-
tom sections scanned with different mA values, may
be inaccurate. However, the investigation of this prob-
lem and other aspects of image quality evaluation
with the imQuest software is beyond the scope of
this paper. The superior image quality of the Abdom-
inal protocols was expected considering that the ref-
erence mAs for the Abdominal protocols was set at
210 mAs, whereas for the Thorax protocols was set to
66 mAs, and the average CTDI,, values of the helical
abdominal and axial abdominal scans were respec-
tively more than twice and three times the CTDI,
value of the thorax protocol.
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The variation of SD values with WED depicted in
Figures 2,4,5,and 7 and the different d’ values observed
in phantom sections with different WED shown in
Table 3, clearly indicate that while according to the
basic principle of AEC systems the dose modulation
aims to compensate for thickness increases to keep
the noise levels constant, this goal is not accomplished,
since the SD values increase and the d’values decrease
with increasing WED. However, this does not mean that
the AEC does not operate properly. Indeed, Siemens
CARE Dose 4D ATCM system has a variable level
of tube current adjustment for compensating for thick-
ness variations."!" "Weak," "average," or "strong" com-
pensation settings can be used to provide a relatively
low, medium or high degree of mA adjustment, sep-
arately for patients which are larger or smaller than
the reference patient. (The default modulation strength
setting in CARE 4D dose ATCM system is average
decrease for slim patients and average increase for
obese patients'"). All three settings result in less tube
current adjustment than this that would be necessary
to keep image noise constant for all patient sizes.! This
approach is supposed to match clinical requirements
more closely, since smaller patients require smoother

images as it is more difficult to differentiate organs cor-
rectly when less fat is present.! Other CT scanner manu-
facturers use different approach than Siemens and limit
the minimum and maximum mA values that can be used
by the ATCM system, to prevent extreme mA reductions
in slim patients and extreme mA escalations in obese
patients, respectively.’

It must be noted that for all phantoms, the air gaps
before and after the phantom were intentionally used, to
investigate how the ATCM responds in sudden changes,
that is from air to a medium and from a medium to
air. Apart from this, air gaps are also useful for detect-
ing the min—mA allowed.* Additional scans which were
performed with the same exposure factors but with
a scan length limited within the phantom boundaries
(not described in the Materials and Method section nor
included in Tables 2 and 3, (see Supporting Information
file) gave dose modulations curves similar to those with
air gaps except minor differences.

The main limitation of this study is that the results
were obtained from a single modern CT scanner and
therefore cannot be generalized to other CT scanners of
the same or other manufacturers, though it is reasonable
to assume that a similar behavior should be expected.



JOURNAL OF APPLIED CLINICAL

2% | MEDICAL PHYSICS

TSALAFOUTAS ET AL.

A second limitation is that there are many additional
parameters that are expected to affect dose modulation
and the resulting image quality (including reconstruc-
tion thickness, single versus dual SPR, phantom center-
ing, convolution kernel, iterative reconstruction method
and strength etc.) which could not be presented in
this paper because of space limitations. However, this
study highlighted that the scanning direction is an impor-
tant parameter which should be considered when the
ATCM operational parameters of other CT scanners are
explored, and also have set a framework for the mea-
surements that should be performed when comparing
different CT scanners and examination protocols.

It must be noted that the Mercury phantom is a better
fit to the modern methods required to evaluate image
quality in CT scanners using iterative reconstruction
algorithms, since they are nonlinear and the conven-
tional image quality metrics like the SD are of limited
utility.’® A detailed description of the methods used to
evaluate image quality in those systems using the Mer-
cury phantom and the imQuest software can be found
elsewhere.'* The CTDI-P1 and CTDI-P2 configurations
cannot be used with the imQuest software to obtain d’
values due to the lack of rod structures. However, the
CTDI-T configuration could be used to obtain d’ val-
ues for the air, by removing two PMMA pins, one from
the periphery or the center of the head phantom part,
and one pin from the body ring. For example, for the HF
acquisition with the CTDI-T phantom (ID No 14), the d’
values for the central air hole in the head and abdomen
sections were 177 and 68, respectively. Though this
prospect seems feasible, further investigation and val-
idation will be required.

5 | CONCLUSION

The Mercury 4.0 phantom (in conjunction with the
ImQuest software), is a dedicated phantom for a com-
plete and in-depth evaluation of the ATCM operation
and the resulting image quality of modern CT scanners,
using the new methodologies proposed in the AAPM
TG233 report. However, in its absence, the CTDI config-
urations can be used instead, to investigate and decode
the basic operation principles of the ATCM systems of
CT scanners from different manufacturers, especially
when the imQuest software is available to facilitate the
WED calculations. If the imQuest software is not avail-
able, there are other free software (Imaged and DICOM
Info Extractor) which can be used instead to obtain
the SD value curves as a function of dose modulation
curves.

For the CT scanner tested, it was seen with all
four phantoms that the operation of ATCM system is
intensely affected by the scanning direction and that
image quality is reduced with increasing phantom thick-
ness. From acquisitions performed in the Mercury 4.0

phantom only, it was seen that the dose modulation and
the resulting image quality are also affected by the pitch
selection and the examination protocol selection.
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