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Abstract: Automatic exposure control (AEC) modulates tube current and consequently X-ray exposure in CT. We in-
vestigated the behavior of AEC systems in whole-body PET/CT. CT images of a whole-body phantom were acquired
using AEC on two scanners from different manufactures. The effects of scout imaging direction and arm positioning
on dose modulation were evaluated. Image noise was assessed in the chest and upper abdomen. On one scanner,
AEC using two scout images in the posteroanterior (PA) and lateral (Lat) directions provided relatively constant im-
age noise along the z-axis with the arms at the sides. Raising the arms increased tube current in the head and neck
and decreased it in the body trunk. Image noise increased in the upper abdomen, suggesting excessive reduction in
radiation exposure. AEC using the PA scout alone strikingly increased tube current and reduced image noise in the
shoulder. Raising the arms did not substantially influence dose modulation and decreased noise in the abdomen.
On the other scanner, AEC using the PA scout alone or Lat scout alone resulted in similar dose modulation. Raising
the arms increased tube current in the head and neck and decreased it in the trunk. Image noise was higher in the
upper abdomen than in the middle and lower chest, and was not influenced by arm positioning. CT dose modulation
using AEC may vary greatly depending on scout direction. Raising the arms tended to decrease radiation exposure;

however, the effect depends on scout direction and the AEC system.
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Introduction

In positron emission tomography (PET)/com-
puted tomography (CT) for oncology practice,
CT covering the whole body is usually acquired
together with PET mainly for attenuation cor-
rection of PET images and localization of le-
sions detected by PET. CT offers valuable sup-
plementary information but increases radiation
exposure to various degrees [1-6]. When ac-
quiring whole-body PET/CT, effective dose de-
rived from CT may exceed that derived from
injection of the radiotracer. In CT, reduction in
radiation exposure decreases detected pho-
tons and consequently increases image noise,
possibly leading to impaired diagnostic perfor-
mance. Imaging conditions should be optimiz-
ed considering a balance between potential
risks related to radiation exposure and clinical
benefits.

Automatic exposure control (AEC) is commonly
used in modern CT and automatically modu-

lates radiation exposure [7, 8]. In a large patient,
AEC increases tube current and consequently
X-ray exposure to compensate for attenuation
by the thick tissues and preserve the number of
detected photons. Radiation exposure is also
modulated in a given patient along the z-axis.
Due to differences in photon attenuation, high-
er tube current is applied in imaging the body
trunk than in imaging the head and neck, and in
imaging the shoulder region (having a long hori-
zontal diameter and a large amount of bony
structures) than in imaging the lower thorax
(containing a large fraction of air in the lung).
AEC adjusts radiation exposure for each patient
and for each location, and is expected to allow
reducing radiation dose while keeping image
quality constant.

Because AEC plays a critical role in determining
radiation dose and image quality in CT, under-
standing of its behavior is important in oncolo-
gy PET/CT practice. AEC determines tube cur-
rent mainly based on scout images obtained to
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Figure 1. Scout images of the phantom with the arms down (A) and up (B).

define the scan range. Scout images may be
acquired in the posteroanterior (PA), anteropos-
terior (AP) and lateral (Lat) directions. In CT
using AEC, radiation dose may vary according
to the direction of the scout image used to
determine dose modulation [9-13]. Additional-
ly, although dedicated, diagnostic CT of the
body trunk is usually acquired with the patient’s
arms raised, PET/CT is often performed with
the arms down at the sides of the trunk consi-
dering its long examination time. Attenuation
of X-ray photons by the arms is expected to
increase tube current required for data acquisi-
tion [6, 14] and streak artifacts in reconstruct-
ed images [15]. AEC systems differ between
manufacturers in terms of parameters to be
set and resulting radiation dose modulation
[11, 16, 17]. The effect of the direction of scout
imaging and arm positioning may also differ
between AEC systems. In the present study, we
acquired CT images of a whole-body CT phan-
tom on scanners from two manufacturers,
under various settings in terms of the direction
of scout images, arm positioning and parame-
ters for AEC. The aim of this study was to inves-
tigate the characteristics of AEC-based dose
modulation in the CT component of whole-body
PET/CT.
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Methods and materials
Instruments

A PET/CT scanner Biograph
mCT Flow (Siemens, Erlangen,
Germany), consisting of a PET
scanner and a 32-detector-row
CT scanner, and a dedicated
64-detector-row CT scanner
Optima CT 660 Discovery Edi-
tion (GE Healthcare, Milwau-
kee, WI) were used. The Op-
tima CT scanner is incorporat-
ed into GE PET/CT scanners.

An anthropomorphic whole-bo-
dy phantom PBU-10 (Kyoto Ka-
gaku, Co., Kyoto, Japan) was
imaged with these CT scan-
ners. The left hand of the ph-
antom had been lost. The ph-
antom was set on the imaging
table in a head-first, supine po-
sition at the center of the gan-
try. After acquisition of scout
images, CT images were obta-
ined from the top of the head to the proximal
portion of the thigh under various settings. The
arms were positioned at the sides of the trunk
(arms down) or beside the head (arms up)
(Figure 1). Acquisition of the scout and CT imag-
es under each setting was performed in
triplicate.

Imaging procedures with the Siemens scanner

Experimental settings for the Siemens scanner
are listed in Table 1. CARE Dose 4D was used
for AEC. CT images were also obtained without
AEC, with the tube current-time product fixed
at 50 mAs. CARE Dose 4D initially determines
tube current modulation using scout images,
and modifies it during the CT acquisition based
on attenuation estimated in the preceding rota-
tion (real-time modulation). Scout images in
two different directions are used when avail-
able. In this study, dose modulation was mainly
performed using the PA scout image alone (PA
scout) or a combination of the PA and Lat sc-
out images (PA + Lat scout). For comparison,
imaging was also performed with the arms
down using the AP scout image alone (AP
scout), the Lat scout image alone (Lat scout) or
a combination of the AP and Lat scout images
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Table 1. Imaging settings and effective doses
for the Siemens scanner

No. Arms mAs  Scout  Strength ED (mSv)

1 Down 50 PA+Lat Average 3.2
2 Down 50 PA Average 4.2
3 Down 50 4.9
4  Down 25 PA+Lat Average 1.6
5 Down 25 PA Average 2.1
6 Down 100 PA+Lat Average 6.6
7 Down 100 PA Average 8.6
8 Down 50 AP+Lat Average 3.2
9 Down 50 AP Average 3.3
10 Down 50 Lat Average 34
11 Down 50 PA+Lat Weak 3.4
12 Down 50 PA Weak 4.0
13 Down 50 PA+Lat Strong 3.4
14 Down 50 PA Strong 5.2
15 Up 50 PA+Lat Average 2.0
16 Up 50 PA Average 4.1
17 Up 50 4.9
18 Up 25 PA+Lat Average 1.0
19 Up 25 PA Average 1.9
20 Up 100 PA+Lat Average 4.2

21 Up 100 PA Average 8.4

mAs = quality reference mAs when AEC was applied;
Scout = direction of the scout image(s) used for dose
modulation; Strength = strength of dose modulation; ED
= effective dose. Only mean values are presented for ED
because all SDs are 0.0.

Table 2. Imaging settings and effective doses
for the GE scanner

No. Arms Max Scout ED (mSv)
1 Down 100 PA 31
2 Down 100 Lat 31
3 Down 560 PA 3.3
4 Down 560 Lat 3.1
5 Up 100 PA 2.2
6 Up 100 Lat 2.1
7 Up 560 PA 2.4
8 Up 560 Lat 2.1

Max = maximum current; Scout = direction of the scout
image used for dose modulation; ED = effective dose.
Only mean values are presented for ED because all SDs
are small (0.0 or 0.1).

(AP + Lat scout). The strength of dose modula-
tion was average decrease (slim) and average
increase (obese) modulation in many settings.
It was manipulated in imaging with the arms
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down, and CT images were also acquired with
strong decrease/strong increase modulation
and weak decrease/weak increase modulation.
When the size of the imaging object is changed,
strong and weak modulations cause larger and
smaller changes in tube current, respectively.
Quality reference mAs is a parameter to define
image quality to be obtained, and higher quality
reference mAs results in higher tube current
and consequently higher image quality. In this
study, the quality reference mAs was 50 mAs in
many settings and changed to 25 mAs or 100
mAs in some settings.

Other scan parameters for CT were as follows:
helical mode; tube voltage, 120 kV; beam pitch,
1.5; rotation time, 0.5 s; beam collimation, 1.2
x 16 mm; slice thickness, 3 mm; slice interval,
3 mm. CT images were reconstructed with the
reconstruction kernel of i40f medium, sino-
gram-affirmed iterative reconstruction (SAFI-
RE, level 3), and a field of view of 500 mm.
Parameters for scout imaging were tube volt-
age, 120 kV; tube current, 35 mA; table speed,
100 mm/s; beam collimation, 0.6 x 6 mm.
These parameters were determined based on
our PET/CT clinical practice.

Imaging procedures with the GE scanner

Experimental settings for the GE scanner are
listed in Table 2. The AEC system used was 3D
mA modulation, and the parameters used were
a noise index of 28.5, maximum current of 100
or 560 mA, and minimum current of 15 mA.
The maximum and minimum current values
define the upper and lower limits of tube cur-
rent, respectively. The 3D mA modulation deter-
mines tube current modulation using a single
scout image, without real-time modulation dur-
ing CT acquisition. When scout images are
obtained in two different directions, the image
obtained second is used. In this study, dose
modulation was performed using the PA scout
image alone (PA scout) or the Lat scout image
alone (Lat scout).

Other scan parameters for CT were as follows:
helical mode; tube voltage, 120 kV; beam pit-
ch, 1.375; rotation time, 0.6 s; beam collima-
tion, 0.625 x 64 mm; slice thickness, 3.75 mm;
slice interval, 3 mm. CT images were recon-
structed with the Plus mode, adaptive statisti-
cal iterative reconstruction (ASiR, 50% IR bl-
ending), and a field of view of 500 mm. Pa-
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Figure 2. A scout image of the phantom displayed with slice location (A)
and the male image of CT-Expo software (B). Red lines indicate division of
the scan range into 6 anatomical regions (head and neck, shoulder, chest,

against slice location to pro-
duce a tube current modula-
tion curve. The scan range was
divided into six anatomical re-
gions, i.e., head and neck, sh-
oulder, chest, abdomen, pelvis
and proximal thigh, and mean
current for each region was
calculated (Figure 2). Effective
dose for each anatomical re-
gion was estimated using CT-
Expo software (version 2.2;
Medizinische Hochschule, Ha-
nover, Germany) dedicated to
CT dose estimation, and the
sum of the six regional effec-
tive doses were calculated as
effective dose for the examina-
tion [5]. Tissue weighting fac-
tors presented in International
Commission on Radiological
Protection (ICRP) publication
103 [18] for the male model
were used.
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Figure 3. Tube current modulation curves obtained
using various scout images on the Siemens scanner.
Imaging was performed with the arms down.

rameters for scout imaging were tube voltage,
120 kV; tube current, 10 mA; table speed, 100
mm/s; beam collimation, 0.625 x 8 mm. These
parameters were determined based on the ven-
dor’'s recommendation for PET/CT.

Estimation of radiation dose

The tube current value for each slice was
extracted from the DICOM tag and plotted
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Estimation of image noise

Circular regions of interest (ROIs) of 2-cm diam-
eter were placed in the mediastinum and liver
on a picture archiving and communication sys-
tem (PACS) viewer (EV Insite; PSP Corp., Tokyo,
Japan), and the standard deviations (SDs) of
the CT values in the ROIs were assessed as
indices of image noise. The evaluated image
sets were those obtained on the Siemens scan-
ner with fixed tube current, those obtained on
the Siemens scanner using the PA + Lat scout
or PA scout with the arms down or up (quality
reference mAs of 50 mAs, average modulation),
and those obtained on the GE scanner at maxi-
mum mA of 100 mA using the PA scout with the
arms down or up.

Consecutive slices displaying the mediastinum
or the upper portion of the liver were analyzed
(Figure 2A). ROIs were not placed at the level of
the lung apex due to the small size of the medi-
astinum at the level. On each of the consecu-
tive slices, one ROI was placed in the mediasti-
num or liver near the center in the right-to-left
direction, avoiding prominent streak artifacts.
The SDs obtained from the three image sets for
each setting were averaged and plotted against
slice location.
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Figure 4. Tube current modulation curves and arm
positioning on the Siemens scanner. Imaging was
performed with the arms down or up using the PA +
Lat scout or PA scout.

Results
Tube current modulation curve

Tube current modulation curves were similar
between triplicate imagings for each setting.
Curves obtained from the first imaging of tripli-
cate imagings are presented in Figures 3-6.

The effect of scout direction on tube current
modulation was examined on the Siemens
scanner with the arms down, quality reference
mAs of 50 mAs and average modulation (Figure
3). Using the PA + Lat scout, tube current was
low in the head and neck, increased in the
shoulder, decreased in the chest, increased
again in the abdomen to a level similar to the
shoulder, and decreased gradually in the pel-
vis and proximal thigh. The modulation curve
obtained for the AP + Lat scout was almost the
same as that for the PA + Lat scout. Tube cur-
rent was slightly higher when using the Lat
scout but the modulation pattern was consis-
tent with that using the PA + Lat scout. Notably,
increase in the shoulder was much more promi-
nent using the PA scout. Increase in the abdo-
men was reduced compared to that shown
using the PA + Lat scout, and a minor peak was
observed in the lower pelvis. Using the AP
scout, tube current in the shoulder was higher
than using the Lat-type scouts (i.e., the PA + Lat
scout, AP + Lat scout and Lat scout) and much
lower than using the PA scout. Tube current in
the abdomen was comparable to that using the
PA scout, but the peak in the lower pelvis
disappeared.
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The effect of arm positioning was examined on
the Siemens scanner with quality reference
mAs of 50 mAs and average modulation (Figure
4). Using the PA + Lat scout, raising the arms
increased tube current in the head and neck
and decreased it in the trunk, especially in the
abdomen. Using the PA scout, the effect of arm
positioning was limited, except that raising the
arms removed the peak in the lower pelvis
shown with the arms down. With the arms up,
tube current in the abdomen was lower using
the PA + Lat scout and higher using the PA
scout, as compared to tube current in the head
and neck.

Regarding the strength setting of dose modu-
lation, stronger modulation setting mildly en-
hanced changes in tube current when using the
PA + Lat scout, decreasing tube current in the
head and neck, chest and proximal thigh while
increasing it in the shoulder and abdomen
(Figure 5A). When using the PA scout, tube cur-
rent increase in the shoulder was more promi-
nent for stronger modulation setting (Figure
5B). When quality reference mAs was manipu-
lated, tube current increased almost in propor-
tion to the quality reference mAs value, and the
shape of the modulation curve was not changed
substantially (data not shown).

On the GE scanner, the effect of scout direc-
tion on tube current modulation was smaller
than on the Siemens scanner. When maximum
mA was set at 100 mA (Figure 6A), tube current
was low and corresponded to the minimum mA
value in the head and neck with the arms do-
wn. Tube current increased in the shoulder,
remained almost constant in the chest and
abdomen, and decreased gradually in the pel-
vis and proximal thigh, irrespective of scout
direction. Raising the arms increased tube cur-
rent in the head and neck and decreased it in
the abdomen and pelvis. When maximum mA
was set at 560 mA, increase in tube current
in the shoulder became mildly more evident
(Figure 6B).

Effective dose

Effective dose was almost proportional to qual-
ity reference mAs on the Siemens scanner
(Table 1). With the arms down and quality refer-
ence mAs of 50 mAs, effective dose was larger
using the PA scout (4.2 mSv) than using the
other four scout techniques (3.2-3.4 mSv).

Am J Nucl Med Mol Imaging 2018;8(2):143-152
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Figure 5. Tube current modulation curves obtained under different modulation strength settings on the Siemens
scanner. Imaging was performed using the PA + Lat scout (A) or PA scout (B) with the arms down.
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Figure 6. Tube current modulation curves obtained on the GE scanner with the maximum currents of 100 mA (A) or
560 mA (B). Imaging was performed with the arms down or up using the PA or Lat scout.

Raising the arms reduced effective dose by
36%-48% when using the PA + Lat scout, but
did not change it substantially when using the
PA scout, thus increasing the difference be-
tween the PA + Lat scout and PA scout. On the
GE scanner, differences in effective dose were
limited between different scout directions and
different maximum mA values (Table 2). Ef-
fective dose was 26%-32% lower with the arms
up than with the arms down.

Image noise

The presence of the arms within the CT slice
produced streak artifacts extending from the
arms. Image quality was impaired in the body

Figure 7. CT images of the abdomen obtained on trunk with the arms down (Figure 7) and in the
the Siemens scanner with the arms down (A) or up head and neck with the arms up.

(B). Imaging was performed using the PA + Lat scout

with quality reference mAs of 50 mAs and average On the Siemens scanner, image noise was high-
modulation. er in the abdomen than in the chest with fixed
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Figure 8. Image noise plotted against slice location for images obtained on the Siemens scanner with fixed tube
current (A), those obtained on the Siemens scanner using the PA + Lat scout (B), those obtained on the Siemens
scanner using the PA scout (C), and those obtained on the GE scanner (D).

tube current (Figure 8A). Raising the arms
decreased image noise in the lower chest and
abdomen. When AEC using the PA + Lat scout
was applied (Figure 8B), image noise became
more constant along the z-axis with the arms
down, except for a dip around the top of the
liver. Raising the arms increased image noise
in the abdomen. Using the PA scout (Figure
8C), image noise was definitely lower in the
upper chest and increased caudally in the
chest. Noise increased further in the abdomen
with the arms down. Raising the arms decreas-
ed noise in the abdomen to a level similar to
that in the lower chest. The dip around the liver
top was observed irrespective of imaging set-
ting when using Siemens AEC. On the GE scan-
ner (Figure 8D), image noise was high in the
upper chest and abdomen and low in the mid-
dle and lower chest. Arm positioning did not
affect noise levels substantially.
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Discussion

AEC modulates tube current mainly based on
scout images. While preset protocols on the
Siemens dedicated CT scanners use the PA +
Lat scout in body imaging, we used PA scout
alone in our PET/CT practice before the present
study, according to the vendor’'s recommen-
dation. This discrepancy appears to occur be-
cause defining the scan range is easy for who-
le-body PET/CT and a Lat scout image is not
required for this purpose. However, lack of the
Lat view may increase radiation dose when
Siemens CARE Dose 4D is used [9-13]. The
present study simulating the CT component of
whole-body PET/CT demonstrated that the tube
current modulation curves and effective dose
varied substantially depending on scout direc-
tion using CARE Dose 4D. While dose modula-
tion did not differ substantially among the Lat-
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type scouts, radiation dose was much higher in
the shoulder and lower in the abdomen using
the PA scout, resulting in larger effective dose.
Stronger modulation setting made dose in-
crease in the shoulder using the PA scout more
prominent. Although the PA scout is preferable
to the AP scout for reducing radiation exposure
to the breast and thyroid in scout imaging itself
[19], higher CT doses have been reported using
the PA scout than using the AP scout in chest
phantom studies [11, 12]. The present study
demonstrated definite differences in dose
modulation between the PA scout and AP sc-
out: prominent dose increase in the shoulder
observed using the PA scout was reduced when
using the AP scout. It should be noted that the
direction of scout imaging may substantially
affect CT dose modulation and effective dose
in whole-body CT using AEC. The method of
scout imaging should be determined consider-
ing not only determination of the scan range
but also dose modulation.

Although dedicated, diagnostic CT of the body
is performed with the arms up, PET/CT is often
performed with the arms down. Attenuation of
X-rays by the arms produces streak artifacts
[15], significantly impairing image quality, and
may increase radiation exposure [6, 14]. With
the arms down, the arms are present in the
slices displaying the body trunk and absent in
the slices displaying the head and neck. As a
result, streak artifacts appear in the trunk. AEC
is expected to decrease radiation exposure in
the head and neck and to increase it in the
body trunk. Overall CT dose in whole-body PET/
CT has been demonstrated to decrease with
the arms up [6, 14]. In the present study, the
effects of arm positioning on dose modulation
were observed as expected when images were
acquired using the PA + Lat scout on the
Siemens scanner. Raising the arms resulted in
reduction in effective dose. However, when
using the PA scout, the effects of arm position-
ing on dose modulation and effective dose
were limited, and raising the arms did not cause
reasonable changes in radiation exposure. It
should be noted that the effect of arm position-
ing varies depending on scout direction.

The effect of scout direction on dose modula-
tion was small when GE 3D mA modulation was
used. Raising the arms increased radiation
dose in the head and neck and decreased it in
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the body trunk, decreasing effective dose. The
effect of arm positioning on dose modulation
did not differ substantially between the PA
scout and Lat scout. It has been shown that
dose modulation in imaging a given object dif-
fers substantially depending on the AEC sys-
tem [11, 16, 17]. The present study demon-
strated that the effects of scout direction and
arm positioning are also different between AEC
systems.

To evaluate the appropriateness of dose modu-
lation, we assessed z-axis profiles of image
noise. When imaging was performed on the
Siemens scanner at fixed tube current without
AEC, image noise was higher in the abdomen
than in the chest, and raising the arms de-
creased noise in the lower chest and abdomen.
These results are consistent with the principle
that increase in X-ray attenuation increases
image noise at fixed tube current.

Although constant image noise would be ideal,
noise varied greatly along the z-axis even us-
ing AEC. On the Siemens scanner, a localized
decrease in image noise was shown around the
top of the liver. When the imaging area is mov-
ed from the chest to the abdomen, AEC increas-
es radiation dose to compensate for increas-
ed tissue attenuation. The observed localized
noise reduction indicates that radiation dose
increases too early. When using the PA + Lat
scout, image noise was relatively constant with
the arms down except around the liver top; how-
ever, the noise increased in the abdomen after
raising the arms. Raising the arms decreased
radiation dose in the abdomen greatly when
using the PA + Lat scout, and the high image
noise indicates that this decrease is excessive
and beyond the level corresponding to decrease
in attenuation. Using the PA scout, image noise
was definitely low in the upper chest. Radiation
dose was very high in the shoulder. Although
image noise was not fully assessed in this high-
dose region because of the difficulty in setting
appropriate ROIls, the increased dose in the
shoulder appears to be excessive to keep im-
age quality constant. Although image noise was
similar between the lower chest and abdomen
with the arms up, it was higher in the abdomen
with the arms down. Radiation dose in the
abdomen did not change depending on arm
position when using the PA scout. High image
noise with the arms down indicates that the

Am J Nucl Med Mol Imaging 2018;8(2):143-152
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lack of change in dose is inappropriate and
causes deficiency of radiation exposure. On the
GE scanner, image noise did not vary depend-
ing on arm positioning, indicating that attenua-
tion by the arms was successfully compensat-
ed for by the AEC. However, image noise was
high in the upper chest and abdomen, and
higher radiation dose would be required in
these regions. Although AEC-based dose modu-
lation would be helpful to compensate for
patient-by-patient variation in body size, further
optimization is desired for the z-axis modula-
tion in a given patient.

In our facility, whole-body PET/CT was previ-
ously performed with the arms down. However,
considering streak artifacts and radiation dose,
we now perform PET/CT with the arms up when
the body trunk is the main target. As for the
scout direction, we changed from the PA scout
to the PA + Lat scout based on the results of
the present study mainly to avoid excessive
radiation exposure in the shoulder, which may
deliver excessive radiation to the thyroid. To
depress dose from acquisition of two scout
images, tube current for scout imaging was
reduced from 35 mA (default setting) to 20 mA.
Phantom experiments demonstrated that this
reduction does not change CT dose modulation
substantially (data not shown). The effective
dose of the Lat scout imaging at 20 mA was
calculated by ImpactDose (v2.2; CT Imaging
GmbH, Erlargen, Germany) to be 0.03 and 0.04
mSyv for the male and female models, respec-
tively. The addition of the Lat scout imaging
would be justifiable.

Conclusion

When acquiring the CT component of whole-
body PET/CT using AEC, dose modulation along
the z-axis may vary greatly depending on the
direction of scout imaging. Imaging with the
patient’s arms raised tended to decrease radia-
tion exposure; however, the effect of arm posi-
tioning varies depending on the scout direction
and type of the AEC system. The behavior of
AEC in relation to scout imaging and arm posi-
tioning is variable, which should be recognized
for PET/CT practice.
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