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Abstract

Purpose: The purpose of this work was to estimate and compare breast and lung
doses of chest CT scans using organ-based tube current modulation (OBTCM) to
those from conventional, attenuation-based automatic tube current modulation
(ATCM) across a range of patient sizes.

Methods: Thirty-four patients (17 females, 17 males) who underwent clinically indicated
CT chest/abdomen/pelvis (CAP) examinations employing OBTCM were collected from
two multi-detector row CT scanners. Patient size metric was assessed as water equivalent
diameter (D,,) taken at the center of the scan volume. Breast and lung tissues were seg-
mented from patient image data to create voxelized models for use in a Monte
Carlo transport code. The OBTCM schemes for the chest portion were extracted from
the raw projection data. ATCM schemes were estimated using a recently developed
method. Breast and lung doses for each TCM scenario were estimated for each patient
model. CTDl,-normalized breast (nDpyeqst) and lung (nDyung) doses were subsequently cal-
culated. The differences between OBTCM and ATCM normalized organ dose estimates
were tested using linear regression models that included CT scanner and D,, as covariates.
Results: Mean dose reduction from OBTCM in nDp,eqst Was significant after adjust-
ing for the scanner models and patient size (P = 0.047). When pooled with females
and male patient, mean dose reduction from OBTCM in nDy,,s Was observed to be
trending after adjusting for the scanner model and patient size (P = 0.085).
Conclusions: One specific manufacturer’'s OBTCM was analyzed. OBTCM was
observed to significantly decrease normalized breast relative to a modeled version
of that same manufacturer's ATCM scheme. However, significant dose savings were
not observed in lung dose over all. Results from this study support the use of
OBTCM chest protocols for females only.
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1 | INTRODUCTION

Computed tomography (CT) was first introduced in the 1970s, and
the technology has rapidly evolved making it an important and highly
utilized diagnostic tool for clinicians. In 2007, an estimated 62 million
CT exams were performed annually with an annual growth rate of
12.5% from 2008 to 2009.%? The increased utilization of CT proce-
dures, and particularly the frequency of exams per patient, has raised
concern about potential carcinogenic health risk from the associated
radiation, despite the fact that the potential cancer risk associated
with a single CT scan is considered to be very low or non-existent.!
Another important aspect when considering radiation-related car-
cinogenesis is the radiation dose to radiosensitive organs, such as
the breast. The breast is one of the most radiosensitive organs and
is incidentally irradiated during certain CT exams while not being the
organ of interest, for example, when evaluating the lung for pul-
monary embolism using a thoracic CT exam.

Several approaches have been explored to reduce radiation dose
to the breast from CT procedures. For instance, radioprotective
shields made with bismuth can attenuate the entrance exposure dur-
ing the CT exam thereby reducing the breast dose.*® However, it
has been demonstrated that these protective devices can negatively
impact image quality by increasing noise, create streak and beam
hardening artifacts, and affect CT number accuracy.”® CT technol-
ogy advancements have widely replaced the use of bismuth breast
shields by incorporating techniques such as automatic exposure con-
trol (AEC). One type of AEC which is used routinely in clinical prac-
tice is the attenuation-based, automatic tube current modulation
(ATCM). ATCM adjusts the x-ray tube current along the angular
and/or longitudinal direction to optimize the dose distribution based
on the patient’s overall attenuation and provide overall improved
image quality at a reduced radiation dose.'®

A more recent evolution in CT technology provides additional
radiation dose savings, particularly to radiosensitive organs, with
organ-based tube current modulation (OBTCM). This technique
reduces the x-ray tube current preferentially over projections con-
taining the radiosensitive organ. For instance, the anterior (assuming
the patient is positioned supine) x-ray tube current is reduced in a
chest CT to decrease dose to the breast. One OBTCM approach
reduces the x-ray tube current over the anterior 120° of the patient
with the aim of redistributing the dose posteriorly to reduce dose to
the anterior organs (including breast) while maintaining image qual-
ity.lmz

Several investigators have quantified the anterior dose distribu-
tion from OBTCM relative to conventional ATCM using physical
measurements with dosimeters in anthropomorphic phantoms. A
study conducted by Lungren et al. used MOSFET detectors on an
adult, female anthropomorphic thoracic phantom to measure the
anterior dose distribution from OBTCM and reported a 17-47%
decrease anteriorly with accompanying maximum 52% increase pos-
teriorly relative to ATCM.*3 A similar study done by Matsubara et al.
used radiophotoluminescence dosimeters to specifically investigate
the breast dose with OBTCM and reported a 22% reduction.**

The use of Monte Carlo (MC) simulation techniques have also
been used to quantify breast dose reduction from OBTCM. MC
studies conducted by Fu et al. and Franck et al. have noted 15% and
11% breast dose reduction, respectively, from angular tube current
reduction strategies.'>'® Additionally, a few recent MC studies have
noted an increase of lung dose with the use of OBTCM relative to
conventional ATCM. Franck et al., for example, noted an average
11% increase in lung dose with OBTCM relative to conventional
ATCM in female, oncologic patients with MC simulations from
ImpactMC.*> Similarly, Lopez-Rendon et al., observed an average
7.8% increase in lung dose when comparing OBTCM to conventional
ATCM in female and male cadavers.” Additionally, the MC studies
conducted by Fu et al. using the female XCAT phantoms showed
small decrease in lung dose when using a 180° of fluence reduc-
tion.®*8 This can be confounding when considering both breast and
lung tissues are equally radiosensitive per ICRP 103 tissue weighting
recommendations.?® Although the use of OBTCM may spare dose to
anteriorly located radiosensitive organs, the potential increased dose
to posteriorly located organs may result in no net benefit in terms of
overall population risk.182°

While phantom studies consider the effects of OBTCM on dose
distribution, they have two important limitations in terms of evaluat-
ing breast dose. The first limitation is that phantom models are often
not representative of actual patient anatomy since positioning of the
breast may place the radiosensitive tissue within the area of
increased radiation due simply to tissue movement or deformation.
The study by Lungren et al. observed that for adult female patients,
the average angle needed to contain all breast tissue was 155°.%°
Moreover, other investigators have demonstrated, for actual adult
female patients, the breasts may not be positioned within the
OBTCM angular range of reduced fluence when the patient is in the
supine position.*>?%22 The second limitation is that point dose mea-
surements from dosimeters may not reflect the average dose to the
organ of interest (e.g., the breast) due to the heterogeneity of the
dose distribution within the patient (or more specifically the breast).
This can be especially true when that distribution is not uniform and
particularly near the surface,?® such as estimating dose to the breast
from helical scans and especially when some form of tube current
modulation (including angular) modulation is being used.

MC-based simulation studies also possess some limitations. The
MC approach employed by Franck et al. only had direct access to
the actual z-axis modulation of the tube current and therefore had
to model the angular modulation of the tube current based on some
approximations.*®> In addition, their within-patient comparison of
OBTCM to ATCM involved using scans of oncology patients scanned
6 months apart. While this is a reasonable approximation, that
approach did not account for any change in patient positioning,
weight gain/loss or other issues between scans. Finally, their study
did not consider the effects of patient size. Lopez-Rendon et al. was
able to more directly compare OBTCM and conventional ATCM due
to the use of cadavers but was limited in terms of the number of
patients.’” Both studies of Fu et al. utilized computational patients
and theoretical expressions of OBTCM and ATCM that may not take
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into account limitations of clinical systems and thus used modulation
functions that might not be realized in the clinical setting.*®*® In
addition, the use of only female models presents the same issue of
not considering the clinical relevance of dose penalties or savings for
males as mentioned above.

Therefore, the purpose of this work was to estimate and com-
pare breast and lung doses of chest CT scans using OBTCM to esti-
mates of ATCM for both female and male patients and across a
range of patient sizes. To overcome the limitations of the previous
work, a validated MC simulation approach was used to accurately
model the CT scanner, the patient and actual organ-based TCM
schemes that were patient-specific. In order to perform a direct
within-patient comparison of lung and breast dose from OBTCM rel-
ative to conventional TCM, a previously developed and validated
method was used to model the conventional ATCM scheme based
on CAREDose4D?* (Siemens Healthineers, Forchheim, Germany).
This study considered organ doses from OBTCM relative to ATCM
for females, males, and pooled populations, with the pooled being
used to determine the effects of having one OBTCM protocol used
for both females and males.

2 | MATERIALS AND METHODS

This study employed MC simulation methods for CT radiation trans-
port to compare lung and breast doses from clinical OBTCM scans
to those of estimates of conventional ATCM. To obtain as realistic
an estimate of organ dose as possible, actual tube current modula-
tion data were extracted from clinical performed scans on individual
patients (both male and female). Specifically, the OBTCM tube cur-
rent information was extracted from the raw projection data col-
lected from clinical patient scans obtained directly from the CT
scanners. Additionally, the image data that resulted from the
OBTCM scans were used to create voxelized patient models that
were specific to the scan performed. Because the patients were only
scanned once clinically, a direct comparison to ATCM was not possi-
ble, so the conventional ATCM tube current information was esti-
mated using the attenuation information in the topogram as
described by McMillan et al.?> Both of these TCM schemes were
then incorporated separately into MC simulations on a per-patient
basis for a direct comparison between OBTCM and ATCM lung and

breast dose. The details of this approach are provided below.

2.A | Patient models

To estimate the effects of OBTCM relative to ATCM on breast and
lung dose, image and raw projection data were collected under IRB
approval (PA12-0496) for 34 patients (17 males, 17 females) obtain-
ing standard of care chest/abdomen/pelvis (CAP) CT examinations.
For the 34 exams, 19 scans were obtained from the SOMATOM
Force (VA50A, Siemens Healthineers, Forchheim, Germany) and 15
scans from the SOMATOM Definition Flash (VA48A, Siemens
Healthineers, Forchheim, Germany). For this study, only the chest
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portion of the CAP exams was used. The chest portion of all CAP
examinations used OBTCM and were acquired with the patient in
the supine position. Additionally, all images were reconstructed to
500 mm full field-of-view (FOV) in order to ensure that the patient
anatomy was contained within the image data. This includes the
glandular breast tissue for female patients. The patient size in terms
of water equivalent diameter (D,) was determined for the image
data of each patient at the center of the volume.?® Specifically, D,,
was estimated using an ROI that encompassed the patient anatomy
in the central cross-sectional image.

In order to use patient data in MC simulations, voxelized models
of each patient’s anatomy were created from the image data. Voxels
within each image series were modeled as either lung, fat, water,
muscle, bone or air then subdivided into one of 17 density levels
depending on their CT number.2” The lung and glandular breast tis-
sues were semi-automatically contoured and identified in the female
models. Lung tissue was also segmented in male models, but glandu-
lar breast tissue was not in male patients.?® Figure 1 contains images
of a female patient with lung and breast tissues segmented.

2B | CT scanning protocol

The CT chest protocols used to acquire the raw data from the two
scanners are shown in Table 1. For 10 cases acquired on the Flash
scanner, a tube voltage of 100 kVp was applied due to CARE kV
(Siemens Healthineers, Forchheim, Germany) being utilized for these
scans. For all 34 cases, scans were acquired using the OBTCM tech-
nique offered by the manufacturer (XCARE, Siemens Healthineers,
Forchheim, Germany). This OBTCM algorithm employs an angle of
120° for fluence reduction that cannot be changed by the user. To
provide comparisons with an ATCM acquisition on the same
patients, the methods developed by McMillan et al.?> were applied
to produce predicted tube current modulation profiles for each
patient using the same scanner parameters shown in Table 1.
Included in Table 1 are the software versions for the Force and
Flash. The details of generating predicted ATCM schemes are based
on these scanning parameters are briefly described below in Sec-
tion 2. C.

2.C | Modeling tube current modulation schemes

OBTCM schemes were extracted directly from raw projection data
for each patient. The tube current, I, was expressed as a function of
table position, and tube angle, Iz, ®) where z represents the table
position and @ is the tube angle within the gantry.

The Siemens ATCM algorithm (CAREDose4D) utilizes both lon-
gitudinal and angular TCM. The longitudinal TCM accounts for the
AP and LAT dimensions, yet only uses the maximum attenuation
(Amax) Value in either the AP or LAT dimension for current software
level. Anax is calculated at each table position (i) based on the
patient attenuation characteristics within the CT localizer radio-
graph (referred to by Siemens as the “topogram”) from [Eq. 1] as

follows?>:
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Fic. 1. a) Segmented image and b)

voxelized patient model of a female

patient who underwent clinically indicated

[ Breast/muscle [ll Bone/contrast ] Air
@ Adipose O Lung/cloth

TaBLE 1 Scanning parameters used for the chest portion of the
CAP exam for the Siemens Force and Flash scanners. The software
versions for the Force and Flash scanners are provided.

Siemens Force Siemens Flash

Parameter (VA50A) (VA48A)

kVp 120 120/100*

Quality reference 140 140/269*
mAs (QRM)

Rotation time (s) 0.5 0.5

Pitch 0.6 0.6

Nominal collimation (mm)  57.6 (96 x 0.6 FFS") 38.4 (64 x 0.6 FFSY)

Measured collimation (mm) 59.6 429

Bowtie filter Body Body

HVL (mm Al) 8.0 7.9/6.8*%

CTDlyo (MGy/mAs) 0.115 0.140/0.087*

*10 patients on the Flash had scans performed with 100 kVp due to
CARE kV and hence had a different QRM, HVL, and CTDl,, per mAs
value.

TFlying Focal Spot (FFS) uses periodic motion in the longitudinal (z-axis)
direction for double sampling.

Amax (') = max (eXp (/"water,kVp X Ap(i))7eXp (ﬂwater,kVp X LAT(’))) (1)

where piater, kvp i the linear attenuation coefficient of water for a
given beam energy. For this investigation, uyater, «vp Was set to
0.2 cm™ for a 120 kVp beam. The maximum attenuation at each
table position from Eq. 2 is then compared to a reference attenua-
tion value (A and used to calculate the longitudinal tube current

(mA) at each table position, i:

. ~\ b
mA(i) = (QRM >t< pttch) § <A£axf(1)> )

where QRM is the quality reference effective tube current-product
set by the user on the CT scanner, t is the gantry rotation time, A,
is the protocol-specific reference attenuation hard coded into the
ATCM algorithm, and b is a strength parameter set by the user to
control the rate by which the tube current increases or decreases. In
this study, the QRM was set to 140 based on the radiologist’s pref-
erence for the desired image quality of an average sized patient. The

CAP CT exam for use in MC simulations.
The segmented image contains an outline
of 120° fluence reduction zone.

strength parameter (b) was set to “Average”, which corresponds to
0.33 for attenuation greater than A, and 0.5 for attenuation less
than A.r.?>?’ The angular current tube was calculated at each table
position, i, for a helical scan using [Eq. (3)]

Jax — Al — hROT)“) 3)

. . A

where hROT is the half rotation of the tube given by one half the
collimation multiplied by the helical pitch, A(i — hROT) is the patient
attenuation at the table position a half rotation prior to the current
table position, A, is minimum patient attenuation over the previous
half rotation, Anax is the maximum patient attenuation over the pre-
vious half rotation, q is an optimization parameter between 0.5 and
1.0, and (i) is a gantry rotation time-dependent parameter that lim-
its the amount of modulation allowed at a given table position.?®
The complete estimated ATCM schemes were calculated by multi-
plying longitudinal [from Eq. (2)] and the angular [from Eq. (3)]
together.

Predicted ATCM schemes were generated for the table positions
corresponding to the chest portion of the CAP topogram. In order to
perform a direct per-patient comparison with the OBTCM schemes
extracted from the raw projection data, the ATCM schemes were
estimated in accordance with the same imaging protocols specified
in Section 2. B. Figure 2 depicts an extracted OBTCM scheme and
predicted ATCM scheme of overlaid on a patient topogram. Figure 3
shows three-dimensional renders of the OBTCM and ATCM tube

current profile.

2.D | MC simulations and dose calculations

A modified version of the MC software package MCNPX (Monte Carlo
N-Particle eXtended version 2.7.a) was utilized for all the simulations
in this study.3%3! The modification allowed for the modeling of MDCT
scanner geometry and beam spectrum.273° Specifically, in this investi-
gation, the appropriate beam energy spectrum data were generated
using the equivalent source method developed by Turner et al.3¢ An
equivalent source model of either the Force or Flash scanners, as
applicable, was used for each patient. Other user-specified variables
that define CT source trajectory such as scan start, scan location, and



LAYMAN ET AL

(@)

450

W
a
o

[~
(=3
o

250

n
(=3
=

Tube Current (mA)
a
o

-
(=3
o

Fic. 2. a) Extracted OBTCM (blue) and 50
predicted ATCM (red) tube current 0
schemes as a function of patient position 50 100 _150

overlaid atop of a patient topogram. Polar
plots of b) OBTCM and c) ATCM as a
function of tube gantry angle. For b) and
c), the radial axes correspond to the tube
current while the polar axes correspond to
the gantry angle.

Fic. 3. Three-dimensional rendering of
a) OBTCM and b) predicted ATCM tube
current schemes. Note that in b), for
OBTCM, the tube current is reduced on
the anterior surface along the entire length
of the scan and not just over the breast
region.

helical pitch were stipulated in the MCNPX input file. The effect of the
Flying Focal Spot (FFS) was not considered in MC simulations. The
effects are expected to be negligible in CT dosimetry because the use
of the FFS does not increase the number of photons generated from
the source, nor does it increase the fluence from the source. All simu-
lations were conducted in photon transport mode with a 1 keV low-
energy cut-off. This mode does not transport secondary electrons and
assumes their energy to be deposited at the interaction site. Addition-
ally, each simulation was performed with 107 particle histories to
ensure a statistical uncertainty of less than 1%. This MC simulation
package has been validated under various conditions, including
TCM.3738 MCNPX simulations were performed using the computa-
tional and storage services associated with the Hoffman2 Shared Clus-
ter provided by UCLA Institute for Digital Research and Education’s
Research Technology Group.

An additional text file containing the I(z, ®) TCM information outlined
in Section 2.C was utilized in the MC simulations. All values I(z, ®) were
normalized by the maximum tube current value then used as weighting
factors at each angle (z, ©) along the source trajectory in MC simulations.
For the direct comparison, OBTCM and ATCM schemes were incorpo-
rated separately into MCNPX for each patient to get absolute lung and

breast doses estimates for each modulation scenario.

Table Position (mm)

WILEY——2

(b) TCM as a function of tube angle
[

330 30
300 mA

200 250

2.E | CTDI, values

For each patient, CTDIl,, for the chest portion of the CAP scan
using OBTCM was taken from the patient protocol page. In order to
estimate CTDI,, for the predicted ATCM simulated scans, the colli-
mation and bowtie-specific CTDI,, per mAs values given in Table 1
were multiplied by the average tube current-time product across the
entire simulated scan length. The CTDI,, per mAs values were
obtained from air kerma measurements performed on a 32-cm CTDI
phantom for both the Force and Flash at the appropriate tube volt-
ages and normalized by the applied tube current-time product. CTDI-
vol values for OBTCM and estimated ATCM were correlated with Dw- CTDlvol
values for OBTCM and ATCM were compared against one another
in order to determine the relationship between the two. In both of
these cases, the strength of the correlation was determined using

coefficient of determination (R?).

2.F | Dose analysis

Absolute breast and lung (Dpreast and Dyung) doses tallied in Sec-
tion 2.D for OBTCM and ATCM were normalized by the respective
scan-specific 32-cm CTDl, values to yield normalized breast and
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lung doses (NDpyreqst and nDy,ng). Comparisons between OBTCM and
ATCM for normalized doses were done on a per-patient basis by cal-
culating within-patient difference (%) relative to ATCM. Comparisons
were done for: 1) NDpyreqst and nDyng for females, 2) nDyyng for males,
and 3) nDyng for both females and males (pooled). Comparisons were
conducted with CTDI,,-normalized doses in order to account for
the radiation output from two scanners and the different protocols
used in this investigation.®* Negative differences were interpreted as
dose savings relative to ATCM, while positive differences were inter-

preted as dose penalties relative to ATCM.

2.G | Statistical analysis

Summary statistics for patient size and CTDl,o values for OBTCM
and ATCM were reported for females, males, and the pooled pop-
ulation. Coefficient of determination (R? was used to assess the
proportion of the variability observed in OBTCM CTDl,, can be
explained with the estimated ATCM CTDl,,. The mean, median,
and standard deviation (SD) for AnDpyeqst and AnDj,,, were also
reported for females, males, and the pooled population. Differ-
ences for NDpreqst and nDy,g relative to ATCM (AnDpeqs: and
AnDyng) for females and males were parameterized with respect
to D,,. The differences between OBTCM and ATCM in nDpeast
(for females) and pooled nDy,,, estimates were tested using linear
regression models that included the CT scanner and D,, as covari-
ates.

As mentioned in Section 2C, this study utilized the methods of
McMillan et al. to estimate ATCM in the absence of raw projection
data. The McMillan et al. study compared MC-derived organ doses
from actual ATCM to the estimated ATCM (Table 3). In this study,
tolerance limit intervals were employed to identify the extent of
cases where the differences between organ doses from actual
OBTCM and estimated ATCM exceeded the expected variability of
organ doses from ATCM seen in McMillan et al. Specifically, the
variability in organ dose data from the actual vs the estimated ATCM
profiles was calculated from Table 3 of that study.?®> A tolerance
limit interval covering 90% of the population with 95% confidence
level was then calculated with non-central t-distribution per organ
for females, males, and the pooled population of females and males.
After identifying the cases within and outside of the tolerance limit,
one-sample proportion tests were performed to determine whether
the chance of occurring outside of the tolerance limit is random.*°
All statistical analyses were performed in Stata (v. 14.1, College Sta-
tion, Texas).

3 | RESULTS

3.A | 3. A Patient Size and CTDI,,, values

The measured range of D,, was 20.0-33.2 cm for females. The mean,
median, and standard deviation of D, for females was 23.5 cm,
22.9 cm, and 3.9 cm, respectively. The range of D,, for males was
17.8-36.2 cm, with the mean, median, and standard deviation of D,,
being 24.3 cm, 23.6 cm, and 4.9 cm, respectively. For females, the
CTDlyo,32 range for OBTCM was observed to be 6.1-16.9 mGy with
the mean, median, and standard deviation being value 9.9 mGy,
9.3 mGy, 3.0 mGy, respectively, and the CTDI,, range for simulated
ATCM was observed to be 5.4-17.3 mGy with the mean, median,
standard deviation 10.1 mGy, 10.4 mGy, and 3.0 mGy, respectively.
For males, the CTDI,, range for OBTCM was observed to be
8.2-23.2 mGy with the mean, median, and standard deviation being
value 13.1 mGy, 11.8 mGy, 3.9 mGy, respectively, and the CTDl, 32
range for simulated ATCM was observed to be 7.0-23.5 mGy with
the mean, median, standard deviation 13.0 mGy, 11.6 mGy, and
4.6 mGy, respectively. Table 2 contains the summary statistics of D,,
and CTDlI,, values for females, males, and pooled females and
males. Figure 4 shows the Pearson correlations of OBTCM and
ATCM CTDl,, values with respect to D,, across all patients using a
linear relationship. The R? values for OBTCM and ATCM with
respect to D,, were observed to be 0.71 and 0.54, respectively. The
correlation of CTDI,, between OBTCM and ATCM results is shown
in Figure 5. The R? value between OBTCM and ATCM CTDl,,, was
observed to be 0.58.

3.B | Organ dose comparisons between OBTCM
and ATCM

3.B.1 |
females

Breast and lung dose comparison for

For females, the OBTCM difference relative to ATCM for nDpeast
(AnDypyeqst) Was observed to range from —31% to 21%. The mean,
median, and standard deviation (SD) of the difference from ATCM
for females was —10%, —13%, and 16% for AnDp,eqst, respectively.
An R? value of 0.28 was observed when correlating AnDpreqst from
OBTCM with D,. Mean dose reduction of OBTCM in nDpeqst Was
significant after adjusting for the scanner models and D,, (P = 0.047).
The nDy,ng for females demonstrated a difference relative to ATCM
(AnDyyng) ranging from —18% to 26%. The mean, median, and stan-
dard deviation of the difference from ATCM for females was —2%,

TaBLE 2 Summary statistics of D,, and CTDlI,, values for females, males, and for pooled females and males.

D,, (cm) OBTCM CTDl,; (mGy) ATCM CTDl, (mGy)

Mean Median SD Mean Median SD Mean Median SD
Females 23.5 229 3.9 9.9 9.3 3.0 10.1 104 3.0
Males 24.3 23.6 4.9 13.1 11.8 3.9 13.0 11.6 4.6
Pooled 23.9 23.3 43 11.5 10.6 3.8 11.6 11.4 4.1
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Fic. 5. Plot of OBTCM CTDl,,, in relation to predicted ATCM

CTDl,. The dashed line represents the correlation between
OBTCM and ATCM CTDl,, of which the coefficient of
determination (R?) was observed to be 0.58. The solid line
represents the line of identity (CTDlI,, from OBTCM equal to
CTDl, from ATCM).

—4%, and 12%, respectively, for AnDy,,g. The normalized dose in the
Flash scanner model was observed to be significantly higher than
the Force model with the mean of 10% and —7%, respectively.
Tables 3 and 4 contains NDpyeqst and nDyng comparisons, respec-
tively.

The tolerance limit covering 90% of the population with 95%
confidence was observed to be [1.31%, 12.43%)] in breast dose for
females. Out of the total 17, 15 females (88%) had larger differences
than the tolerance limit (Noutsige) With 2 being within the tolerance
limit (Nwithin)- The number of cases outside of the tolerance limit indi-
cates that the dose reduction exceeds the tolerance limit of ATCM'’s
reproducibility (P = 0.0016). The tolerance limit covering 90% of the

population with 95% confidence for lung dose was observed to be
[2.29%, 12.26%)]. In the lung, 12 females (Noutsige = 71%) had larger
differences than the tolerance limits, indicating that the dose reduc-
tion exceeds the tolerance limit of ATCM's reproducibility
(P =0.089).

3.B.2 | Lung dose comparison for males

For males, the OBTCM differences relative to ATCM for nDj,ng
(AnDyyng) ranged from —21% to 36%. The mean, median, and stan-
dard deviation (SD) of the difference compared to ATCM for males
was 9%, 13%, and 16% for AnDy,,g, respectively. Table 5 contains
the lung dose comparison for males. The normalized dose in the
Flash scanner model was observed to be significantly higher than
the Force model with the mean of 16% and 0%, respectively
(P = 0.038). The tolerance limit covering 90% of the population with
95% confidence was observed to be [1.29, 11.04%] in lung dose for
males. Fourteen males (Noyssige = 82%) had larger differences than

each group’s tolerance limits (p = 0.0075).

3.B.3 | Pooled breast and lung dose comparison

When both populations were pooled (i.e., females and males), the
mean, median, and standard deviation of the difference for AnDy,g
was 4%, 5%, and 15%, respectively. When correlating AnDj,ng with
respect to D, pooled across females and males, an R? value of 0.48
was observed. When pooled, mean dose reduction from OBTCM in
nDy,ng Was observed to be trending after adjusting for the scanner
model and patient size (P = 0.085). A summary of AnDpe.s: and
AnDyng for all patients is given in Table 6. The tolerance limits cov-
ering 90% of the population with 95% confidence were observed to
be [2.04%, 6.80%] in lung dose for the pooled group. Using the
pooled tolerance limit, 28 out of 34 (Noutsige = 82%) had larger dif-
ferences between OBCTM and ATCM than ATCM'’s reproducibility
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TaeLe 3 OBTCM and ATCM normalized breast dose (nDpeqst)
comparison for females. AnDy,.qs: are reported as percentages
relative to ATCM comparison.

OBTCM ATCM
CTDlyoi CTDlyo AnDpyeqst
ID Dy (em) (mGy)  nDpreast (MGy)  NDpreast (%)
Flash
2% 20.0 8.0 0.84 114 1.05 -20
5% 20.7 7.8 0.79 12.3 0.76 4
6* 222 6.1 1.17 10.1 1.22 -5
8* 229 8.0 0.96 6.7 1.11 -13
11 25.1 9.9 0.87 114 0.95 -9
Mean -11
Force
16 18.8 6.6 1.15 6.8 0.96 21
18 20.0 77 0.80 6.3 0.81 -1
19 20.3 6.9 0.94 54 0.83 14
22 21.7 8.2 0.83 8.4 0.96 -14
24 22.6 10.7 0.88 10.8 1.01 -12
25 23.6 9.3 0.95 9.5 1.36 -31
26 23.7 10.4 0.93 8.0 0.83 12
27 23.8 11.9 0.70 11.9 1.00 -30
31 27.0 12.9 0.88 13.0 1.14 -23
32 27.2 12.9 0.70 10.4 0.89 -22
33 27.5 14.6 0.63 11.8 0.76 -17
34 33.2 16.9 0.73 17.3 0.96 -25
Mean
Across scanners
Mean 235 9.9 0.87 10.1 0.98 -10
Median  22.9 9.3 0.87 10.4 0.96 -13
SD 3.6 3.0 0.15 3.0 0.16 16

*Performed with CARE kV protocol.

(P =0.0002). A summary of AnDpyreqst and AnDy,ng and tolerance limit
coverage for all patients are given in Table 6 and Table 7, respec-

tively.

4 | DISCUSSION

The objective of the introduction of OBTCM was to reduce the radi-
ation dose to radiosensitive organs, particularly more anteriorly posi-
tioned ones. This study focused on the impact of this technique on
organ dose, specifically investigating the potential radiation dose
reduction or penalty to the breast in female patients and lung in
male and female patients from an OBTCM chest exam relative to an
ATCM chest exam that is typically used in the clinical setting. This
comparison was achieved by extracting OBTCM tube current infor-
mation directly from the raw projection data, estimating ATCM tube
current data using the attenuation information found in the topo-
gram, and incorporating both TCM schemes separately into MC

TasLe 4 OBTCM and ATCM normalized lung dose (nDjyng)
comparison for females. AnDy,,4 are reported as percentages relative
to ATCM comparison.

OBTCM ATCM
D, CTDlyy CTDlyq AnDyyng
ID (cm) (mGy) nDing (MGy) NDung (%)
Flash
2 200 8.0 1.14 114 1.19 -4
5% 207 7.8 1.03 123 0.92 12
6% 222 61 1.58 101 1.26 26
8* 229 80 1.17 6.7 1.12 5
11 251 99 120 114 1.09 11
Mean 10
Force
16 188 6.6 1.35 6.8 1.33 1
18 200 7.7 1.25 6.3 1.18 6
19 203 6.9 1.37 54 1.29 6
22 21.7 82 1.17 8.4 1.31 -11
24 22.6 10.7 1.15 108 1.28 -10
25 236 93 1.25 9.5 1.47 -15
26 237 104 1.15 8.0 1.21 -5
27 238 11.9 103 119 1.26 -18
31 270 129 097 130 1.13 -15
32 272 129 102 108 1.04 -2
33 275 14.6 0.78 118 0.85 -9
34 332 169 097 173 1.05 -8
Mean -7
Across scanners
Mean 235 99 1.15 101 1.18 -2
Median 229 93 1.15 104 1.19 -4
SD 36 30 0.19 3.0 0.16 12

*Performed with CARE kV protocol.

simulations. The intra-patient differences in both absolute and
CTDl,o-normalized breast and lung dose from OBTCM relative to
ATCM were investigated across patient size. This study overcame
the limitations of previous studies by: (a) using actual OBTCM curves
extracted from the raw projection data and used directly in the MC
simulation models so that the organ dose estimates were patient-
specific; (b) employing a previously published and validated method
to estimate the conventional ATCM curves for each patient; (c) com-
paring directly the effects of OBTCM vs ATCM in terms of both
lung and breast dose for both males and females; and (d) taking into
account the effects of patient size.

In terms of CTDl,.;, the R? values between CTDl,,, and D,, for
OBTCM and ATCM were 0.71 and 0.54, respectively. This suggests
the D,, explains 71% of variation of CTDI,, from OBTCM but only
54% of the variation from ATCM. The decreased strength of the cor-
relation of CTDlI,, with respect to ATCM could be due to the fact
the tube current values are estimated. The relationship between
OBTCM and ATCM, as indicated by the Pearson’s correlation
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TasLe 5 OBTCM and ATCM normalized lung (nDjyng) comparison
for males. AnD,,,4 are reported as percentages relative to ATCM
comparison.

OBTCM ATCM
D, CTDly CTDlyor AnDjyng
ID (em) (mGy) nDung (MGy)  nDung (%)
Flash
1* 199 93 1.29 11.5 1.14 13
3* 20.7 103 124 113 1.04 20
4% 20.7 82 120 10.6 0.94 28
7 223 152 1.26 19.5 0.99 26
ok 23.6 114 1.09 13.0 0.85 28
10 247 115 127 119 1.15 11
12%* 26,6 13.0 099 17.0 0.87 14
13* 304 149 1.01 19.7 0.89 14
14 328 189 096 149 0.84 14
15 362 232 080 235 0.86 -6
Mean 16
Force
17 178 9.8 1.05 7.2 1.01 4
20 203 118 1.06 8.0 1.05 1
21 21.0 10.7 1.12 7.9 1.04 7
23 221 112 0.95 9.3 1.04 -9
28 241 123 1.04 145 1.29 -19
29 252 126 1.26 9.9 0.93 36
30 255 180 070 11.6 0.89 -21
Mean 0
Across scanners
Mean 243 131 1.08 130 0.99 9
Median 236 118 1.06 11.6 0.99 13
SD 49 39 0.17 4.6 0.12 16

*Performed with CARE kV protocol.

coefficient shown in Fig. 5, was observed to be 0.58. This relation-
ship suggests that, for a given protocol and for a given patient, the
CTDI,q values between OBTCM and ATCM may not necessarily be
one-to-one. It is not known whether the OBTCM was designed to
preserve the CTDI,, for a given protocol and for a given patient in
relation to ATCM. To maintain image quality with OBTCM, the pos-
terior radiation dose must be increased for all projection angles
except 120° anteriorly. The effect this posterior increase has on
CTDl, in relation to ATCM for patients is, however, beyond the
scope of this investigation. The irregularities and spikes (particularly
in the shoulder region) seen in [Fig. 3(b)] may not appear in an actual
ATCM scheme and are the results of the ATCM estimation. In terms
of estimating organ dose, these irregularities only exist across a few
projections relative to the entirety of the ATCM scheme and there-
fore would not drastically affect the breast dose estimates. Again,
though, it should be noted that the ATCM schemes—and hence the
CTDI,o—were estimated and could therefore be the source of the
variation. Additionally, D,, as a function of table position for chest
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TaBLe 6 Summary of female, male, and pooled mean, median, and
standard deviation (SD) of differences (%) for AnDyyeqst and AnDjpng.
Negative and positive differences were interpreted as dose savings
and dose penalties relative to ATCM, respectively.

AnDpreqst AnDjyng

Mean Median SD Mean Median SD

(%) (%) (%) (%) (%) (%)
Females -10 -13 16 -2 -4 12
Males — — — 9 13 16
Pooled — — — 4 5 15

TaBLE 7 Summary of female, male, and pooled tolerance limit
coverage.

AnDpyreqst AnDjyng

Nuithin ~ Noutside Nuithin ~ Noutside

(%) (%) Ntotar (%) (%) Ntotar
Females 2 (12%) 15" (88%) 17 5 (29%) 12 (71%) 17
Males — — — 3(18%) 14*(82%) 17
Pooled* — — — 6 (18%) 28*(82%) 34

*Tolerance bound for the pooled statistics from the reference is nar-
rower than by female and male.
+Significantly different from 50% using proportional tests.

scans can vary along the length of the patient. This study only
looked at D,, at the central slice as a metric for patient size, which
could affect the strength of the correlations.

This study noted a significant mean dose reduction in NDp,east
from OBTCM after adjusting for the scanner models and patient size
(P = 0.047). Furthermore, the results in Table 3 demonstrates an
overall average reduction in the normalized breast dose (AnDpyeast =
—10%) when using OBTCM compared to ATCM. For this study,
male breast dose was not considered due to the absence of glandu-
lar tissue in the cross-sectional images of the male patients. Addi-
tionally, the cancer biology of male breast cancer appears to be
distinct from that of female breast cancer, both of which being out-
side the scope of this study.** As can be seen in Table 3, there can
be an increase in the normalized breast dose for some patients as
the dose savings for AnDypeqst ranges from —31% to 21%. These vari-
ations in AnDy,eqst are complex and based on several factors. For a
specific patient, the increase or decrease in normalized breast dose
for OBTCM relative to ATCM can be due to: (a) the degree and
location of tube current reduction over the anterior portion of the
chest (both OBTCM and ATCM do this), (b) the degree and location
of tube current reduction over the longitudinal extent of the patient
(again, both OBTCM and ATCM do this), and (c) exactly where the
glandular breast tissue is positioned with respect to the gantry and
whether all glandular tissue is contained within the 120° fluence
reduction zone used by this implementation of the OBTCM. Similar
to previous studies investigating OBTCM and breasting positioning,

all of the females in the study possessed at least some breast tissue
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Patient #11

outside of the 120° fluence reduction zone.'®?'?2 Dose maps for
patient #11 are shown in Fig. 6 highlighting these complexities.
Viewed in this light, the results suggest that the potential for breast
dose reduction from OBTCM may be affected by the extent to
which the breasts are within 120° fluence reduction zone. The ten-
dency for the breasts to be displaced laterally while in the supine
position can be mitigated with the use of brassieres, as their usage
has been shown to position breast tissue more medially (and thus
increase the proportion of breast tissue within the fluence reduction
zone) without introducing image artifacts.*> However, as noted
above, breast dose is also dependent on the longitudinal positioning
of the breast tissue. Future work would necessitate a study OBTCM
compared to ATCM as it relates to lateral and longitudinal breast
positioning. These results highlight the strength of the MC simula-
tion approach to this particular question of breast dose using
OBTCM, as the use of idealized, rigid, physical phantoms to measure
dose distributions simply does not take into consideration the varia-
tion of human anatomy nor tissue deformation when human anat-
omy is placed in certain positions.

Females also were observed to experience a small reduction, on
average, in normalized lung dose with OBTCM relative to ATCM
(AnDyyng = —2%). Similar to the breast dose results, shown in
Table 4, the observed range of normalized lung dose difference val-
ues (AnDyyng: —18% to 26%) indicates some female patients experi-
ence dose penalties relative to ATCM. As noted previously, given
OBTCM requires a posterior increase in tube current to maintain
image quality, increased normalized lung dose would be expected for
some patients. In contrast, males, on average, experienced an overall
increase in normalized lung dose (AnDy,,g = 9%). However, as can be
seen in Table 5, the range of observed differences of normalized
lung dose (AnDyng: —19% to 36%) for males demonstrates some

patients received a reduction in lung dose from OBTCM relative to

Fic. 6. a) Coronal and b) axial dose
distribution for patient #11 which had
similar CTDlI,, values for the OBTCM

(9.9 mGy) and estimated ATCM (11.4 mGy)
exams. For this patient, there was a 9%
breast dose saving but an 11% lung dose
penalty. The green line in the coronal view
represents the position where the axial
slice was taken.
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ATCM. Despite this, when pooled across females and males, no sig-
nificant difference in nD,,,4 was observed after adjusting the scanner
effect and patient size (P = 0.085). As noted previously, both breast
and lung tissues are considered equally radiosensitive per ICRP 103
(wr =0.12)* and require equal consideration when utilizing
OBTCM. Therefore, when the OBTCM chest protocol is applied to
both females and males, the results of this study suggest that breast
dose savings for women and lung dose penalties for men may not
yield an overall benefit relative to ATCM in terms of effective dose,
especially since effective dose is sex-averaged.?” The results of this
study do support the use of OBTCM chest protocols for female
patients but not male patients. This being said, the data for AnDj,ng
are trending toward reducing the mean dose. A larger patient pool
might support the use of OBTCM for both females and males.

The MC study conducted by Franck et al. in 2018 showed a 9%
reduction in breast dose.r® This result is comparable to the 10%
dose reduction observed in this study. It should be noted that the
Franck et al. study and this study used the same angular tube cur-
rent reduction zone of 120". This study, however, noted a small dose
reduction in lung for female patients (AnDy,,g = —2%), as opposed to
the 11% increase in lung dose for female patients seen in the Franck
et al. study.’® The study performed by Fu et al. showed a 15 + 2%
reduction of normalized breast dose with the usage of 180" reduc-
tion zone (referred to as organ dose-based tube current modulation,
ODM GE Healthcare).¥® As such, increasing the angle of the tube
current reduction zone to 180" may provide greater dose reduction
in terms of normalized breast dose relative to 120°. Additionally, the
Fu et al. study also observed a small decrease in lung dose for
female patients,*® as was seen in this study. However, the Franck
et al. and Fu et al. studies did not investigate potential lung dose
penalties for men when angular tube current reduction strategies are

applied to both women and men. This current study observed a
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minor lung dose savings for women, but did observe lung dose
penalties for men (AnDj,g = 9%) when using the 120° tube current
reduction zone. Results from this study demonstrate that investigat-
ing penalties and savings for both women and men with respect to
different organ-based modulation algorithms are warranted, espe-
cially since most facilities do not implement gender-specific proto-
cols.

This study has a few differences from previous work, particularly
with respect to TCM data and patient size. The data presented
herein are from patient models derived from clinical image data and
actual OTBCM schemes extracted directly from the corresponding
raw projection data. Additionally, the ATCM estimations employed
herein are approximations of the methods of one manufacturer. As
such, the data are not idealized but rather is reflective of real clinical
scenarios.

This investigation does have some limitations. The first of these
limitations is inclusion of only Siemens scanners and the OBTCM
and ATCM AEC algorithms of Siemens. A more comprehensive study
of breast and lung dose from OBTCM and ATCM should include
other scanners and AEC algorithms from different manufacturers
(such as ODM). Another limitation to this study is related to the
heterogeneity of protocols coming from two scanners with some
exams being performed with CARE kV. Ideally, a study of this nature
would use a patient population from one scanner using one OBTCM
and ATCM protocol for a direct, per-patient comparison. This study
attempted to assuage the effects of protocol heterogeneity with
intra-patient comparisons of absolute dose from OBTCM and ATCM.
In addition, the effect of the scanner and patient size were used as
covariates in linear regression in the comparison of dose differences.
The mapping of material designations is performed based on CT
numbers, so some of the spongiosa in the vertebral column got
mapped as breast/muscle tissue (Fig. 1). This was not corrected in
the simulation because it would require identifying all of the relevant
voxels and changing their material (tissue) types. However, the
effects in terms of lung and breast from this mischaracterization is
expected to be minimal because the TCM schemes (both ATCM and
OBTCM) are based on the attenuation information in the topogram,
rather than on the exact tissue definition. The limitation of this study
was in sample size of 17 per group. Considering the magnitude of
ATCM, we tested the number of cases that had the greater magni-
tude of differences in dose between OBTCM and ATCM. A sample
size of 17 in this study had approximately 80% power to show at
least a proportion of 0.82 the differences in doses compared with
random chance (i.e., 0.50) with two-sided one-sample proportional z-
test. This study used estimated ATCM as opposed to an actual
ATCM directly from the raw projection data to make comparisons
with OBTCM. This estimated ATCM does introduce around 5% error
in terms of dose estimates.?®> A comparison study of this nature
would also ideally compare doses from ATCM values extracted from
raw projection data. However, this was not an option because
obtaining IRB approval for duplicate chest scans for this purpose
alone was not considered feasible. This study did not investigate the
effects of OBTCM on image quality relative to ATCM. OBTCM has
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been shown to increase image noise in relation to ATCM.*3%* Lastly,
this study did not consider the impact of patient centering as this
study attempted to look at the best-case scenario, which entailed
the patient being centered in the gantry. Patient mis-centering has
been shown to yield consequences for the anterior-posterior dose

profiles, thereby affecting patient dose.*>*¢

5 | CONCLUSION

In this study, the OBTCM algorithm of one manufacturer (Siemens)
was analyzed in relation to an estimated version of the ATCM algo-
rithm of the same manufacturer. The OBTCM algorithm investigated
in this study proports to reduce dose to anteriorly located organs
such as the breast.!* This study found, on average, a reduction of
normalized breast dose was observed with OBTCM relative to
ATCM. However, the potential breast dose savings for females
inherently comes at the expense of a small increase in normalized
lung doses to both women and men. Results from this study support
the use of OBTCM chest exams for females only. Overall, the results
of this study highlight potential dose savings or penalties are variable
and dependent upon patient size and breast positioning. Future work
on this topic would examine the relationship of patient size on
breast and lung doses, along with the impact of breast positioning
specifically on breast dose with the use of OBTCM for human
patients. Lastly, this study only investigated the fluence reduction
angle implemented by one manufacturer. Future work would investi-
gate the effects of different fluence reduction angles on lung and

breast dose.
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