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ABSTRACT

Purpose

The size specific dose estimate (SSDE) is a metric that adjusts CTDlI, to account for patient size. While
not intended to be an estimate of organ dose, AAPM Report 204 notes the difference between the patient
organ dose and SSDE is expected to be 10-20%. The purpose of this work was therefore to evaluate
SSDE against estimates of organ dose obtained using Monte Carlo (MC) simulation techniques applied to

routine exams across a wide range of patient sizes.

Materials and Methods

SSDE was evaluated with respect to organ dose based on representative organs for each of three routine
protocols: (1) brain parenchyma dose in routine head exams; (2) lung and breast dose in routine chest
exams; and (3) liver, kidney, and spleen dose in routine abdomen/pelvis exams. For each exam, voxelized
phantom models were created from existing models or derived from clinical patient scans. For routine
head exams, 15 patient models were used which consisted of 10 GSF/ICRP voxelized phantom models
and 5 pediatric voxelized patient models created from CT image data. For the routine chest exams, data
from 161 patients were collected with a D,, range of ~16 to 44 cm. For the routine abdomen/pelvis exams,
data from 107 patients were collected with a range of D,, from ~16 to 44 cm. Image data from these
patients were segmented to generate voxelized patient models. For routine head exams, fixed tube current
(FTC) was used while tube current modulation (TCM) data for body exams were extracted from raw
projection data. The voxelized patient models and tube current information were used in detailed MC
simulations for organ dose estimation. For all exams, the size metric used was water equivalent diameter
(Dy). Organ doses from MC simulation were normalized by CTDI,, and parameterized as a function of
Dy. For each patient scan, the SSDE was obtained using D,, and CTDI, values of each scan, according to
AAPM Report 204 for body scans and Report 293 for head scans. For each protocol and each patient,

normalized organ doses were compared to SSDE. A one-sided tolerance limit covering 95% (p = 0.95) of
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the population with 95% confidence (« = 0.05) was used to assess the upper tolerance limit (Ty) between

SSDE and normalized organ dose.

Results

For head exams, the Ty between SSDE and brain parenchyma dose was observed to be 12.5%. For routine
chest exams, the Ty between SSDE and lung and breast dose was observed to be 35.6% and 68.3%,
respectively. For routine abdomen/pelvis exams, the T, between SSDE and liver, spleen, and kidney dose

was observed to be 30.7%, 33.2%, and 33.0%, respectively.

Conclusions

The Ty of 20% between SSDE and organ dose was found to be insufficient to cover 95% of the sampled
population with 95% confidence for all of the organs and protocols investigated, except for brain
parenchyma dose. For the routine body exams, excluding the breasts, a wider threshold difference of ~30-

36% would be needed for the coverage and confidence investigated in this study.

Keywords: Size-specific dose estimate, Monte Carlo dose simulations, TCM, routine CT exams
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1. INTRODUCTION

CT is widely used as a diagnostic tool due to its ability to acquire cross-sectional images of
patient anatomy in a relatively short amount of time. In 2006, abdominal/pelvic, head, and chest CT scans
conducted within the United States accounted for 32%, 28%, and 16%, respectively, of all CT procedures
[1]. Additionally, the 2015 UC DOSE study found that, across twelve University of California medical
centers, abdominal/pelvic, chest, and head scans accounted for 32%, 16%, and 13% of all adult CT
procedures [2]. Routine examinations may be reasonably assumed to comprise the large majority of these
CT procedures. Thus, patient organ dose assessments from routine procedures are of substantial interest.

The volumetric Computed Tomography Dose Index (CTDl,) and dose-length product (DLP),
two commonly-reported CT dose metrics, are understood to not necessarily be indicative of patient
dosimetry [3]. This is primarily due to the differences in composition and geometry of the CTDI phantom
relative to a human patient. There are at present two ways of estimating patient organ dose from CT: (1)
in vitro empirical dose measurements using dosimeters such TLDs or MOSFETSs within anthropomorphic
phantoms or cadavers and (2) dose calculations from MC software packages.

Both of these approaches have inherent advantages and disadvantages in the current context of
modern CT dosimetry. In brief, in vitro empirical measurements are advantageous in that dose estimates
come directly from the CT source, meaning that specific automatic exposure control (AEC) strategies of
manufacturers are captured in these dose readings, provided that the dosimeters are properly calibrated.
In addition, this method does allow for repeated exposures. A drawback to physical measurements,
however, is that oftentimes even the most sophisticated anthropomorphic phantoms models, such as the
CIRS phantoms [4] and even cadavers [5], may not have the breadth to be reflective of the range of actual
patient anatomy experienced clinically. In vivo measurements can be done, such as in the study where
TLDs were placed in the colon and used for CT colonography dosimetry [6]. However, in vivo
measurements are often invasive. Moreover, the dose distribution within the patient is not necessarily
uniform, particularly near the surface of a patient [7]. Therefore, adequate spatial sampling of the non-

uniform distribution to obtain an estimate of organ dose may require a large number of dosimeters.
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MC approaches address some of the shortcomings of the in vitro, empirical methods. MC
methods obviate the need for dosimeters entirely due to the mathematical transportation of particles
through a particular medium. Moreover, the availability of highly-sophisticated, deformable,
mathematical phantoms models, such the XCAT family models [8], allows for permutations of human
anatomy. Commercially-available dose management software packages, used widely in hospitals and
medical centers, often employ MC simulations based on these sophisticated, mathematical models of
human anatomy. However, this approach comes with its own set of challenges. As with any MC
simulation, the accuracy of the MC approach is highly dependent upon the accuracy of the simulation set
up [9], [10]. For CT dosimetry, this accuracy requires both sufficient scanner x-ray source descriptions
and accurate representations of both vendor-specific AEC algorithms and patient anatomic
representations. Furthermore, MC methods require extensive validation, usually with equivalent empirical
measurements, and can be time prohibitive and computationally expensive.

While not originally intended to be a measure of organ dose, SSDE does have the potential to
provide an accessible and quick estimate of organ dose in lieu of empirical measurement and MC
approaches. Per Report 204, SSDE was based on fixed tube current (FTC) [11], [12]. A study conducted
by Moore et al. investigated the correlation between absolute organ dose from TCM scans with SSDE in
pediatric and adult patients using in vitro organ dose measurements from four CIRS anthropomorphic
phantoms [13]. This study used effective diameter (ED) as the metric of patient and phantom size and
compared patient organ dose derived from SSDE-to-organ dose conversion coefficients to published MC
results of computational phantoms. The Moore et al. study found that the average correlation of SSDE
and absolute organ dose was found to be within + 10% of unity [13]. Another study conducted by Sinclair
et al. compared correlations of CTDI,-normalized organ dose versus ED against SSDE for
chest/abdomen/pelvis exams [14]. In this study, the organ dose values were from in vitro measurements
of 8 cadavers representing a range of sizes from the University of Florida. In this study, the difference
between the average overall organ dose measurements from the cadavers and SSDE ranged from -23% to
4% [14]. In both these studies, ED was used as the metric of patient size, whereas the attenuation-based
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size metric water equivalent diameter (D,,) is now more commonly used [15]. Moreover, the Moore et al.
study indirectly compared SSDE to empirical measurements and MC simulations of hybrid computational
phantom models from Lee et al. and Li et al. [16], [17]. As mentioned above, the use of in vitro
measurements from detailed physical phantoms and MC simulations of the highly-sophisticated
computational phantom may not be representative of variation of patient habitus.

Therefore, the purpose of this study was to evaluate SSDE as an estimate of organ doses derived
from the MC simulation of routine exams. In contrast to the previous studies, this evaluation of SSDE
was performed on a direct, per-organ basis across a wide range of patient habitus for routine head, chest,
and abdomen/pelvis exams. Specifically, this study evaluated the SSDE in relation to brain parenchyma
dose from routine head exams; lung and breast dose from routine chest exams; and liver, spleen, and

kidney dose from routine abdomen/pelvis exams.

2. MATERIALS AND METHODS
2.A Voxelized patient cohorts
2.A.1 Routine Head Exams

The patient data for the routine head exams was from Hardy et al [18]. This data consists of a
total of 15 voxelized patient models. Ten voxelized phantom models from the GSF (Helmholtz Zentrum
Minchen, German Research Center for Environment Health, Institute of Radiation Protection,
Neuherberg, Germany) family [19] and the ICRP (International Commission Radiological Protection)
voxelized reference male and female [20], [21] were used. These models had all radiosensitive organs
identified. The eight GSF voxel-based models were generated from CT images with up to 131 organs and
anatomic structures segmented. Two of the voxelized models were the ICRP reference male and female
models. They were each based on modifications of two corresponding male and female GSF models of
similar external dimensions. The GSF/ICRP voxelized models used in this study had the in-plane
resolution subsampled from the original by approximately a factor of four or eight to decrease

computation time [19]-[21]. The remaining five patient models were derived from pediatric patient data
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in order to extend the pediatric size range. These data sets were collected from clinically-indicated scans

under IRB approval.

The routine head protocols were performed with FTC. The details of the protocol are listed in
Table 1. Because the analyses will be performed on a per mAs basis, the CTDlyo16/MmAS value is
reported.

Table 1: Routine helical head scanning protocol and associated CTDl 16 per mAs for the scan from
Hardy et al [18]

Parameter Setting
kv 120
Rotation time (s) 0.5
Helical pitch 0.55
Nominal collimation (mm) 28.8
Bowtie filter Standard
CTDlyg &G/mAs (mGy/mAS) 0.24

2.A.2 Routine Chest Exams Patient Cohort

To estimate lung and glandular breast tissue dose from routine chest exams, data were collected
under IRB approval from 161 patients undergoing clinically indicated CT exams (19 pediatric females, 23
pediatric males, 53 adult females, 65 adult males) with a range of D,, values from 16 to 44 cm. The
routine chest examinations were performed using tube current modulation (TCM). Data were collected
from four different scanners: Sensation 16 (S16), Sensation 64 (S64), Definition AS64, and SOMATOM
Force (all from Siemens Healthineers, Forchheim, Germany). Table 2 summarizes the scanning protocols
for the routine chest protocols used for the four scanners. Because of the presence of pediatric and
bariatric patients, some alterations of the routine chest protocol—such as reduced tube voltage for
pediatric patients, reduced pitch for bariatric patients (D, = 40 or greater), and different bowtie filters for
pediatric patients—were present in this cohort. All scans were performed with TCM (CAREDose4D,
Siemens Healthineers, Germany) with the CAREDose4D Quality Reference mAs (QRM) value as

described in Table 2 and strength set to “Average.” For all cases, the TCM data was extracted from the
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raw projection data that was collected at the time of the scan. The chest scans were all performed in the
supine position. Image data were reconstructed at 500 mm field-of-view (FOV) in order to ensure patient
anatomy is contained within the FOV. For bariatric patients, portions of peripheral anatomy were often
still outside of the 500 mm FOV. In these cases, an extended FOV (eFOV) of 650 mm was employed to
encompass the anatomy for larger patients. Table 3 summarizes the quantity of patient data from each

scanner.

Table 2: Routine chest scanning parameters for the four scanners used in this investigation

Parameter S16 S64 AS64 Force
kV” 100 120 120 120
Quality reference mAs (QRM) 140 140 140 140
Rotation time (s) 05 0.5 0.5 0.5
Pitch' 1.0 1.0 1.0 1.0
Nominal collimation (mm) 24.0 19.2 19.2 57.6
Bowtie filter Body Body Body/W1 Body/W1

* Most of the pediatric patients were scanned with 100 kV.
tBariatric patients were scanned with pitches lower than 1.0
{For the AS64 and Force scanners, the pediatric patients were scanned with Head/W2 bowtie filter

Table3: Overview of chest scans collected from the different scanners used in this study

Patient cohort S16 S64 AS64 Force Total
Adult males - 42 12 11 65
Adult females - 29 12 12 53
Pediatric males 6 12 5 1 24
Pediatric females 7 5 7 0 19
Total 13 88 36 24 161

To use the patient image data for MC simulations, patient anatomy contained within the image
data were voxelized. Voxels within the image data were modeled as either lung, fat, water, muscle, bone
or air then subdivided into one of seventeen density levels in relation to their CT number [22], [23]. The
lung tissue was semi-automatically contoured in both female and male patients; glandular breast tissue,
however, was only segmented for female patients [24]. Figure 1 contains examples of segmented male

and female patient image data and resulting voxelized models.
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Figure 1: A) Segmented images of a male patient who underwent clinically-indicated chest CT exam
with B) the voxelization of the segmented image data for use in MC simulations. In A), only the lung
tissue (red outline) is segmented. C) Segmented images of a female patient who underwent clinically-
indicated chest CT exam with D) the voxelization of the segmented image data for use in MC simulations.
In C), both lung (red outline) and glandular breast tissue (yellow outline) are segmented.
2.A.3 Routine Abdominal/Pelvic Exams

To estimate liver, spleen, and kidney dose from routine abdomen/pelvis exams, data were
collected under IRB approval from 107 patients undergoing clinically indicated CT exams (9 pediatric
females, 12 pediatric males, 44 adult females, 42 adult males) with a range of D,, values from 16 to 44
cm. The routine abdomen/pelvis examinations were performed using TCM. Data were collected from
three different scanners: Sensation 64 (S64), Definition AS64, and SOMATOM Force (all from Siemens
Healthineers, Forchheim, Germany). As with the routine chest protocol in Sec. 2.A.2, some alterations of
the routine abdomen/pelvis protocol were present in this cohort because of the presence of pediatric and

bariatric patients (again, defined as D,, = 40 or greater). All scans were performed with TCM

(CAREDose4D, Siemens Healthineers, Germany) with the QRM value as described in Table 4 and
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strength set to “Average.” For call cases, the TCM data was extracted from the raw projection data that

was collected at the time of the scan. Table 4 contains the remaining scanning parameter for the

abdomen/pelvis protocols for the three scanners of this investigation. All of the abdomen/pelvis scans

were performed in the supine position, and the image data were reconstructed at 500 mm field-of-view

(FOV) in order to ensure patient anatomy is contained within the FOV. An extended FOV (eFOV) of 650

mm was utilized to encompass the anatomy for bariatric patients. Table 5 summarizes the quantity of

patient data from each scanner. The abdominal/pelvic image data were voxelized for utilization in MC

simulations in the same manner as Sec 2.

A.2 above. Figure 2 contains examples of segmented female

patient image data and resulting voxelized models.

Table 4: Routine abdominal/pelvis scanning parameters for the three scanners used in this investigation

Parameter S64 AS64 Force
kV" 120 120 120
Quality reference mAs (QRM) 180 180 180
Rotation time (s) 0.5 0.5 0.5
Pitch’ 1.0 1.0 1.0
Nominal collimation (mm) 19.2 19.2 57.6
Bowtie filter* Body  Body/W1  Body/W1

* Most of the pediatric patients were scanned with 100 kVp.
tBariatric patients were scanned with pitches lower than 1.0

iFor the AS64 and Force scanners, the

pediatric patients were scanned with Head/W2 bowtie filter

Table 5: An overview of abdomen/pelvis scans collected from the different scanners used in this study

Patient cohort S64 AS64 Force Total
Adult males 30 8 4 42
Adult females 32 7 5 44
Pediatric males 11 - 1 12
Pediatric females 9 - 0 9
Total 82 15 10 107

10



197
198

199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

216

D Liver D Muscle I:l Bone . Cloth
. Kidney D Spleen D Adipose . Air

Figure 2: A) Segmented images of a female patient who underwent clinically-indicated abdomen/pelvis
CT exam with B) the voxelization of the segmented image data for use in MC simulations.
2.B. Patient size metrics

Water equivalent diameter (D,,) was chosen as the metric of patient for this investigation. AAPM
Report 220 describes two methods of estimating D,,: one based on values extracted from the topogram
and one based on CT image data [15]. For this study, both approaches were used, depending on the data
available. For those patients whose data was collected on either the Sensation 16 or the Sensation 64
scanners, estimates of D,, were based on the CT numbers in the image data. This was done because the
CT scan radiographs (i.e. topograms) for these patients were not available. Specifically, D, was
estimated at the center of the image series using the methods outlined in AAPM Report 220 for assessing
Dy from CT numbers in image data [25]. For the patients whose data was gathered from the Definition
AS64 or the Force scanners, estimates of D,, were extracted from the topogram. For each patient model,
D,, was assessed at the longitudinal center of the image series while the estimates of D,, were obtained
from the topogram at that center location. This method of acquiring D,, from the topogram is also based
on the methodology outline in AAPM Report 220 wherein D, is calculated using the lateral (LAT) and

anterior-posterior (AP) measurements also found within the topogram [25].

2.C. MC simulations

11
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The MC simulation package used for this study was MCNPX. Modifications to MCNPX allowed
for the implementation of “equivalent source” and “equivalent bowtie” of the four MDCT scanners used
in this investigation [26]. All simulations were performed in photon transport mode with a 1 keV low-
energy cut-off. All simulations were performed with 10’ particle histories to ensure a statistical
uncertainty of less than 1%. In order to incorporate the TCM data into the MC simulation, the methods
described by Angel et al. were used in that an additional text file containing the TCM information was
generated by extracting the tube current information from the raw projection data [24]. In the text file, the
tube current 1(z,0) was expressed as a function of table position (z) and tube angle (®). MCNPX
simulations were performed using the computational and storage services associated with the Hoffman2
Shared Cluster provided by UCLA Institute for Digital Research and Education’s Research Technology

Group.

2.D Dose Analysis

Absolute organ dose values were estimated from MC simulations by applying scanner-, tube
voltage-, collimation-specific normalization factors [27]. CTDI,q-normalized organ dose values (NDorgan)
from the routine exams investigated were calculated by normalizing the absolute organ doses by CTDl,
values. CTDIq-normalized brain parenchyma dose values (NDyrin) from routine head exams were
calculated using CTDlyg16. CTDIyg-normalized lung and breast dose values (NDyyng and NDpyeast) Were
calculated using CTDlq 3, for normalization. Similarly, CTDIlyq 2, Was used to normalize liver, kidney,
and spleen dose values (NDiiver, NDxigney, aNd NDgpieen, respectively). All CTDI,q values were taken from the
patient protocol page produced by the scanners utilized in this investigation. Lastly, each nNDggan Was
parameterized as an exponential function with respect to D,, using the same form as AAPM Report 204.
Regression analyses were used to determine the coefficients of the exponential function for each scan

protocol and organ.

2.E Statistical Analysis
12
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NDorgan Values from the routine exams were compared to SSDE f-factors (henceforth referred to as
SSDE). This study used the SSDE from AAPM Report 293 for head exams and AAPM 204 for body
exams as the basis of comparison [11], [12]. For an individual patient, ADsspg organ 1S the NDgrgan Value
relative to the SSDE value based on the patient’s Dy, estimate. This was calculated for each patient, for

each protocol, and for each organ. The definition of ADsspe organ fOr @ given patient i is given by Eq. 1:

(nDorgan)i — SSDE(Dy);
x 100%
SSDE(Dy): Eq.1

(ADSSDEprgan)i (%) =

For each organ dose from each protocol, the average difference relative to SSDE (ADgspg organ);

and the standard deviation of the difference relative to SSDE (ASsspeorgan) Were calculated using Eq. 2

and Eq. 3, respectively.

N
1
A-DSSDE,organ (%) - N Z |(ADSSDE,O7"gan)i|
i=1 Eq. 2
1 N 2
ASSSDE,organ (%) = m Z (|(ADSSDE,07'gan)i‘ - ADSSDE,()Tgun)
i=1 Eqg. 3

Where N is the total number of patients.

A second analysis was performed to assess the number of cases where the estimated organ doses
agreed with SSDE values to within a certain tolerance (either £ 20% and + 30% of the SSDE). In the plots
found in Sec. 3 below, this is graphically illustrated by using shaded regions that correspond to + 20% and
+ 30% of the SSDE. The proportion of the data points within these regions (C,) were given for each organ

and was calculated using Eq. 4.

_ # of points within the regions relative to SSDE

Cr N Eqg.4

Lastly, in order to determine the coverage of SSDE as an estimate of organ dose over a fixed proportion

of the population, a one-sided, upper tolerance limit was calculated. The one-sided tolerance limit was

13
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utilized because this study is concerned with assessing the upper tolerance limit (Ty) of the difference
between normalized organ dose and the SSDE values. The coverage factor (proportion of the population
of nDqrgan Values, p) used to construct the tolerance limit was 95% (p = 0.95) with a confidence level of
95% (a = 0.05). Using the upper bound of 20% difference between SSDE and patient dose mentioned in
AAPM Report 204 as a point of comparison, the hypotheses for this study were as follows:

1) Null hypothesis (Hg): Ty < 20% with a confidence of 95% (a = 0.05) covering 95% of the

population (p = 0.95).

2) Alternative hypothesis (H;): Ty > 20% with a confidence of 95% (a = 0.05) covering 95% of the

population (p = 0.95).

Where Ty is calculated as

TU = ADSSDE,organ + kl (a,p, N)ASSSDE,organ Eqg.5
Where is k; is the factor that determines the upper limit to cover proportion p with confidence (1-a)%
using sample size N [28]. The upper tolerance limit of 30% difference between SSDE and patient dose

can be derived analogously. Figure 3 is the process workflow for evaluating SSDE against organ dose.

14
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Figure 3: The workflow process for this study in the instances where raw projection data was needed.
Starting with (1) raw projection data as input, (I1) image data were reconstructed and segmented. (I11)
Tube current profiles was extracted from the raw data. (IV) The segmented image data was voxelized by
mapping CT number to a material designation using a look-up table. The TCM data (lll) and the
voxelized patient model (IV) were incorporated into MCNPX to get (V) absolute organ doses. Absolute
organ doses (V) were normalized by (VI) CTDlI, from the patient protocol page to yield (VII) CTDlIyq-
normalized organ doses. (VIII) From the topogram, estimates of D,, (IX) were then extracted. In this
workflow, D, estimates can also be taken from the image data. The D,, estimates were used to calculate
the SSDE (X) from AAPM Reports 204 and 220. Lastly SSDE was then evaluated (XI) relative to MC-
derived CTDI-normalized organ doses. Where raw projection data was not needed, such as for the
routine head scans, | and 111 were skipped and CTDl,,; 16/MAS measurement was used in lieu of VI.

3. RESULTS
3.A SSDE relative to brain parenchyma dose from routine head exams

Table 6 below contains the D,, estimates, SSDE from AAPM Report 293, nDy, values, and
difference (%) of NDprain values relative to the SSDE (ADsspe prain)- IN addition, the mean (ADgspr prain)
and standard deviation of brain dose relative to SSDE(ASsspeprain) are also included in Table 6. The
patient population did include both pediatric and adult patients with a range of D,, from ~11 to 20 cm.
ADsspe prain Values ranged from -5.9% to 13.8%. ADgsspp prain Was observed to be 4.4% and ASsspe prain Was

observed to be 3.2%. All 15 nDy.i, Values were within 20% of SSDE (C, = 100.0%). Using N = 15, Ty

for SSDE covering 95% of the population for nDyi, With 95% confidence was observed to be 12.5%.

15
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Figure 4 shows below nDyin parameterized as an exponential function with D,, in relation to SSDE

values from AAPM Report 293.

Table 6: D,, estimates, SSDE, nDyin Values, and difference of nDyin Values relative to the SSDE
(ADsspe prain) for the patients investigated

Dw ADSSDE,brain

Name (cm) SSDE NDbrain (%)
Peds2 12.6 1.07 1.12 -4.8
Pedsl 10.6 1.19 1.17 1.4
Baby 11.1 1.16 1.16 -0.7
Peds3 15.6 0.93 0.98 -5.3
Peds5 17.1 0.86 0.81 55
Peds4 15.7 0.92 0.89 35
Child 17.2 0.86 0.91 -6.2
Helga 18.2 0.82 0.81 0.4
Irene 17.1 0.86 0.84 2.4
Golem 18.3 0.81 0.86 55
Visible Human 19.6 0.76 0.74 2.3

Regina 19.9 0.75 0.85 -13.8
Donna 18.7 0.79 0.83 5.0
Rex 20.2 0.74 0.78 5.4
Frank 19.2 0.78 0.73 5.9
ADgspE, brain 4.4

ASSSDE,brain 32

Tu 12.5

Normalized Dose Brain ‘”pmm)

Brain Dose - FTC Routine Head Exam

-
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Figure 4: nDyry, values in relation to SSDE from AAPM Report 293 with shaded areas corresponding to

+ 20% and + 30% of the SSDE
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3.B SSDE relative to lung and breast dose from routine chest exams
Figure 5A contains nDy,ng parameterized as an exponential function with D,, in relation to SSDE

from AAPM Report 204. For NDyung, ADsspe ung Values ranged from -60.4% to 20.1%. ADggpp jyng WaS

observed to be 15.3% and ASsspe,jung Was observed to be 10.9%. Of the 160 cases, 119 of the nDyyng Values
were within 20% of SSDE (C, = 74.4%) while 148 of the nDy,,y values were within 30% of SSDE (C, =
92.5%). Only 12 of the nDy,g cases were beyond 30% of SSDE (C, = 7.5%). Using N = 160, Ty for SSDE
covering 95% of the population for nDy,g With 95% confidence was observed to be 35.6%.

Figure 5B shows nDyesst parameterized as an exponential function with D,, in relation to SSDE.
For NDpreast, ADsspe preast Values ranged from -90.8% to 10.4%. ADgsp preqs: Was observed to be 31.8% and
ASsspe preast Was observed to be 18.7%. Of the 85 cases, 26 of the NDyreast Values were within 20% of SSDE
(Cp = 30.6%) while 44 of the nDyyeast Values were within 30% of SSDE (C, = 51.8%). 41 of the NDyreast
cases were beyond 30% of SSDE (C, = 48.2%). Using N = 85, Ty for SSDE covering 95% of the
population for nDyeast With 95% confidence was observed to be 60.7%. Table 7 contains the summary
statistics for NDyung and NDpreast Values relative to the SSDE and the Ty for each organ. Table 10 contains

the frequency table for nDyyng and NDyreast Values relative to 20% and 30% of the SSDE.

25 Lung Dose - Routine Chest Exam 25 Breast Dose - Routine Chest Exam
— A‘at
Qg 2 Qg 2
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% 15 @ 15
8" 8"
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§ & 1
: i
s 05 % 0.5
z =
25 30 35 45 30 45
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Figure 5: A) nDyyng and B) NDyreast Values in relation to SSDE from AAPM Report 204 with shaded areas
corresponding to + 20% and + 30% of the SSDE

17



332
333

334
335

336
337
338
339
340
341
342
343
344
345
346
347
348
349

Table 7: Summary statistics for nDyyng and NDpreast Values relative to SSDE and the Ty for each estimate of
normalized lung dose

nDlunq NDbreast

ADSSDE,organ range (%) -60.4 t0 20.1 -90.8t010.4
Al)SSDE,Org(m (%) 15.3 31.8
ASSSDE,orqan (%) 109 187
Ty (%) 35.6 68.3

Table 8: Frequency table of nDW and NDy.ast relative to SSDE from routine TCM chest exams

nDIung nDbreast
(N=160) (N=85)
- 119 26
0,
within £ 20% of SSDE C,=744%  C,=30.6%
148 44

- 0
within + 30% of SSDE C,=925% C,=51.8%

12 41

0,
beyond + 30% of SSDE C,=7.5% C,=48.2%

3.C SSDE relative to liver, spleen, and kidney dose from routine abdominal/pelvis exams

Figure 6A contains nDyer parameterized as an exponential function with D,, in relation to SSDE
from AAPM Report 204. ADsspe jiver Values ranged from -54.0% to 28.7%. ADggp jiver Was observed to be
13.1% and ASsspe jiver Was observed to be 9.2%. Of the 107 cases, 88 of the nDy;, values were within 20%
of SSDE (C, = 82.2%) while 104 of the nDi.r values were within 30% of the SSDE (C, = 97.2%). Only 3
of the nDy;r cases were beyond 30% of SSDE (C, = 2.8%). Using N = 107, Ty for SSDE covering 95%
of the population for nDyi,er With 95% confidence was observed to be 30.7%.

Figure 6B contains nDgpeen parameterized as an exponential function with D, in relation to SSDE
from AAPM Report 204. ADsspe spicen Values ranged from -44.4% to 35.4%. ADgspp sp1ecen Was Observed to
be 14.1% and ASsspe spieen Was observed to be 10.0%. Of the 107 cases, 81 of the nDgpieen Values were
within 20% of SSDE (C, = 75.7%) while 99 of the nDgpeen Values were within 30% of SSDE (C, =
92.5%). Only 8 of the NDgpieen Cases were beyond 30% of SSDE (C, = 7.5%). Ty for SSDE covering 95%

of the population for nDgpyeen With 95% confidence was observed to be 33.2%.
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Figure 6C contains nDyiqney parameterized as an exponential function with D,, in relation to SSDE
from AAPM Report 204. ADsspe kidney Values ranged from -49.6% to 47.3%. ADgspp kiane, WS observed to

be 13.7% and ASsspe kigney Was observed to be 10.1%. Of the 107 cases, 83 of the nDyigne, Values were
within 20% of SSDE (C, = 77.6%) while 100 of the nDyigney Values were within 30% of the SSDE (C, =
93.5%). Only 7 of the nDyigney Cases were beyond 30% of SSDE (C, = 6.5%). Ty for the SSDE covering
95% of the population for nDyige, With 95% confidence was observed to be 33.0%. Table 9 contains the
summary statistics for nDjjver, NDspieen, aNd NDyianey Values relative to the SSDE and the Ty for each organ.
Table 10 contains the frequency table for nDjiver, NDgpleen, aNd NDyianey Values relative to 20% and 30% of

SSDE.

Liver Dose - Routine Abd/Pel Exam Spleen Dose - Routine Abd/Pel Exam

25
o o

1.5

Normalized Liver Dose (n0, )

25

30
DWI {cm)

Kidney Dose - Routine Abd/Pel Exam

25
h ASHA

Normalized Kidney Dose (”‘ka.y)

25 40 45

30
Dw (cm)

Figure 6: A) NDjiver, B) NDgpieen, and C) NDyigney Values in relation to SSDE from AAPM Report 204 with
shaded areas corresponding to = 20% and + 30% of the SSDE
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Table 9: Summary statistics for NDjjver, NDgpieen, @Nd NDyigney Values relative to SSDE and the Ty for each
organ for TCM abdomen/pelvis exams

nDIiver nDspleen nDkidney
ADsspe organ ange (%)  -54.0 to 28.7 -44.4 t0 35.4 -49.6 t0 47.3
Al)SSDE,organ (%) 13.1 14.1 13.7
ASsspE organ (%0) 9.2 10.0 10.1
Ty (%) 30.7 33.2 33.0

Table 10: Frequency table of nDjyer, NDgpieen, @and NDyigney relative to SSDE from routine TCM
abdominal/pelvis exams

nDIiver nDspleen nDkidney
(N=107) (N=107) (N=107)
I 88 81 83
0,
within £20% of SSDE  » _¢330  ¢,=75.7%  C,=77.6%
104 99 100

o
within £30% 0 SSDE = 9730, ¢,=92.5% ¢, =93.5%

3 8 7

0,
beyond + 30% of SSDE C,=2.8% C,=7.5% C,=6.5%

4. DISCUSSION

In this study, SSDE was compared to organ dose estimates from validated, direct MC simulation
methods for three routine CT examinations across a wide range of patient sizes that included pediatric
patients, adult patients, and, for the body scans, bariatric patients. The framework for evaluation,
specifically for those exams using TCM, is outlined in Figure 3. The routine examinations included head
exams performed with FTC, chest and abdomen/pelvis exams performed with TCM. Unlike the Moore et
al. and Sinclair et al. studies mentioned previously, this study used D,, estimates taken either from patient
topograms or image data to calculate the SSDE as opposed to the geometric size descriptor of ED.
Moreover, this study directly evaluated SSDE on a per-organ basis with the aim of providing an upper
tolerance limit for which SSDE will cover 95% of the population (p = 0.95) with 95% confidence (a =
0.05) for a particular organ. Lastly, the evaluation of the SSDE was performed to test if the Ty < 20%

between SSDE and patient dose as noted in AAPM Report 204.
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For routine FTC head exams, this study observed that the Ty for the difference between nDyrin
and SSDE from AAPM 293 needed to cover 95% of the population with 95% confidence was 12.5%.
Additionally, as can be seen in Figure 4, all 15 nDy,i» values were within 20% of SSDE (C, = 100.0%).
This suggests that the Ty of 20% between SSDE and patient dose noted in AAPM Report 204 may be
appropriate for routine head CT examinations employing FTC and that SSDE may serve as a good
estimate for brain parenchyma dose to within 12.5% for at least 95% of the population. There are two
explanations for this observation. The first is that SSDE reported in both AAPM Reports 293 and 204
were derived from FTC measurements and simulations [11], [12]. The second explanation is related to the
fact that, as noted in Hardy et al. [18], the head is composed of homogenous tissue encased in bone,
which SSDE in AAPM Report 293 took into consideration. Thus, as can be seen again in Figure 4, the
NDyrain @S @ function of Dy, follows the SSDE curve, the average difference between them being less than
5% (ADgspE prain = 4-4%) with ASsspe prain OF ONly 3.2%. AAPM Report 293 does not explicitly note the
same +20% difference between SSDE and patient dose (brain parenchyma dose in this case) as in AAPM
Report 204 [11], [12]. AAPM Report 293, however, is an extension of AAPM Report 204 [11], [12].

For routine chest, this study evaluated SSDE against both CTDlI,q 3-normalized lung and breast
doses. This study observed that, when using CTDI,, 3, as the normalization for lung dose, the Ty for the
difference between nDy,,y and SSDE needed to cover 95% of the population with 95% confidence was
35.6%. This result suggests that the 20% difference between SSDE and patient dose noted in AAPM
Report 204 might not be sufficient for SSDE to cover 95% of nDy,,y cases from routine chest exams
employing TCM. Rather, the results of this study suggest that a wider tolerance may be needed in order
for SSDE to serve as an estimate of lung dose. One possible reason for this has to do with the longitudinal
modulation provided by CAREDose4D. In terms of dose reduction, TCM has been shown to reduce lung
and breast dose relative to FTC in chest exams [29]. Because of the lower overall normalized dose
provided by TCM relative to FTC, SSDE, as can be seen in Figure 5A, are a conservative estimate of
NDyung, With the vast majority of the data points falling within 30% of SSDE (C, = 92.5%). Additionally,

as can also be seen in Figure 5A, nDy values and regression fits tend to track closer to SSDE with
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increasing D,,, most probably due to the response of the AEC system of maxing out tube current output
for larger-sized patients. Figure 7 below shows the TCM profile of a non-bariatric and a bariatric patient
administered a routine chest exam. In Figure 7B, this TCM profile has very little longitudinal modulation
due to the attenuation characteristics of the patient. Although the number of bariatric patients in this study
was limited, this trend may nevertheless suggest different regimes within the normalized dose curves in

relation to tube output potential of a scanner and patient size.
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Figure 7: Examples of TCM profile from a routine chest exam of a A) typical, non-bariatric patient and
B) bariatric patient. In B), longitudinal modulation is minimal due to patient size and tube current
limitation.

This study observed that the Ty for the difference between nDyeast and SSDE needed to cover
95% of the population with 95% confidence was observed to be 68.3%. These observations can be seen
more clearly in Figure 5B for NDpreast. NDyreast Values, as well as the corresponding regression fits between
NDpreast and Dy, were systematically below SSDE with only a few exceptions (NDoreast: ADsspE preas: =
31.8%, ASsspepreast = 18.7%). As was seen in the lung, the normalized breast dose from TCM is
systematically smaller than SSDE. Thus, this study suggests that SSDE may be a conservative estimate
for nDyreast for most of the population. A tolerance wider than the 20% difference between patient dose
and SSDE specified in AAPM Report 204 would be needed to encompass 95% with 95% confidence of

n Dbreast-
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For abdomen/pelvis exams, this study found that that the Ty for the difference between nDjiyer,
NDgpieen, aNd NDyigney and SSDE needed to cover 95% of the population with 95% confidence was 30.7%,
33.2%, and 33.0%, respectively. These results indicate that a tolerance wider than a 20% difference
between SSDE and CTDI,q 3,-normalized organ dose would be needed to capture 95% of NDjiver, NDspieen,
and nDygney Cases with 95% confidence. These results are illustrated in the Figure 6 for nDjiver, NDgpleen,
and nDyianey, respectively, wherein, for all three organs, the vast majority of the nDjyer, NDspieen, and
NDyigney Cases are within 30% of SSDE (C,=97.2%, C,=92.5%, and C,=93.5%, respectively).
Additionally, as can be seen in Table 9, all three of these organs had fairly similar deviations from SSDE
as indicated by the proximity of their ADgspp 5rgan and ASsspe organ Values to one another. Given this, an
equivalent Ty for these three organs of the abdomen/pelvis is a reasonable result.

A general trend was observed that normalized doses from TCM protocols were lower than SSDE.
This observation is intuitive given that TCM reduces normalized dose relative to FTC [29]. The data
suggests that another model of normalized dose that takes into consideration the effects of TCM may be
needed. A potential candidate for such a dose model that considers TCM is the generalized linear model
(GLM) developed by Bostani et al. [30]. The GLM is a statistical dose model that allows for the inclusion
of categorical variables for different radiosensitive organs and scanners and was constructed with TCM
MC simulations [30]. Given the widespread use of TCM, it is possible that normalized dose coefficients
derived from GLM may be more appropriate in the current context of clinical practice. This, though,
would require further investigation.

This study had a few advantages. This study capitalized on the strengths of the direct MC
simulation approach to evaluate SSDE in light of organ dose estimates that are reflective of actual patient
anatomy and actual, clinical TCM schemes. The evaluation of SSDE was performed on a per-organ basis
using those MC-derived organ dose estimates across a range of patient sizes and across several routine
protocols. Even given these advantages, however, this study nevertheless had a few limitations. For head
exams, though the expectation is that brain parenchyma dose from FTC will not significantly deviate from

SSDE, the sample sizes were nevertheless small because organ dose data was based on previous work.
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Future work would involve using a large sample size to evaluate SSDE for the doses for this protocol. For
those routine examinations employing TCM, which was the majority of the protocols investigated herein,
only one AEC algorithm from one manufacturer, Siemens, was considered due to the lack of accessibility
of complete TCM information from other scanner manufacturers. Future work would involve performing
the direct simulation method with TCM information from other manufacturers and scanners. Additionally,
though this study attempted to evaluate SSDE across a range of patient sizes, this study only contained a
limited number of bariatric patients. Future work in this avenue would involve the incorporation of more

bariatric patients in the evaluation of SSDE.

5. CONCLUSION

This study evaluated SSDE as an estimate of organ dose in light of organ dose estimates from
direct MC simulation methods, using the 20% threshold mentioned in AAPM Report 204 as the point of
departure for the evaluation. In the case of routine exams, with the exception of brain parenchyma doses
routine FTC head exams, the null hypothesis of this study was rejected in that T, was found to be greater
than 20% for the organ doses investigated from body routine exams. Results indicate that a 20% threshold
difference is most likely sufficient for 95% coverage of brain parenchyma dose cases from routine FTC
head exams. For body exams using TCM, a threshold difference of ~30-36% would be wide enough to
cover the majority (95%) of the organs investigated in this study, excluding the breasts, where SSDE

Serves as a conservative estimate.
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