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ABSTRACT 

 

Purpose: The gold-standard method for estimation of patient-specific organ doses in digital 

tomosynthesis (DT) requires protocol-specific Monte Carlo (MC) simulations of radiation transport in 

anatomically accurate computational phantoms. Although accurate, MC simulations are 

computationally expensive, leading to a turnaround time in the order of core hours for simulating a 

single exam. This limits their clinical utility. The purpose of this study is to overcome this limitation 

by utilizing patient- and protocol-specific MC simulations to develop a comprehensive database of 

air-kerma-normalized organ dose coefficients for a virtual population of adult and pediatric patient 

models over an expanded set of exam protocols in DT for retrospective and prospective estimation of 

radiation dose in clinical tomosynthesis.  

 

Materials and Methods: A clinically representative virtual population of 14 patient models was 

used, with pediatric models (M and F) at ages 1, 5, 10, and 15 and adult patient models (M and F) 

with BMIs at 10
th
, 50

th
, and 90

th
 percentiles of the US population. A GPU-based MC simulation 

framework was used to simulate organ doses in the patient models, incorporating the scanner-specific 

configuration of a clinical DT system (VolumeRad, GE Healthcare, Waukesha, WI) and an expanded 

set of exam protocols including 21 distinct acquisition techniques for imaging a variety of anatomical 

regions (head and neck, thorax, spine, abdomen, and knee). Organ dose coefficients (hn) were 

estimated by normalizing organ dose estimates to air kerma at 70 cm (X70cm) from the source in the 

scout view. The corresponding coefficients for projection radiography were approximated using organ 

doses estimated for the scout view. The organ dose coefficients were further used to compute air-

kerma-normalized patient-specific effective dose coefficients (Kn) for all combinations of patients and 

protocols, and a comparative analysis examining the variation of radiation burden across sex, age, and 

exam protocols in DT, and with projection radiography was performed. 
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Results: The database of organ dose coefficients (hn) containing 294 distinct combinations of patients 

and exam protocols was developed and made publicly available. The values of Kn were observed to 

produce estimates of effective dose in agreement with prior studies and consistent with magnitudes 

expected for pediatric and adult patients across the different exam protocols, with head and neck 

regions exhibiting relatively lower and thorax and C-spine (apsc, apcs) regions relatively higher 

magnitudes. The ratios (r = Kn/Kn,rad) quantifying the differences air-kerma-normalized patient-

specific effective doses between DT and projection radiography were centered around 1.0 for all exam 

protocols, with the exception of protocols covering the knee region (pawk, patk). 

 

Conclusions: This study developed a database of organ dose coefficients for a virtual population of 

14 adult and pediatric XCAT patient models over a set of 21 exam protocols in DT. Using empirical 

measurements of air kerma in the clinic, these organ dose coefficients enable practical retrospective 

and prospective patient-specific radiation dosimetry. The computation of air-kerma-normalized 

patient-specific effective doses further enable the comparison of radiation burden to the patient 

populations between protocols and between imaging modalities (e.g., DT and projection radiography), 

as presented in this study. 

   

KEYWORDS: tomosynthesis, radiation dosimetry & risk, patient specific, XCAT, Monte Carlo, 

Task Group 321 

I. INTRODUCTION 

Digital tomosynthesis (DT) is a medical imaging modality that utilizes high-resolution limited 

angle tomography1 to produce images that minimize overlap of overlying structures and enable local 

tissue separation. By acquiring reduced number of projection views, DT offers some of the benefits of 

CT imaging in a time- and cost- effective manner but with reduced radiation dose, higher in-plane 

spatial resolution, and less metal artifacts, leading to a variety of applications that justify its existence 

in a clinical context. Besides serving as a precursor to CT imaging, DT has been known to excel at 

detection of breast lesions, localization and verification of pulmonary nodules or densities, 

postoperative follow-up in patients with metallic prosthesis or osteosynthesis material, detecting 

subtle alterations in bone trabeculae, and emergency imaging due to time-efficient workflows2. This 

diverse applicability of DT combined with its increased accessibility and availability has led to a rise 

in its clinical utilization3,4, creating an imperative to quantify the consequent radiation-related risks to 

the patient population.  

 

A prerequisite to the quantification of radiation-related risks to the patient population is the 

accurate estimation of radiation dose delivered to the patients constituting the population. The current 

gold-standard approach for estimating the radiation dose to individual patients involves the 

computation of patient-specific organ doses using protocol-specific Monte Carlo (MC) simulations of 

radiation transport in anatomically accurate patient-specific computational phantoms. A few prior 
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studies have utilized this approach for estimating organ doses and evaluating radiation-related risks 

for a variety of patient populations and exam protocols in DT. Some of these efforts include the 

evaluation of organ doses for a typical digital breast tomosynthesis exam in a female voxel phantom5, 

the estimation of organ and effective doses for an adult reference phantom in chest tomosynthesis and 

its comparison to a standard radiographic exam6, the computation of effective doses and risk indices 

for a generic exam protocol in a population of adult XCAT phantoms7, and the investigation of the 

relationship between organ doses and patient attributes across a range of exam protocols for a 

population of adult XCAT phantoms8.  

 

Despite being informative, these prior efforts utilizing MC simulations for organ dose 

estimation are limited due to one or more of the following key reasons: (1) they estimate organ doses 

using generalized phantoms, not representing the diversity of a specific patient population, (2) 

absence of organ dose estimates for pediatric patients, (3) absence of data across clinical exam 

protocols, and (4) difficulty for implementation within a clinical context. The limitations were 

recognized by the American Association of Physicists in Medicine (AAPM), which established a task 

group (TG321) aimed at developing a database of organ doses with clinically relevant normalizations 

for a diverse range of anthropomorphic phantoms and exam protocols in DT. 

 

Informed by these limitations and as part of AAPM TG321, this study aims to develop a 

comprehensive database of air-kerma-normalized organ dose coefficients (as described later) using 

gold-standard MC simulations for an anatomically accurate virtual population of adult and pediatric 

XCAT patient models over an expanded set of exam protocols in DT. Using empirical measurements 

of air kerma in the clinic, the simulated organ dose coefficients from this study will enable 

retrospective and prospective estimation of radiation dose in DT. The virtual population of patient 

models used in this study included distinct patient models selected to be representative of the clinical 

adult and pediatric patient populations9. The exam protocols included 21 distinct exam protocols 

utilized for imaging a variety of anatomical regions including head and neck, thorax, spine, abdomen, 

and knee. The air-kerma-normalized organ dose coefficients were computed as organ doses 

normalized to air kerma at 70 cm from the source in the scout view. The organ dose coefficients were 

further utilized to compute air-kerma-normalized patient-specific effective dose coefficients and a 

comparative analysis of the dose burden across sex, age, and exam protocols in DT, and with 

projection radiography was performed, as presented in this study. 

 

II. MATERIALS AND METHODS 

The workflow for generating a comprehensive database of organ dose coefficients in DT for a 

diversity of patient models and exam protocols included the following steps: (1) generation of a 

virtual population of adult and pediatric computational patient models, (2) establishing a custom 

Monte Carlo (MC) simulation pipeline for computationally modeling the patient- and protocol-

specific fields-of-view for all projections to estimate organ doses, (3) simulating organ doses and 



 

 

 

This article is protected by copyright. All rights reserved. 

 

5 

computing normalized coefficients for a virtual population of adult and pediatric patient models 

across a range of exam protocols, and (4) analyzing the generated database of organ dose coefficients 

for investigating inter- and intra- protocol dependencies and trends. 

 

2.1. Generation of a virtual population of patient models 

 

Modeling of the patient-specific anatomies corresponding to adult and pediatric patients was 

performed using computational patient models (phantoms) from the XCAT library10–12. Segmented 

from real patient CT datasets, the XCAT phantoms are defined using non-uniform rational B-spline 

(NURBS) and subdivision surfaces, which provides them with the flexibility to match any desired 

body habitus and organ volumes. The version of the XCAT phantoms used in this study contained 130 

different organs and anatomical structures including breasts, lungs, soft tissue organs (such as heart, 

liver, kidneys, and spleen), and bones (such as ribs, spine, and sternum). For each of the bones, inner 

shells with user-defined thicknesses were specified for estimating the dose delivered to the bone 

marrow contained in the spongiosa and medullary cavities. For anatomical accuracy, the thickness of 

the inner shells defining the marrow regions were matched to the corresponding CT dataset used to 

generate the phantoms.  

 

For generating the virtual population of adult and pediatric patient models used in this study, 

a collection of voxelized adult and pediatric patient models representing the clinical variability of 

patients were selected from the XCAT library. The pediatric models included both sexes (M and F) at 

ages 1, 5, 10, and 15 years. The adult models were selected to represent BMIs at 10
th
, 50

th
, and 90

th
 

percentiles of the adult population in the US for both sexes (M and F). To accommodate the 

simulation of the different protocols considered in this study, the selected phantoms were modified to 

generate versions in arms up, arms down, Waters (head tilted back such that the orbital meatal line 

forms a 37° angle with the detector) and bent knee (45° flexion for bilateral knees) positions, as 

shown in Figure 1. For this study, all phantoms were voxelized using an in-plane and longitudinal 

resolution of 0.158 cm and 0.3 cm respectively, which provide a good balance between accuracy of 

and the computational cost of organ dose estimation.  

 

2.2. Establishing MC simulation pipeline 

 

The estimation of patient- and protocol-specific organ doses was performed using a 

simulation pipeline
13 

consisting of the following steps: (1) a custom MATLAB code for 

computationally modeling the patient- and exam- specific fields-of-view (FOVs) for all projections in 

a DT exam, and (2) MC simulator based on MC-GPU that utilizes the computed FOVs to provide 

estimates of organ dose. For performing the simulations in this study, the framework was customized 
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to model the scanner-specific configuration of a clinical DT system (VolumeRad, GE Healthcare, 

Waukesha, WI), which served as a proxy for a generic clinical tomosynthesis system. 

 

The custom MATLAB code for computing the patient- and exam-specific FOVs accepts a 

voxelized phantom and specifications for the exam protocol to compute the motion trajectory of the 

source and the corresponding FOVs on the detector plane using an iterative ray-tracing algorithm. The 

exam protocol is specified using organ markers that define the extremities of the anatomical region of 

interest, tube voltage (kVp), source-to-image distance (SID), total angular sweep (  , total number of 

projection views (Np), and the distance of the pivot point of source translation from the detector plane 

(PPID). Once the FOVs are computed, the program outputs the coordinates for the source location and 

the center coordinates and dimensions (height and width) of the trapezoidal FOV on the detector plane 

for all projections, including the scout view. The FOV for the scout view (FOVscout) is iteratively 

computed to fully encompass the anatomical region of interest as defined by the organ markers while 

constraining the source position such that the vectors connecting the source to the extremities of the 

FOVscout  (as defined by the organ markets) subtend equal angles with the line connecting the source to 

the center of FOVscout along both the lateral and cranial-caudal directions. 

 

The MC simulator used for estimating organ doses was developed using the MC-GPU14 

(v1.3) framework, which imports x-ray interaction models from PENELOPE 200615 into a 

parallelized x-ray transport model for obtaining estimates of absorbed dose (mGy/photon) in 

voxelized phantoms. The simulator accepts the output of the MATLAB code for computing the 

patient- and exam- specific FOVs for specifying the collimations for all simulated projection views. 

The source spectra corresponding to the tube voltages (kVp) and filtration specified for the exam 

protocols were obtained from TASMICS16 v1.0 using a bin width of 1 keV. Since MC-GPU does not 

include models for secondary electron transport, kerma (kinetic energy released per unit mass by 

uncharged ionizing radiation) was used as an estimator for absorbed dose. This assumption is justified 

as the typical mean free path of secondary electrons at energies considered in this study17 is 

considerably smaller than the voxel size used for the phantoms considered in this study. For 

estimating the dose to active (AM) and shallow marrow (TM50) using the three-factor method 

described by Johnson et al.18, energy-binned kerma values in bone sites containing marrow tissue 

were also tabulated.  

  

2.3. Generating a database of organ dose coefficients  

 

 For generating the database of organ dose coefficients multiple exam protocols covering a 

diversity of anatomical regions (head and neck, thorax, spine, abdomen, and knee) were identified, 

and the corresponding source-detector trajectories and FOV dimensions for all projection views were 

computed using clinical patient positioning guidelines19. Since the dose contribution of backscatter 

arising from the table or wallstand at the distal edge of the patient was observed to be negligible in 
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separate simulations (mean difference <1% for organs within primary irradiation field), they were not 

modeled in the database. The protocols selected to generate the database of organ dose coefficients for 

the adult and pediatric patient populations are summarized in Tables 1 and 2, respectively. For 

protocols with multiple available acquisition techniques, clinically appropriate values were chosen 

based on patient attributes. To estimate organ doses for a given patient-protocol combination, the MC 

simulation was executed using 2x10
7 
histories per projection to limit the standard error within 5% for 

all organs within the primary irradiation field. Since the estimation of active and shallow marrow dose 

involved tabulating energy-binned kerma values for multiple small bone sites per projection, the 

uncertainties for marrow dose were much higher than 5%. The absorbed organ doses (mGy/photon) 

were computed for a chosen set of organs with varying levels of radiosensitivities, which included the 

breast, colon, lung, stomach, testes, bladder, esophagus, liver, thyroid, brain, salivary glands, skin, 

adrenals, extrathoracic region, gall bladder, heart wall, kidneys, muscle, oral mucosa, pancreas, 

prostate, small intestine, spleen, thymus, eye lens, active marrow, and shallow marrow.  

 

To enable retrospective and prospective dose estimations in the clinic, the simulated dose 

estimates (ODi) in each organ i for a given patient-protocol combination were normalized to the 

number of projections views (Np) and the simulated air kerma at 70 cm from the x-ray source in the 

scout view (X70cm,sim), to compute the organ dose coefficients (hn,i) as 

 

      
   

            
  

 

The simulated air kerma at 70 cm from the source in the scout view was computed in a sphere 

of volume 1 cm
3
 using 2x10

7 
histories. For the investigation of the dependence of organ dose on 

patient attributes and exam protocol, and to allow for comparisons with comparable modalities such 

as projection radiography, the dose coefficients were further utilized to compute the air kerma-

normalized patient-specific effective dose coefficients (Kn) for all combinations of patient models and 

protocols as 

 

    
       

            
  ∑       

 

 

 

 where EDtotal represents the total effective dose from all projection views in an exam and wi 

indicates the tissue-specific weighting factors reported in ICRP (International Commission on 

Radiological Protections) report 10320. 
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 The organ doses for the corresponding exam protocols in projection radiography were 

approximated using scout views for all patient-protocol combinations. The resulting organ dose 

coefficients (hn,i,rad) were used to compute the air kerma-normalized patient-specific effective doses 

coefficients (Kn,rad). Ratios quantifying the differences in radiation burden per projection between DT 

and projection radiography for all patient-protocol combinations were computed as 

 

   
  

      
 

 

 

III. RESULTS 

 A database of air-kerma-normalized doses (hn) for adult and pediatric patients across multiple 

protocols in digital tomosynthesis was developed and has been publicly made available for use
21

. 

Figure 3 shows box plots comparing the air-kerma-normalized patient-specific effective doses 

coefficients (Kn) for all pediatric and adult patients across 21 distinct exam protocols considered in 

this study. The lower and upper boundaries of the box for each group represent the 25
th
 and 75

th
 

percentiles, respectively, while the line inside the box represents the median. The lower and upper 

whiskers for each group represent distance corresponding to 1.5 times the inter-quartile range (25
th
 to 

75
th
 percentile) from the 25

th
 and 75

th
 percentiles, respectively. The range of Kn values observed for 

the different protocols showed similar order of magnitude, with protocols covering the head and neck 

region (pacf, pawf, latf) exhibiting relatively lower magnitudes, and protocols with anterior-posterior 

positioning covering the thorax and C-spine (apsc, apcs) exhibiting relatively higher magnitudes. The 

observed spread in Kn for adult and pediatric patients simulated using protocols covering the head and 

neck region and adult patients was observed to be negligible compared to the spread observed for the 

rest of the protocols. Similar trends were also observed in Figures 4 and 5, which show boxplots 

(interpreted similarly to Figure 3) comparing the Kn values across all protocols for all adult (Figure 4) 

and pediatric (Figure 5) patients grouped by sex (male and female). The spread in Kn was observed to 

be negligible for both male and female adult patients for protocols covering the knee region (pawk, 

patk). 

 

 Figure 6 shows the patient averaged organ dose coefficients (hn) for breast, liver, lung, and 

heart in a population of adult and pediatric patients for all exam protocols (pac, llc, apsc) utilized for 

imaging the thorax. For both adult and pediatric patients, the coefficients for the anterior-posterior 

supine (apsc) protocol exhibited relatively higher magnitudes, with the increase in pediatric patients 

dramatically higher than adult patients. Figure 7 shows the same patient averaged organ dose 

coefficients (hn) varying as a function of the projection view for a posterior-anterior chest (pac) 

protocol. Figure 8 shows boxplots (interpreted similarly to Figure 3) comparing the ratio (r) of air-

kerma-normalized patient-specific effective doses coefficients computed for tomosynthesis (Kn) and 
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radiography (Kn,rad) for pediatric and adult patients across all protocols considered in this study. The 

spread of ratios for all protocols are approximately centered about 1.0, except for protocols covering 

the knee region (pawk, patk), where the ratios are observed to be dramatically higher than 1.0. 

 

VI. DISCUSSION 

 The estimation of radiation dose for x-ray-based radiological procedures, including digital 

tomosynthesis (DT), is central to the evaluation of radiation-related risks to the patient population and 

is crucial both for the justification and optimization of the exam. Since the energy deposited in 

patients from exposure to ionizing radiation is inhomogeneous and highly sensitive to patient 

attributes and scan techniques, the metrics for quantifying radiation dose must be computed in a 

patient- and scanner-specific manner. Due to the variation in radiosensitivity between the different 

organs and tissue types, the metrics for quantifying radiation dose also need to be granular, allowing 

for the accurate evaluation of risks in an organ-specific manner. Estimation of patient- and protocol-

specific organ dose coefficients (hn) using anthropomorphic phantoms and MC simulations is one 

such metric, enabling the retrospective and prospective estimation of radiation dose in a clinical 

context using empirical measurements of air kerma.  

 

It is to be noted that the computation of the organ dose coefficients (hn) involves 

normalization with air kerma measured in the scout view. This minimizes but does not eliminate the 

dependencies resulting from variations in patient attributes and the specifics of the exam protocol. 

Figures 6 shows the variation in patient averaged organ dose coefficients (hn) for breast, lung, liver, 

and heart across exam protocols (pac, llc, and apsc) covering the thorax. For both adult and pediatric 

patients, the organ dose coefficients are higher for the anterior-posterior supine (apsc) protocol 

because of lower SID for the exam protocol and the direct exposure of organs of interest to the 

primary irradiation field in anterior-posterior positioning. The increase in magnitude of hn is 

dramatically higher in pediatric patients than in adults due to the relatively lower kVs utilized for 

scanning pediatric patients and their smaller organ volumes. Figure 7 shows the patient averaged 

organ dose coefficients (hn) varying as a function of the projection view for a posterior-anterior chest 

(pac) protocol, where the variations are observed due to the movement of the primary irradiation field 

from source translation relative to the organs of interest. For organs such as breast and lungs that stay 

within the primary irradiation field for all projection views, the largest magnitudes for hn are observed 

for the central view, where the source is closest to the detector.  

 

A common method for reporting risk associated with a radiological procedure is effective 

dose. Although effective dose has several limitations22,23, it is still considered a useful metric for 

comparing the radiation burden from different types of exposures, including those resulting from 

variations in exam protocols and imaging modalities, as also stated in a recent ICRP publication24. 

Analogous to the organ dose coefficients (hn), the computation of air-kerma-normalized patient-

specific effective dose coefficients (Kn) enable the retrospective and prospective estimation of 
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effective dose in a clinical context using empirical measurements of air kerma. The Kn values 

computed in this study lead to estimates of effective dose that agree with prior studies. Using the 

distance-adjusted incident air kerma value and estimates of effective dose published by Sabol et al.6, 

the effective dose for a 50
th
 percentile adult male undergoing a posterior-anterior chest (pac) exam is 

predicted to be 0.203 mSv, which is in the order-of-magnitude of the published value of 0.134 mSv in 

a medium-sized adult male. The observed differences in the predicted and published values can be 

attributed to differences in the choice of the anthropomorphic phantom, details of FOV computations, 

and the exam protocol utilized for scanning the phantom.  

 

The air-kerma-normalized patient-specific effective dose coefficients (Kn) are observed to be 

of similar order of magnitude for all pediatric and adult patients across the different exam protocols 

considered in this study. The protocols covering the head and neck region (pacf, pawf, latf) exhibit 

relatively lower values of Kn compared to the remaining protocols due to the exposures being limited 

largely to organs with low tissue-specific weighting factors (w). The exam protocols with anterior-

posterior positioning covering the thorax (apsc, apcs) exhibit relatively higher magnitudes due to 

direct exposure of radiosensitive organs to the primary irradiation field and lower kVs utilized in these 

protocols, except for scanning adults undergoing anterior-posterior supine (apsc) exams for which the 

kV settings were comparable to the remaining protocols. As observed in Figure 4, the observed spread 

in Kn for adult patients in protocols covering the head & neck and knee is negligible compared to the 

spread in remaining protocols due to only 50
th
 percentile patients (M and F) simulated for those 

protocols. A similar trend is also observed in Figure 5, where the relatively lower spread for the head 

& neck protocols arises from the lack of substantial anatomical variations in the anatomical region of 

interest between the pediatric patient models of different ages and lower tissue-specific weighting 

factors (w) for organs exposed.  

 

 The ratios (r = Kn/Kn,rad) quantifying the differences in radiation burden between DT and 

projection radiography are centered around 1.0 for all exam protocols, with the exception of protocols 

covering the knee region (pawk, patk). The centering of ratios at a value of 1.0 is expected because 

the computation of Kn for DT involves normalization to the number of projections views (Np) 

involved in the exam. The dramatically high values for protocols covering the knee region (pawk, 

patk) compared to 1.0 are a result of the increased exposure of the organs such as the gonads with 

high tissue-sensitive weighting factors exposed due to the increased anatomical coverage of the 

FOVs. 

 

 This study has several limitations. First, the database of organ dose coefficients developed in 

this study only uses a limited number of patient models to sample the diversity in the patient 

population. Although the development of this database is a step forward in the direction of patient-

specific dosimetry and has great utility towards studying the population-level trends and relationships 

in organ doses, care should be exercised when using it to compute organ dose to specific patients 

undergoing a DT exam due to inter-individual variations in patient anatomy and body habitus8,25. 
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Second, the simulation framework employed for computing the dose coefficients relies on MC-GPU, 

which does not account for secondary electron transport and uses kerma as an approximator for 

absorbed dose. Although the voxel sizes for phantoms considered in this study (0.158 and 0.3 cm) are 

considerably larger than the range of secondary electrons at energies typical of DT17, it might lead to 

errors in situations where the boundary effects are dominant and charge particle equilibrium is not 

satisfied. Third, the development of the database of organ dose coefficients relied on modeling the 

specifics of a system from a single manufacturer (GE Healthcare) and does not account for inter-

manufacturer variations in system geometry, computation of collimated FOVs for projection views, 

and acquisition techniques (kV, filtration, number of projections, etc.). Since VolumeRAD by GE 

Healthcare was the only clinical tomosynthesis system on the market during the initiation phase of 

TG321, it was chosen to be a proxy for a generic clinical tomosynthesis system. Since the dose 

coefficients are reported for all projection views, the user can utilize the data to compute coefficients 

dose for systems with fewer views or variable exposure as a function of view angle. In addition, the 

spectrums for each kV utilized in the study were computed for a generic x-ray tube and filtration 

system, which is expected to show minimal inter-manufacturer variation. The computation of dose 

coefficients involves normalization by the number of projections and air kerma in the scout view that 

partially nullifies the effect of the variations in acquisition technique, the differences resulting from 

inter-manufacturer variations in scanner geometry and collimation method should be quantified for 

further commenting on the generalizability of the developed coefficients. Fourth, the simulation 

framework utilized for computing the dose coefficients does not account for the anode heel effect, 

which leads to non-uniformities in the irradiation field along the axis of the x-ray tube, possibly 

causing minor inaccuracies in the estimation of the coefficients. 

 

V. CONCLUSION 

 In this study, we successfully developed a comprehensive database of organ dose coefficients 

for a virtual population of 14 distinct adult and pediatric XCAT patient models over an expanded set 

of 21 exam protocols covering a variety of anatomical regions in digital tomosynthesis (DT). Using 

empirical measurements of air kerma in the clinic, these organ dose coefficients enable retrospective 

and prospective patient-specific radiation dosimetry in DT in a clinical context. The organ dose 

coefficients were utilized to compute air-kerma-normalized patient-specific effective dose coefficients 

for 294 combinations of patient protocols and combinations, further enabling the comparison of 

radiation burden to the patient population between protocols and with projection radiography and 

informing optimization of current and the design of new exam protocols. 
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Figure 1. A visual illustration of the different phantom positions - (a) arms down, (b) arms 

up, (c) Waters, and (d) bent knee - used to simulate the different exam protocols considered 

in this study. 
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Figure 2. A schematic illustrating the acquisition geometry for digital tomosynthesis (DT) modeled in 

the Monte Carlo (MC) simulation pipeline used for generating the database of organ dose coefficients. 

Here, psi and pdi represent the locations of the source and the detector for projection i, respectively, 

and h indicates the height of the trapezoidal FOV.  
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Figure 3. Box plots (additional description in text) comparing the air-kerma-normalized patient-

specific effective dose coefficients (Kn) for all pediatric (blue, left) and adult (magenta, right) patients 

across 21 distinct exam protocols covering a diversity of anatomical regions in digital tomosynthesis 

(DT). The various exam protocols for a given anatomical region (head & neck, thorax, spine, 

abdomen, or knee) are shown against the same background color. The individual data points used for 

computing the statistics for each group are shown as circles with outlier appearing with a + sign.  

 

Figure 4. Box plots (additional description in text) comparing the air-kerma-normalized patient-

specific effective dose coefficients (Kn) for all adult patients grouped by sex (female, left, blue; male, 

right, magenta) across 21 distinct exam protocols covering a diversity of anatomical regions in digital 

tomosynthesis (DT). The various exam protocols for a given anatomical region (head & neck, thorax, 

spine, abdomen, or knee) are shown against the same background color. The individual data points 

used for computing the statistics for each group are shown as circles with outlier appearing with a + 

sign.  
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Figure 5. Box plots (additional description in text) comparing the air-kerma-normalized patient-

specific effective dose coefficients (Kn) for all pediatric patients grouped by sex (female, left, blue; 

male, right, magenta) across 21 distinct exam protocols covering a diversity of anatomical regions 

(head & neck, thorax, spine, abdomen, and knee) in digital tomosynthesis (DT). The various exam 

protocols for a given anatomical region (head & neck, thorax, spine, abdomen, or knee) are shown 

against the same background color. The individual data points used for computing the statistics for 

each group are shown as circles with outlier appearing with a + sign. 

 

Figure 6. Patient averaged organ dose coefficients (hn) for breast, liver, lung, and heart in a 

population of (a) adult and (b) pediatric patients for all exam protocols (pac, llc, and apsc) utilized for 

imaging the thorax.  
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Figure 7. Patient averaged organ dose coefficients (hn) for breast, liver, lung, and heart as a function 

of projection views in a population of (a) adult and (b) pediatric patients for the posterior-anterior 

chest (pac) exam protocol. 
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Figure 8. Box plots (additional description in text) comparing the ratios (r) of air-kerma-normalized 

patient-specific effective dose coefficients computed for tomosynthesis (Kn) and radiography (Kn,rad) 

for all pediatric (blue, left) and adult patients (magenta, right) across 21 distinct exam protocols 

covering a diversity of anatomical regions in digital tomosynthesis (DT). The various exam protocols 

for a given anatomical region (head & neck, thorax, spine, abdomen, or knee) are shown against the 

same background color. The individual data points used for computing the statistics for each group 

are shown as circles with outlier appearing with a + sign.  
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Table 1. A summary of the exam protocols used to generate organ dose coefficients for a population of adult 

patients considered in this study. 

Exam Code View kVp Source-

to-image 

distance 

(SID) 

(cm) 

Sweep 

range ( ) 

(degrees) 

Number of 

projection 

views (Np) 

Pivot-to-

image 

distance 

(PPID) 

(cm) 

Sinus/Facial 

Bones 

pacf PA 

Caldwell 

75 100 40 60 9.9 

 pawf PA 

Waters 

75 100 40 60 9.9 

 latf Lateral 75 100 40 60 10.6 

Chest pac PA 110*, 120* 

(*with 0.2 

Cu added 

filtration) 

180 30 60 9.9 

 llc Left 

Lateral 

110 180 Conventional (0°) view only. 

 apsc AP 

Supine 

90*, 100*, 

110* 

(*with 0.2 

Cu added 

filtration) 

100 30 60 10.6 

C-Spine apcs AP 70, 75, 80 100 40 60 9.9 

 llwcs, 

lltcs 

Left 

Lateral 

70, 75, 80 100, 180 30 60 14.9, 

16.6 

T-Spine apwts, 

aptts 

AP 80 100 40 60 8.9, 10.6 

 llwts, 

lltts 

Left 

Lateral 

80 100 30 60 13.9, 

15.6 

L-Spine apls AP 80 100 40 60 8.9 

 llls Left 

Lateral 

80, 90, 100 100 30 60 9.9 

Hip  apwh, 

apth 

AP Hip, 

Proximal 

Femur 

70, 75, 80 100 40 60 9.9, 11.6 
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Abdomen apwa, 

apta 

AP 

Supine 

75, 80, 85 100 20 25 9.9, 11.6 

Knee pawk, 

patk 

PA 

Bilateral 

70 100 40 40 9.9, 11.6 

 

 

 

 

 

 

 

 

Table 2. A summary of the exam protocols used to generate organ dose coefficients for a population of pediatric 

patients considered in this study. 

Exam Code View kVp Source-to-

image 

distance 

(SID) (cm) 

Sweep 

range ( ) 

(degrees) 

Number of 

projection 

views (Np) 

Pivot-

to-

image 

distan

ce 

(PPID

) (cm) 

Sinus/Facial 

Bones 

pacf PA 

Caldwell 

60, 63, 68 100 40 60 7.4, 

9.1 

 pawf PA 

Waters 

60, 63, 68 100 40 60 7.4, 

9.1 

 latf Lateral 60, 63, 68 100 40 60 7.4, 

8.6 

Chest pac PA 80*, 90*, 

100* 

(*with 

0.2 Cu 

added 

filtration) 

180 30 60 7.4 

 llc Left 

Lateral 

85, 90, 

100 

180 Conventional (0°) view only. 

 apsc AP Supine 60*, 70*, 

80* 

100 30 60 9.1 
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(*with 

0.2 Cu 

added 

filtration) 

C-Spine apcs AP 64, 68, 70 100 40 60 7.4, 

9.1 

 llwcs, 

lltcs 

Left 

Lateral 

64, 68, 70 100 30 60 9.9, 

10.6 

T-Spine apwts, 

aptts 

AP 64, 68, 

72, 76 

100 40 60 6.9, 

8.6 

 llwts, 

lltts 

Left 

Lateral 

64, 65, 

68, 76 

100 30 60 9.4, 

11.1 

L-Spine apls AP 65, 68, 76 100 40 60 8.6 

 llls Left 

Lateral 

65, 70, 76 100 30 60 11.1 

Hip  apwh, 

apth 

AP Hip, 

Proximal 

Femur 

60, 65, 70 100 40 60 7.4, 

9.1 

Abdomen apwa, 

apta 

AP Supine 65, 70, 

75, 76 

100 20 25 9.1 

Knee pawk, 

patk 

PA 

Bilateral 

60, 65, 70 100 40 40 7.4, 

9.1 

 

 

Exam Code View kVp Source-

to-image 

distance 

(SID) 

(cm) 

Sweep 

range ( ) 

(degrees) 

Number of 

projection 

views (Np) 

Pivot-to-

image 

distance 

(PPID) 

(cm) 

Sinus/Facial 

Bones 

pacf PA 

Caldwell 

75 100 40 60 9.9 

 pawf PA 

Waters 

75 100 40 60 9.9 

 latf Lateral 75 100 40 60 10.6 

Chest pac PA 110*, 120* 

(*with 0.2 

180 30 60 9.9 
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Cu added 

filtration) 

 llc Left 

Lateral 

110 180 Conventional (0°) view only. 

 apsc AP 

Supine 

90*, 100*, 

110* 

(*with 0.2 

Cu added 

filtration) 

100 30 60 10.6 

C-Spine apcs AP 70, 75, 80 100 40 60 9.9 

 llwcs, 

lltcs 

Left 

Lateral 

70, 75, 80 100, 180 30 60 14.9, 

16.6 

T-Spine apwts, 

aptts 

AP 80 100 40 60 8.9, 10.6 

 llwts, 

lltts 

Left 

Lateral 

80 100 30 60 13.9, 

15.6 

L-Spine apls AP 80 100 40 60 8.9 

 llls Left 

Lateral 

80, 90, 100 100 30 60 9.9 

Hip  apwh, 

apth 

AP Hip, 

Proximal 

Femur 

70, 75, 80 100 40 60 9.9, 11.6 

Abdomen apwa, 

apta 

AP 

Supine 

75, 80, 85 100 20 25 9.9, 11.6 

Knee pawk, 

patk 

PA 

Bilateral 

70 100 40 40 9.9, 11.6 

 

 

Exam Code View kVp Source-to-

image 

distance 

(SID) (cm) 

Sweep 

range ( ) 

(degrees) 

Number of 

projection 

views (Np) 

Pivot-

to-

image 

distan

ce 

(PPID

) (cm) 

Sinus/Facial pacf PA 60, 63, 68 100 40 60 7.4, 
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Bones Caldwell 9.1 

 pawf PA 

Waters 

60, 63, 68 100 40 60 7.4, 

9.1 

 latf Lateral 60, 63, 68 100 40 60 7.4, 

8.6 

Chest pac PA 80*, 90*, 

100* 

(*with 

0.2 Cu 

added 

filtration) 

180 30 60 7.4 

 llc Left 

Lateral 

85, 90, 

100 

180 Conventional (0°) view only. 

 apsc AP Supine 60*, 70*, 

80* 

(*with 

0.2 Cu 

added 

filtration) 

100 30 60 9.1 

C-Spine apcs AP 64, 68, 70 100 40 60 7.4, 

9.1 

 llwcs, 

lltcs 

Left 

Lateral 

64, 68, 70 100 30 60 9.9, 

10.6 

T-Spine apwts, 

aptts 

AP 64, 68, 

72, 76 

100 40 60 6.9, 

8.6 

 llwts, 

lltts 

Left 

Lateral 

64, 65, 

68, 76 

100 30 60 9.4, 

11.1 

L-Spine apls AP 65, 68, 76 100 40 60 8.6 

 llls Left 

Lateral 

65, 70, 76 100 30 60 11.1 

Hip  apwh, 

apth 

AP Hip, 

Proximal 

Femur 

60, 65, 70 100 40 60 7.4, 

9.1 

Abdomen apwa, 

apta 

AP Supine 65, 70, 

75, 76 

100 20 25 9.1 

Knee pawk, 

patk 

PA 

Bilateral 

60, 65, 70 100 40 40 7.4, 

9.1 
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