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ABSTRACT 

We investigated the potential for digital tomosynthesis (DT) to reduce pediatric x-ray dose while maintaining 
image quality.  We utilized the DT feature (VolumeRadTM) on the GE DefiniumTM 8000 flat panel system installed in the 
Winnipeg Children’s Hospital.  Facial bones, cervical spine, thoracic spine, and knee of children aged 5, 10, and 15 years 
were represented by acrylic phantoms for DT dose measurements.  Effective dose was estimated for DT and for 
corresponding digital radiography (DR) and computed tomography (CT) patient image sets.  Anthropomorphic phantoms 
of selected body parts were imaged by DR, DT, and CT.  Pediatric radiologists rated visualization of selected anatomic 
features in these images.  Dose and image quality comparisons between DR, DT, and CT determined the usefulness of 
tomosynthesis for pediatric imaging.   

CT effective dose was highest; total DR effective dose was not always lowest – depending how many 
projections were in the DR image set.  For the cervical spine, DT dose was close to and occasionally lower than DR 
dose.  Expert radiologists rated visibility of the central facial complex in a skull phantom as better than DR and 
comparable to CT.  Digital tomosynthesis has a significantly lower dose than CT.  This study has demonstrated DT 
shows promise to replace CT for some facial bones and spinal diagnoses.  Other clinical applications will be evaluated in 
the future.    
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1. INTRODUCTION 
The last few decades have seen tremendous progress in x-ray imaging.  With the advent of new and 

technologically-advanced imaging techniques, patient diagnosis and care have seen vast improvement.  Digital 
radiography (DR) and computed tomography (CT) have become commonly-used imaging tools that clinicians rely on.  
Whether it is for pre or post operative checks, trauma cases, or standard primary diagnoses, x-ray imaging is regularly 
used for children of all ages.   
 

With every image captured by ionizing x-rays, there is an inherent radiation dose incurred in the patient.  
Ionizing radiation poses a greater biological risk for children than for adults since young, differentiating cells are more 
susceptible to harm. Combined with longer life expectancy, this makes children more vulnerable than adults to long 
term, stochastic effects of biological tissue damage from radiation.  These effects include radiogenic cancers and 
leukemia1.  A UK study estimated the risk of fatal cancer to children to vary between 9 and 12% per Sievert of effective 
radiation dose2.  Therefore, patient dose must be kept as low as reasonably achievable (ALARA)3.   
 

The literature includes a large collection of journal articles discussing the concern for pediatric x-ray dose.  This 
concern has led researchers to explore optimization techniques.  Although results differ, they most commonly suggest 
antiscatter grid removal, changes in tube voltage (kVp), and the use of x-ray beam filtration4,5,6,7,8,9,10,11.  The literature 
portrays a need to reduce the number of high-dose imaging procedures performed on children in order to keep the dose 
ALARA 12.  In particular, there is concern for increasing prevalence of CT use in children13,14,15,16,17,18,19.  According to a 
recent study, CT accounts for 9% of all radiological examinations but is responsible for 47% of medical radiation dose20. 
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The introduction of high quality, fast reading digital flat panel x-ray detectors has enabled the development of 
advanced imaging applications such as tomosynthesis21.  In tomosynthesis, a projection image is acquired for each of a 
number of x-ray source angular positions (figure 1).  Images representing slices at different depths in the irradiated 
volume are reconstructed from the limited-angle tomographic data set acquired (figure 2).  The resulting images provide 
higher diagnostic quality than standard radiographs, with lower dose than CT.  Recent studies report significantly 
improved detection of lung nodules in adults compared with standard radiography22,23.  Digital tomosynthesis has also 
shown potential for use in diagnostic and screening mammography24, and visualization of the temporomandibular joint25.   
 

 
                       Figure 1.  Tomosynthesis image acquisition (GE Healthcare, reprinted with permission) 
 

 

    Figure 2.  Tomosynthesis image reconstruction (GE Healthcare, reprinted with permission) 

 
This study investigated the use of digital tomosynthesis (DT) to help reduce pediatric patient dose.  We 

examined the clinical feasibility and dose penalty of DT in pediatric x-ray imaging.  DT reduces tissue overlap and 
provides depth information.  It therefore has the potential to replace certain higher-dose CT exams.  Given the increased 
dose relative to standard radiographs, the implementation of DT for children should proceed with caution.  Using 
phantom dose measurements, we compared the dose delivered by DT to that delivered by digital radiography and CT.  
Two pediatric radiologists assessed the clinical quality of DT images of anthropomorphic phantoms compared to those of 
DR and CT.  Results determined whether DT would help reduce the number of high dose x-ray procedures performed on 
children.  

 
In the following section, the digital tomosynthesis system and phantoms utilized will be described.  The 

experimental setup for dose measurements and anthropomorphic phantom image capture will be specified.  The results 
section will report dose values obtained.  Clinical assessment of images will be briefly summarized.  The significance of 
these results will then be discussed, drawing conclusions.     

 

1. X-ray tube 
2. Sweep angle 
3. X-ray source plane 
4. Table detector 



2.  MATERIALS AND METHODS 

2.1  Digital tomosynthesis system 
We used the GE DefiniumTM 8000 (GE Healthcare, Waukesha, WI) digital radiography system recently 

installed in the Winnipeg Children’s Hospital (Winnipeg, MB, Canada).  The system has an indirect conversion 
amorphous silicon 41 x 41 cm2 flat panel detector with 200 micron elements.  Several informative studies have 
quantified the performance of this detector type26,27.   

 
VolumeRadTM is the commercial name of the DT feature on this system.  In VolumeRadTM, the system acquires 

a planar radiography scout image followed by a number of projection images (figure 1).  The x-ray tube moves across a 
limited angular range while the detector remains stationary.  The angular range is 20, 30 or 40 degrees, and the number 
of projections varies from 25 to 60, both depending on the protocol selected.  The x-ray sweep takes 11.33 seconds to 
complete.  The system uses the scout image with the user-configurable dose ratio to determine the x-ray parameters of 
the angular sweep.  The dose ratio approximates the ratio of the sweep exposure to that of the scout.  

 
Once image acquisition is complete, the system reconstructs slices parallel to the detector plane (figure 2) using the 
generalized filtered back projection (GFBP) technique28,29.  The number of slices and slice interval are configurable.  
Slice thickness depends on the sweep angle.  For all the DT image acquisitions reported herein, we used the vendor-
configured default settings, which varied for each protocol.  No attempts at technique optimization were made.   

2.2  Dose measurement 
An expert pediatric radiologist identified facial bones, cervical spine, thoracic spine, and complex fractures of 

the limbs (knee, specifically) as exams for which DT showed potential.  We categorized patients into three age groups: 
five, ten and fifteen years of age. For dose measurements, we represented patients with thicknesses of acrylic selected to 
match statistically normal anterior-posterior (AP) anatomic dimensions30, as shown in table 1. 

  

Anatomy View 
Age 

Represented 
(years) 

Acrylic Slab 
Thickness (cm) 

Facial bones postero-anterior 5 18 
    10 18.5 
    15 19 
Knee antero-posterior 5 8 
    10 9 

    15 11 
Cervical spine antero-posterior 5 8 
    10 9 
    15 10 
Thoracic spine antero-posterior 5 14 

    10 16 

  15 20 

Table 1.  Acrylic slab thickness used for dose measurement 

 
Acrylic slabs were stacked to relevant thicknesses on the table, over the center AEC detector.  We exposed the 

slabs in DR and DT modes using the AP orientation (PA for facial bones). Since an actual patient is more likely to 
remain still for 11.33 seconds supine than upright, we used the table detector.  The anti scatter grid (100 cm focal 
distance, 12:1 ratio, and 70 lp/cm) was used for all DT and DR image acquisitions.  We used automatic exposure control 
(AEC) to capture DR images and DT image scouts. The system automatically selected technique settings for the DT 
sweep (table 2).  The x-ray source to image distance (SID) was 100 cm.  The inherent x-ray beam filtration was 2.7 mm 
Al.  The system introduced additional filtration of 0.1 mm Cu for facial bones.    

 



Anatomy View Slice 
Interval Dose Ratio Sweep 

Angle 
Number of 

Acquisitions 

Facial bones postero-anterior 4 mm 10 40 degrees 60 

Knee antero-posterior 2 mm 5 40 degrees 60 

Cervical spine antero-posterior 5 mm 10 40 degrees 60 

Thoracic spine antero-posterior 4 mm 10 40 degrees 60 

Table 2.  VolumeRad acquisition and slice reconstruction parameters 

 
 We measured exposure with a Radcal 10X5-6 ionization chamber and Radcal 9010 dosemeter (Radcal 
Corporation, CA, USA) with calibration traceable to the National Institute of Standards and Technology (NIST).  
Exposure was converted to kerma.   
 

For DR images, the ion chamber was placed 48 cm from the source, approximately 27-37 cm from the phantom, 
depending on the phantom thickness.  We used the inverse square law to convert kerma to incident air kerma (no 
backscatter) at the entry surface of the patient, Ka,i

31.  The x-ray system reported its own internally-calculated values for 
Ka,i.  The purpose of this measurement was to verify accuracy of Ka,i values reported by the imaging system for 
subsequent use in calculating effective dose.    

  
For DT images, the ion chamber was placed 2 cm above the phantom.  Due to sweep acquisition geometry, Ka,i 

for DT was most accurately measured at the phantom surface, and corrected for backscatter.  We empirically determined 
a backscatter factor of 1.29.   
 

2.3  Effective dose calculation 
 Direct measurement of patient dose was not possible.  We therefore obtained a collection of past patient images 
– CT and DR - for age groups and anatomies of interest.  Images were collected for 10 to 20 patients in each group, 
although some 5 year old groups were smaller.  The DR images had been captured on the same GE DefiniumTM 8000.  
Most DR patients had multiple (2-6) anatomic projections acquired in one imaging session.  All projections were 
included per patient.  The CT images had been captured on a Toshiba Asteion 4 channel system.  Although this system is 
dated, it is currently being used in the Winnipeg Children’s Hospital.  We elected to keep our data consistent with current 
practice in the department.     
 

We used dose calculation software, PCXMC (STUK, Netherlands), to calculate effective dose from DR and DT 
Ka,i values.  PCXMC uses recent tissue weighting factors3 to estimate effective dose32.  We used the ImPACT Patient CT 
Dosimetry Calculator version 0.99x (ImPACT group, www.impactscan.org), modified for new weighting factors, to 
determine effective dose from CT scans. This software uses Monte Carlo data collected by the National Radiological 
Protection Board (NRPB) for the particular CT scanner model33. Relevant scan parameters were extracted from the 
image DICOM headers.  

 
We compared effective dose values for DT (phantom), DR and CT (patient) images.  When several DR image 

projections were captured for one patient, we computed the total effective dose from all projections.  We calculated 
average DR and CT patient dose and corresponding standard deviation as well as the maximum and minimum values.    

 
 
 
 
 
 



2.4 Preliminary clinical assessment 
We used anthropomorphic phantoms to compare the diagnostic value of DT to CT and DR. We used typical 

clinical settings in CT and DR, and default system settings in DT (table 2). We used adult size anthropomorphic 
phantoms due to unavailability of pediatric phantoms.  The relatively longer acquisition time of a DT sweep makes it 
more amenable to older children and partially justifies using adult-size phantoms.  We used a skull phantom, bent and 
straight knee phantoms, and chest phantom (for cervical and thoracic spines).  Images captured by DR, DT, and CT were 
examined by two expert pediatric radiologists.  Visualization of anatomic details commonly sought for each protocol was 
rated.   

3.  RESULTS 

3.1  Dose measurements 
 For DR, all measured and system-reported Ka,i values for acrylic slab images agreed within 20%.  They were 
also comparable to corresponding reported patient Ka,i values.  This justified the phantom (acrylic slab thickness) 
representations of patient age and anatomy used throughout the study.  It also justified the use of system-reported Ka,i 
from patient DR images to estimate effective dose for comparison.  We found this agreement for all anatomic protocols, 
and one example is shown in figure 3.   
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Figure 3.  Comparison of Ka,i for facial bones.  The first two bars represent Ka,i from acrylic slab image                                                                     
acquisition.  The ion chamber measurement is dotted and the system-reported Ka,i is checkered.  The diagonal      
striped bar is the reported patient DR Ka,i. 

 

 
 



3.2  Effective dose comparison 
Effective dose (E) values are shown in table 3 below.  Tomosynthesis effective dose is that resulting from a 

single sweep and scout, in the AP or PA projection.   
                       

 Patient DR Phantom 
DR 

Phantom 
DT Patient CT  

Age range avg E std E E range avg E std Anatomy 

5 
10 
15 

0.013 – 0.040 
0.014 - 0.068 
0.013 – 0.102 

0.027 
0.037 
0.036 

0.008 
0.016 
0.021 

0.025 
0.022 
0.023 

0.190 
0.168 
0.148 

0.62 – 2.50 
0.47 – 2.45 
0.17 – 1.67 

1.83 
1.20 
0.91 

0.59 
0.73 
0.53 

Facial 
Bones 
 

5 
10 
15 

0.0012 – 0.0051 
0.0004 – 0.0093 
0.0002 – 0.0044 

0.0021 
0.0015 
0.0009 

0.0012 
0.0021 
0.0009 

0.0015 
0.0009 
0.0008 

0.017 
0.012 
0.008 

n/a 
0.309 – 0.423 
0.309 – 0.614 

0.42 
0.39 
0.44 

n/a 
0.043 
0.071 

Knee 
 

5 
10 
15 

0.015 – 0.080 
0.012 – 0.090 
0.012 – 0.197 

0.031 
0.034 
0.040 

0.016 
0.018 
0.037 

0.007 
0.009 
0.011 

0.100 
0.085 
0.083 

2.04 – 2.82 
1.91 – 2.56 
1.68 – 2.56 

2.58 
1.97 
1.88 

0.23 
0.17 
0.32 

Cervical 
Spine 
 

5 
10 
15 

0.06 – 0.24 
0.04 – 0.61 
0.07 – 0.42 

0.16 
0.19 
0.20 

0.08 
0.16 
0.12 

0.17 
0.12 
0.19 

1.11 
0.19 
1.02 

n/a 
7.68 – 15.27 
9.32 – 15.74 

10.20 
12.06 
12.52 

n/a 
2.83 
1.71 

Thoracic 
Spine 
 

Table 3.  Effective Dose, E (mSv) for DR, DT and CT.  Range of E values, average (avg) value and standard deviation (std) 
are shown in mSv for DR and CT patient values.  Measured E is shown for phantom DR (AP only) and DT images . 

  
Based on average patient dose values, for facial bones, DT had 4 to 7 times higher effective dose than total DR 

and CT dose values were 6 to 10 times higher than DT.  The knee DT image sets had 8 to 9 times higher effective dose 
than total DR, and CT was 25 to 52 times higher than DT.  For cervical spine, DT had 2 to 3 times higher effective dose 
than total DR, and CT values 23 to 26 times higher than DT.  Thoracic spine DT dose values were 5 to 7 times higher 
than total DR, and corresponding CT images had 9 to 12 times higher effective dose than DT.   

 
Examining the range of patient DR effective dose values brought about some interesting results concerning 

facial bones and cervical spine specifically.  These protocols show a wide range of values.  The maximum total patient 
DR effective dose values for the 10 and 15 year old cervical spines surpass their corresponding phantom DT dose.  This 
is shown in figure 4.  The maximum 15 year old total DR effective dose for facial bones protocol approaches the 
corresponding DT effective dose, but does not surpass it (figure 5).  
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Figure 4.  Cervical spine: comparison of patient effective dose from multiple X-rays (DR) with corresponding 
tomosynthesis dose to phantom. 
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Figure 5.  Facial Bones: comparison of patient effective dose from multiple X-rays (DR)  with corresponding tomosynthesis 
dose to phantom. 



3.3  Preliminary clinical assessment 
Two expert pediatric radiologists rated the facial bones DT image set as lacking depiction of the zygomatic 

arch, but as good as CT for visualization of the central facial complex - particularly the orbital floors.  They noted that 
frontal CT views also lack depiction of the zygomatic arch.  DT images were rated higher than a standard set of DR x-
rays, with better resolution and greater visualization of details.  Results foresaw future use of DT for diagnosing facial 
trauma and sinus disease.  Radiologists described the knee DT image set as having good bone detail.  The cervical spine 
DT image set was rated high for visualization of the cervical – thoracic joint, which is often reportedly difficult to see on 
plain x-rays.  The lateral thoracic spine DT images had nice detail, also with good visualization of the upper section 
usually poorly visualized in plain x-rays.  The lateral set was deemed more clinically useful than the AP one.  

4. DISCUSSION 
Effective dose values for all modalities are high for the thoracic spine, where vital organs are irradiated, and low 

for the more distant knee, as expected.  Effective dose is generally higher for younger patients than older ones, consistent 
with published data13,34 and established conversion coefficients35.  The CT values obtained are comparable to known 
average values: typical adult effective dose for head CT is 1-2 mSv, and for chest CT is 5-7 mSv36.  Pediatric effective 
dose for facial bones and thoracic spine are slightly higher than these average values due to increased weighting factors 
for children33.  This study is concerned with comparing effective dose values, and recognizes that effective dose, an 
estimate - not a measurement, has a large amount of uncertainty associated with it37.   

 
 For complex fractures of the knee, the restriction of DT reconstruction to the coronal plane was seen as a 

limitation.  CT effective dose values are low enough to justify continued use of the modality for knee imaging.  For 
facial bones, cervical and thoracic spine, DT could be utilized following DR and prior to CT, in many cases eliminating 
the need for CT and in others allowing for a more focused CT examination.  Using a DT sweep instead of a standard DR 
image set for trauma patients may result in dose reduction, particularly for the cervical spine (figure 4) and facial bones 
(figure 5).  

4.1 Utilizing digital tomosynthesis 
Although DT could never replace CT, it would provide a beneficial “screening” process to rule out fractures or 

displaced fractures, to remove the need for CT.  If there is a specific concern or an abnormality already identified when 
the patient is admitted to x-ray imaging, diagnosis may begin with DT instead of DR.  This could result in a more 
narrowly collimated follow-up CT scan or eliminate the CT scan altogether.  The end result would be a reduced number 
of CT scans performed on children.  Using DT as a troubleshooting tool would mean that for some cases (when DR, DT, 
and CT images are captured) a larger patient dose would be incurred.  For the pediatric population as a whole, the dose 
would be reduced.  The Winnipeg Children’s Hospital has used DT for this purpose on two thoracic spine trauma 
patients – one 8 year old and one 16 year old - and removed the need for CT in both cases.  A practice in Brighton, UK 
has been using DT as a problem solving tool for several pediatric protocols38.   

 
We are currently examining the dose penalty of replacing the usual four temporomandibular joint (TMJ) plain 

x-rays with a lateral DT image set.  Clinical assessment of TMJ phantom images favored DT over DR.  Cochlear 
implants with electrodes need pre and/or post operative placement checks to assure they have not dislodged or moved.  A 
DT image set taken in the AP projection would be well suited for this clinical circumstance, eliminating high CT dose 
resulting from a simple placement check.  AP and lateral projection x-rays with two oblique lumbar spine x-rays are used 
to diagnose spondololysis, a common cause of adolescent lower back pain.  We are investigating the dose penalty of 
replacing these DR images with a lateral DT image set.  Clinical assessment of lumbar spine phantom images favored 
DT over DR.   
 
 
 
 
 
 



5.  CONCLUSION 

 
Digital tomosynthesis has been deemed clinically useful for allowing visualization of intricate anatomy at 

various depths.  This investigation has shown it provides more detail than a standard set of x-rays, and may be used in 
lieu of CT for some spine and facial bones trauma patients.  The radiation detriment from DT lies between that of DR 
and CT.  Using DT shows potential for dose savings over DR, particularly for the cervical spine.  Clinical feasibility 
studies for additional anatomies will be completed in the future.   

 
Results of dose comparison and preliminary clinical assessment demonstrate promise for using DT as a 

troubleshooting tool between DR and CT imaging procedures, to reduce the need for CT scans.  It is of interest to replace 
CT with DT where possible to reduce the number of CT scans and hence reduce patient dose.  This in turn will reduce 
radiation dose to the pediatric population as a whole.   
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