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Abstract. Currently, computed tomography (CT) dosimetry relies on surrogates for dose, such as CT dose index
and size-specific dose estimates, rather than dose per se. Organ dose is considered as the gold standard for
radiation dosimetry. However, organ dose estimation requires precise knowledge of organ locations. Regional
imparted energy and dose can also be used to quantify radiation burden and are beneficial because they do not
require knowledge of organ size or location. This work investigated an automated technique to retrospectively
estimate the imparted energy from tube current-modulated (TCM) CT exams across 13 protocols. Monte Carlo
simulations of various head and body TCM CT examinations across various tube potentials and TCM strengths
were performed on 58 adult computational extended cardiac-torso phantoms to develop relationships between
scanned mass and imparted energy normalized by dose length product. Results from the Monte Carlo simu-
lations indicate that normalized imparted energy increases with increasing both scanned mass and tube poten-
tial, but it is relatively unaffected by the strength of the TCM. The automated algorithm was tested on 40 clinical
datasets with a 98% success rate. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI1.4.1.013503]
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1 Introduction for some organs and influence image quality.’ The strength
of the TCM impacts the level of dose reduction and image qual-
ity. The precise combination of kV and TCM strength will ulti-
mately determine the amount of radiation dose the patient will
receive.

Recognizing the potential for simplification in quantifying
radiation burden by estimating the imparted energy to patients
undergoing CT exams, we developed an automated technique to
estimate the regional imparted energy in TCM CT exams. The
method is unique in that it is patient specific and protocol spe-
cific. That is, it can be used to estimate the imparted energy asso-
ciated with every noncontrast-enhanced CT exam performed in
the hospital that utilizes one of the 13 protocols investigated.

Current methods for computed tomography (CT) dosimetry are
reliant on computed tomography dose index (CTDI) and size-
specific dose estimates (SSDE). However, CTDI and SSDE are
surrogates for dose rather than dose per se. Organ dose is a bet-
ter metric for quantifying radiation burden. However, organ dose
estimation requires precise knowledge of the size and location of
each organ. Thus, organ dose is not a practical metric for use in
the daily clinical environment. Regional imparted energy,
defined as the net imparted energy to a specific region of the
body in a CT exam, is another metric that can be used to evaluate
radiation burden. Estimating the imparted energy instead of
organ dose is simpler because it does not require precise esti-
mates of the organ size or location. As such, it is a more practical
metric to use for daily clinical dosimetry purposes.

Modern scanners come with a variety of settings that can be

2 Derivation of Mass-Imparted Energy
Dependency

adjusted in performing the CT exam which ultimately determine : : :

the amount of dose the patient receives. Peak tube voltage (kV) 2.1 Modeling a Patient Population

and tube current modulation (TCM) are two of the main settings. A library of 58 adult anthropomorphic computational extended
Increasing the kV leads to a higher dose to the patient.' cardiac-torso (XCAT) phantoms was used in this study.* This
Moreover, TCM has the potential to both reduce organ dose’ library consists of 35 males and 23 females with body mass indi-

ces ranging from 19.2 to 36.1 and 18.2 to 36.7, respectively. The

*Address all correspondence to: Jeremiah Sanders, E-mail: jeremiah.
sanders @duke.edu 2329-4302/2017/$25.00 © 2017 SPIE
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Fig.1 The library of 58 anthropomorphic phantoms used in this study.

phantoms were modeled from clinical CT exams. All the major
organs of the body were modeled in each phantom. The tissues
in the phantoms are classified as lung, bone, or soft tissue
with associated densities of 0.26, 1.40, and 1.03 g/cm’,
respectively.’ The library of phantoms can be seen in Fig. 1.
More detailed information regarding the phantoms can be
found in Ref. 4.

2.2 Modeling Tube Current Modulated

Manufacturers of modern CT scanners use proprietary tech-
niques to compute the TCM profile for a given CT exam.
This makes it difficult to precisely model the TCM profile in
our Monte Carlo simulations. However, a theoretical method
has been devised to estimate the TCM profile based on an
examination of the attenuation properties of the phantom
along the length of the scan at different gantry angles.® For a
given projection, the tube current is modeled as

mA = BA°, (1)

where mA is the tube current, /3 is a proportionality constant, A is
the attenuation through the patient, and « is the strength of the

modulation. A ray-tracing algorithm was used to determine the
attenuation through the phantom at a given projection. The col-
lection of mA values for the various projections makes up the
TCM profile. A detailed description of the algorithm is outlined
by Li et al.®

Various TCM strengths were investigated in this study
(¢ =0.00, 0.25, 0.50, 0.75, and 1.00). The strength of the
TCM can vary from zero, corresponding to fixed tube current,
to one, corresponding to maximum modulation as a function of
attenuation. The value for the TCM strength is reflective of dif-
ferent CT implementations and can be adjusted on certain scan-
ners. As the TCM strength is increased, the noise properties in
each projection vary. Constant noise across all projections can
be achieved with @ = 1.00.3> An example set of TCM profiles
generated for an abdominopelvic scan at 120 kV is shown
in Fig. 2.

2.3 Modeling Dose

A validated PENELOPE-based Monte Carlo program was used
in this study.” Li et al. demonstrated that discrepancies between
simulation and measurement ranged between —17% and 13%
for helical scans simulated with this program. The inputs to
the program were the computational XCAT phantoms, TCM
profiles, x-ray spectrum, and input files defining beam collima-
tion, phantom positioning in the bore of the scanner, number of
photon histories, source to isocenter distance, and start and stop
locations for the scan. A summary of the main input parameters
for simulating a Siemens Definition Flash scanner is provided in
Table 1.

The output of the PENELOPE simulation was a three-dimen-
sional (3-D) dose profile per 100 mAs of the phantom. An exam-
ple is shown in Fig. 3(b). Each voxel of the 3-D dose profile
contained the dose to that voxel, defined as the imparted energy
to the voxel divided by the mass of the voxel. This is expressed
mathematically as

D=—, )
m

where D is the dose, ¢ is the imparted energy, and m is the
mass. The mass of voxels can be found by multiplying the den-
sity p of the tissue contained in each voxel by the volume V of
the voxel, i.e., m = pV. Thus, one can isolate the imparted
energy to the voxel by multiplying both sides of Eq. (2) by
the mass m.

800
| —0.00 (Fixed)
700 ............. 0.25
2600 { 0.50
| 075
—1.00

0 10 20 30
Gantry angle (radians)

50 60 70 80 90

Fig. 2 An example set of TCM profiles generated for a 120 kV abdominopelvic exam.
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Table 1 Main input parameters for the Monte Carlo simulations emu-
lating a Siemens Definition Flash scanner.

Parameter Value
Number of photon histories 5x 108
Pitch 0.8
Fan angle 25°
Collimation 38.4 mm
Effective beam width 44.4 mm
Source to isocenter distance 59.5 cm

Tube potential 80, 100, 120, and 140 kV

Fig. 3 (a) A cross section of one of the XCAT phantoms showing
details of anatomical structures. (b) An example dose profile gener-
ated from a PENELOPE simulation of an abdominopelvic exam per-
formed on the phantom in (a) using a 120 kV tube potential. The red
lines indicate the scan region that was defined.

The net imparted energy to the phantom normalized by DLP
for a given examination was the target of this study. Normalizing
by DLP allows the results to be used for multiple scanners and
protocols as the CTDI,; can serve as a normalizer across such
dependencies. The method used here for simulating CTDI,; is
described by Tian et al.® The normalized net imparted energy
can be computed as the sum of the imparted energy to all voxels
within the phantom, including the voxels containing scattered
radiation divided by the DLP of the exam. This is expressed as

Enet _ ZZ:I Z;‘nzl ZII‘:I gi,j,k
DLP L - CTDI, ’

3

where &, is the net imparted energy to the phantom, ¢, ;  is the
imparted energy to the voxel with indices i, j, k, and L is the
scan length. Since both &, and CTDI,, are per 100 mAs,
the normalization by 100 mAs cancels out in Eq. (3).

2.4 Mass-Imparted Energy Database

The normalized imparted energy was computed for each of the
58 XCAT phantoms under 13 different scan protocols using
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four kV settings (80, 100, 120, and 140 kV) and the five
TCM strengths listed above. The CTDI,, values for the
four different kV settings were 2.050, 4.191, 7.025, and
10.168 mGy/100 mAs, respectively. The 13 scan protocols
are defined in Table 2. The mass of the scanned region of
the phantoms was also calculated by finding the net mass of
tissue in-between the start and stop regions of each protocol.
These data were used to generate a database of the normalized
imparted energy as a function of the scanned mass for each pro-
tocol and scan setting. A knowledgebase was extracted from the
database by applying second-order polynomial fits to each data-
set in the database. These fit lines were used in the step below to
estimate the imparted energy to actual patients based on an esti-
mate of the scanned mass from their CT dataset. The equation
used for the fit lines was

&,
DnLei):c1M2+czM+c3, 4)

where c|, ¢,, and c3 are coefficients, and M is the scanned mass.

Table 2 Definitions of the scan regions for the 13 different protocols.®

Region Protocol Start location Stop location

Abdomen 1 cm above 1 cm below inferior

superior liver iliac crest

1 cm above 1 cm below inferior
superior liver ischium

Abdomen-pelvis

Adrenal 1 cm above 1 cm below inferior
superior adrenals adrenals
Chest 1 cm above 1 cm below
lung apex lung base

1 cm above 1 cm below inferior
ischium

Chest-abdomen-

pelvis lung apex

Body Kidney 1 cm above 1 cm below inferior
superior kidneys kidneys

Kidney-bladder 1 cm above 1 cm below inferior

superior kidneys bladder
Liver 1 cm above 1 cm below inferior
superior liver liver
Liver—kidney 1 cm above 1 cm below inferior
superior liver kidneys
Pelvis 1 cm above 1 cm below inferior
superior iliac ischium
crest
Head 1 cm above top 1 cm below base
of skull of skull
Head-neck 1 cm above 1 cm below inferior C7
Head top of skull vertebrae
Neck 1 cm above 1cm below inferior C7
superior C1 vertebrae
vertebrae

Jan-Mar 2017 « Vol. 4(1)
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3 Regional Imparted Energy Estimation from
Clinical Computed Tomography Datasets

3.1 Mesh Generation and Scanned Mass
Estimation for Clinical Exams

This point marks the transition from the work on the XCAT
phantoms to the work on the clinical CT datasets. A program
was devised to segment the patient’s body from their clinical
dataset using a multithreshold technique.!® Since the cushion
patients lie on has a similar Hounsfield unit (HU) to skin, it
often times poses a challenge for the segmentation. Thus, pass-
ing the dataset through multiple thresholds helps remove the
cushion from the segmentation mask. Seven thresholds were
selected by manually finding the optimal thresholds from a data-
base of CT images that were unrelated to this study. The dataset
was passed through the thresholds to create a binary volume of
the patient’s soft tissue. A morphological hole-filling operation
was applied to fill in the lower density regions inside the patient.
The result was a binary volume representing the patient’s body.

An MATLAB-based open source mesh generation toolbox,
iso2mesh, was used to reconstruct the contour of the scanned
region of the patient from their CT dataset.'' The “v2m” func-
tion in the toolbox was used for this purpose. It requires the
binary volume of the patient along with user-defined constants,
including the size of the mesh. A mesh size of 4 was used in this
study. The outputs of the v2m function that were used were the
node coordinates and list of elements that make up the tetrahe-
dral mesh. A few examples of reconstructed volumes from head,
chest, and abdominopelvic exams are shown in Fig. 4. An addi-
tional function, “elemvolume,” was used to determine the vol-
ume of each element in the tetrahedral mesh. All the individual
element volumes were then summed to compute the total vol-
ume of the scanned region.

To estimate the scanned mass of the patient, the volume cal-
culation from the previous step is multiplied by an effective den-
sity. The effective density is defined as a weighted sum of the
individual densities: bone, soft tissue, lung, and air. Air in the
patient, such as within the esophagus or gas pockets in the

gastrointestinal track, was subtracted out as it does not contrib-
ute to the mass of the patient. An effective density was derived
as

Pett = Wapp + Wsrpst + Wipr — Wapa, (@)

where p; is the effective density, Wy, Wqr, W, and W, are the
weighting factors for bone, soft tissue, lung tissue, and air,
respectively, and pg, pst, pr, and p, are the densities of
bone, soft tissue, lung tissue, and air, respectively. The values
used were 1.4 g/cm?® for bone, 1.03 g/cm? for soft tissue,
0.26 g/cm? for lung,® and 1.205 x 1073 g/cm? for air.'? The
weighting factors were determined by finding the ratio of the
number of “true” (or 1) voxels in the binary volume that re-
present a particular tissue to the total number of “true” voxels
in the binary volume. For example, consider a binary volume of
a patient that is segmented from a chest CT exam, containing
5,100,000 voxels label as “true.” Of these voxels, 2,000,000
are identified as the lung, 2,250,000 are identified as soft tissue,
750,000 are identified as bone, and 100,000 are identified as air.
The weighting factors for the lungs, soft tissue, bone, and air
would be 0.392, 0.441, 0.147, and 0.020, respectively.

As the patient mass estimation is dependent on the patient
volume, it is necessary to validate the accuracy of the volume
estimation from the tetrahedral mesh. For this purpose, a multi-
sized phantom (Mercury V3.0, Duke University, Durham, North
California) was input into the mesh generation algorithm, and
the estimated volume was compared with an analytical volume
calculation. The dimensions of the Mercury Phantom are shown
in Fig. 5 beside the tetrahedral mesh that was generated.

The voxels representing a particular tissue in the binary vol-
ume of the patient were classified based on the value of their
HU. Otsu thresholding'® was applied to the CT dataset using
three thresholds. Performing this operation splits the histogram
of the CT dataset into three sections. The three different sections
represent the three major tissue types: lung, soft tissue, and
bone. Binary masks of each tissue type were created with the
thresholds, and the weighting factors were determined from
the binary masks. The air pockets in the patient are segmented

Fig. 4 An example set of volumes reconstructed from head, chest, and abdominopelvic CT datasets.
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8.5cm 6cm 6 cm 6cm 6cm

39cm 85cm

5.63 cm 6cm

Fig. 5 The Mercury Phantom V3.0 used for validating the volume estimation from the tetrahedral mesh.

with the lungs. Most of the air pockets are much smaller than the
lungs in the binary mask, so they were removed using the “bwar-
eaopen” function in MATLAB. The larger air pockets with
cross-sectional areas comparable to those of the lungs were
removed based on the location of their geometric centroid rel-
ative to the center of the image. Their centroid is located further
from the image center than that of the lungs.

3.2 Patient-Specific Regional Imparted Energy
Estimation

The program was tested on 20 clinical abdominopelvic and 20
clinical chest CT datasets. The clinical datasets were anony-
mously obtained from Duke Hospital’s database of CT exams
with IRB approval, and all the clinical datasets were acquired
with a 120 kV setting. First, each dataset was input into the algo-
rithm to determine the scanned mass. Next, the estimate of the
scanned mass was plugged into the equation for the normalized
imparted energy corresponding to the proper protocol and kV
setting. Finally, the result was multiplied by the DLP of the
exam. The average and standard deviation of the imparted
energy for each protocol were computed. The variation in nor-
malized imparted energy was quantified by determining the per-
cent change in normalized imparted energy with TCM strength
with respect to fixed tube current.

1.2
> e "
¥ 10 )
= .4
<
E s 0.8 - "
s 3
20 064
£E ©0.00
2E 04 =025
g 0.50
s 024 40.75
g *1.00

0.0 T T

0.0 20.0 40.0 60.0

(a) Phantom scanned mass (kg)

Normalized imparted energy

4 Results

The analytically computed volume of the Mercury Phantom was
0.030 m>. The volume of the Mercury Phantom computed by
the automated algorithm was 0.029 m>. Thus, the error in the
volume estimation was 3.3%.

Figure 6 shows the results for the normalized imparted
energy as a function of scanned mass for 120 kV abdominopel-
vic and chest simulated scans and various TCM strengths. The
results from varying the strength of the TCM are presented in
Fig. 7. Visual inspection of these figures reveals that the vari-
ability in normalized imparted energy with TCM strength is
small, as the absolute maximum percent change in normalized
imparted energy for abdominopelvic exams is 1.8%. This
implies that the effect of TCM is negligible when considering
the normalized net amount of energy deposited to tissue. The
variation in normalized imparted energy with increasing
TCM strength was investigated for the other protocols, and
the highest percent change in normalized imparted energy
was 2.5% corresponding to chest exams.

Figure 8 shows the results of the normalized imparted energy
versus scanned mass for abdominopelvic and chest exams using
various kV settings. The results shown are for fixed tube current
conditions. The equations for the second-order polynomial fit
lines applied to the data for this protocol and all the other

1.2

*0.00
044 =025
0.50
0.2 1 40.75
+1.00
0.0 T T
0.0 10.0 20.0 30.0
(b) Phantom scanned mass (kg)

Fig. 6 Normalized imparted energy versus scanned mass for various TCM strengths. The results shown
are for the 120 kV setting. (a) Abdominopelvic exams and (b) chest exams.
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Fig. 7 Percent change in normalized imparted energy with respect to fixed tube current for various TCM
strengths. Results shown are for the 120 kV setting. (a) Abdominopelvic exams and (b) chest exams.
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Fig. 8 Simulation results of the normalized imparted energy as a function of scanned mass for
(a) abdominopelvic exams and (b) chest exams. The results shown are for fixed tube current.

protocols are summarized in Table 3. The plot shown here indi-
cates that the normalized imparted energy increases with
increasing kV. This is the expected result since patient dose
increases with increasing kV, and patient dose is proportional
to imparted energy for a given scan region. The increase is great-
est from 80 to 100 kV and smallest from 120 to 140 kV. These
same trends were observed for the other 11 protocols investi-
gated in this study.

Figure 9 summarizes the results from testing the algorithm on
20 datasets of each protocol. The average imparted energy was
681 &+ 376 m] for abdominopelvic exams and 274 £ 141 mJ for
chest exams. The program failed on one of the 40 datasets. This
was due to improper placement of the patient within the bore of
the CT scanner. Overall, the method provided patient-specific
estimates of imparted energy for 98% of the cases tested.

5 Discussion

Organ dose has been accepted as the gold standard for radiation
dosimetry purposes. However, in daily clinical practice, the use
of organ dose is impractical because it requires precise estimates
of organ location and size. Moreover, some organ dosimetry
techniques based on Monte Carlo simulations require the patient
CT data to be matched to a specific phantom with similar
anatomy to the patient. Although such matching techniques
are still under development, regional imparted energy can

Journal of Medical Imaging
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also be used to quantify radiation burden. Estimating the
imparted energy instead of organ dose is beneficial because it
does not require precise estimates of the organ size or location.
Currently, there is much effort by researchers to develop
dose-monitoring programs due to organizations pressuring
medical facilities to report CT doses on a patient-by-patient
basis.!* However, many of these programs report surrogates
for dose, such as CTDI or SSDEs, rather than dose per se.
The work in this paper presents a method to estimate the net
imparted energy to a patient undergoing CT exams in specific
regions of the body based on an estimate of their scanned mass.
It is trivial to convert the regional imparted energy estimate to a
regional dose estimate by dividing the imparted energy by the
scanned mass. Doing so would provide a reportable dose esti-
mate specific to the type of scan being performed. Additionally,
regional imparted energy/dose tracking could be implemented
into the clinical workflow by storing both the regional imparted
energy and the regional dose estimates in patient records.
The results presented in Fig. 7 show that the strength of the
TCM has a minor impact on the normalized imparted energy
when compared with the fixed tube current condition. For
this reason, we reported the results of the normalized imparted
energy as a function of scanned mass for the fixed tube current
condition only. One could expect to achieve approximately the
same imparted energy estimates using the knowledgebase in

Jan-Mar 2017 « Vol. 4(1)
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Table 3 Parameters for the fit lines applied to the data of normalized
imparted energy versus scanned mass.

Table 3 (Continued).

, Protocol kV ¢4 Co Cs R2
Protocol kV c c. C, R
r ! 2 S Pelvis 80 -0.0002 0.0200 0.5260 0.9585
Abdomen 80 -0.0003 0.0202 0.5494 0.8960
100 -0.0003 0.0254 0.5543 0.9603
100 -0.0003 0.0251 0.5862 0.8953
120 -0.0003 0.0285 0.5491 0.9611
120 -0.0004 0.0278 0.5879 0.8944
140 -0.0003 0.0303 0.5293 0.9614
140 -0.0004 0.0292 0.5738 0.8938
Head 80 -0.0024 0.0664 0.1794 0.7480
Abdomen—pelvis 80 -8x10° 0.0113 0.5177 0.9609
100 -0.0027 0.0760 0.1626 0.7818
100 -9x10°% 0.0142 0.5456 0.9604
120 -0.0028 0.0793 0.1444 0.8010
120 -0.0001 0.0158 0.5415 0.9598
140 -0.0027 0.0796 0.1276 0.8146
140 -0.0001 0.0166 0.5234 0.9591
Adrenal 80 -0.0040 0.0680 0.5920 0.5808 Head-neck 80 -0.0016 0.0591 0.1435 0.8795
100 —0.0050 0.0865 0.6354 0.5820 100 -0.0018  0.0688 0.1148 0.8958
120 —0.0056 0.0968 0.6400 0.5816 120 -0.0019  0.0727 0.0901 0.9050
140 —0.0059 01026 0.6271 05811 140 —0.0019  0.0737 0.0693 0.9117
Chest 80 -0.0005 0.0301 0.4507 0.7263 Neck 80 -0.0040 0.0933 0.2480 0.9365
100 —-0.0006 0.0379 0.4526 0.7274 100 -0.0047 0.1105 0.2313 0.9428
120 -0.0007 0.0422 0.4327 0.7284 120 -0.0049 0.1180 0.2099 0.9465
140 -0.0007 0.0445 0.4051 0.7290 140 —0.0049 0.1204 0.1887 0.9494
Chest-abdomen-pelvis 80 —-6x10° 0.0102 0.4631 0.9603
100 -7x107% 0.0128 0.4727 0.9595
120 —8x10-5 0.0143 04574 0.9587 Table 3 regardl.ess of the sFrength ozf the TCM. This is sqpported
by results obtained from Tian et al.” In that work, the variation of
140 —-8x10° 0.0151 0.4328 0.9580 organ dose with TCM strength was investigated. The results
Kidney 80 -0.0010 00407 05289 0.8786 showed that' thej dose ‘to some organs, such as the stomach,
decreased with increasing TCM strength, whereas the dose to
100 -0.0013 0.0512 0.5601 0.8776 other organs, such as the bladder, increased with increasing
TCM strength. Since dose is proportional to imparted energy,
120 -0.0014  0.0571 0.5578 0.8770 it follows that some organs receive more imparted energy
140 —0.0015 0.0605 0.5408 0.8764 w1th.1ncreas1ng TCM sFrength, Whereas other organs receive
) less imparted energy with increasing TCM strength. The net
Kidney-bladder 6000002 = 0.0182 504871 50.95094 effect is that the total imparted energy to the tissue remains
100 —-0.0002 0.0229 0.5071 0.9406 approximately constant. . .
The dependence of tube potential on effective dose normal-
120 -0.0003 0.0255 0.4982 0.9415 ized by DLP (ED/DLP) was investigated by Huda et al.'> In that
140 —0.0003 00269 04772 09421 paper, they showed that increasing the x-ray tube voltage from
e ’ ' ' 80 to 140 kV resulted in an average increase in ED/DLP of
Liver 80 -0.0006 0.0308 0.5188 0.8218 ~25% for body CT exams. This result is consistent with the
results presented in this paper for body exams. However,
1 —-0.0007 .0382 0.54 .82 . .
00 -0.000 0.0382 05480 0.8253 Schlattl et al.'® concluded that tube potential had a relatively
120 -0.0008 0.0421 0.5453 0.8278 small impact on dose conversion coefficients (DCC) in CT
examinations with TCM. One possible explanation for this dis-
140 -0.0008  0.0442 0.5290 0.8299 crepancy is that Huda et al. and this study looked at doses in
Liver—kidney 80 -0.0003 0.0220 0.5614 0.9285 adults, whereas the study by Schlattl et al. focused on pediatrics.
Moreover, Schlattl et al. examined only three phantoms in their
100 -0.0004  0.0275 0.6001 0.9268 study, and they investigate the impact of kVon DCC for a single
120 —0.0004 00305 0.6022 0.9253 phantom of a child. In this stgdy, .58 phantoms. were analyzed.
As such, the results presented in this paper provide a more com-
140 -0.0005 0.0321 0.5880 0.9241 prehensive evaluation of the impact of kV on normalized
imparted energy and dose.
Journal of Medical Imaging 013503-7 Jan-Mar 2017 « Vol. 4(1)
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Fig.9 (a) Scanned mass and (b) corresponding imparted energy estimates from the 20 clinical chest and

20 clinical abdominopelvic CT exams.

Fig. 10 (a) Image of a patient that was improperly positioned in the bore of the CT scanner. An artifact is
apparent on the right side of the image. (b) Failed segmentation of the image due the artifact.

This work has several limitations. The accuracy of the
imparted energy estimate is dependent on the quality of the
image segmentation. In some instances, the program may fail
to segment the entire patient from their CT dataset due to
image artifacts or external objects in the FOV. Either way,
this will ultimately lead to an inaccurate estimate of the scanned
mass and thus an inaccurate estimation of the imparted energy.
For particularly large patients, some of their body may lie out-
side of the field of view (FOV). As a result, this part of their
body would not be captured in the CT dataset. Since the
mass estimation is based on the information contained only
in the CT dataset, the mass of the patient lying outside the
FOV will not be included in the mass estimation. Along the
same lines, in this study, for one case, the segmentation failed
because the patient table was included in the binary volume. An
artifact on the right side of the FOV artificially raised the HU of
some of the voxels in-between the patient and the table, which
connected the two objects together in the segmentation as shown
in Fig. 10. When the segmentation fails, it leads to inaccurate
estimation of the scanned mass, which propagates into an inac-
curate estimation of the imparted energy to the patient.

Finally, the proprietary nature of the method in which man-
ufacturers determine the TCM profile for a particular patient
makes it difficult to validate the accuracy of TCM profiles gen-
erated from the theoretical model. The qualitative nature of
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manufacturers’” TCM profile generation was determined by
Keat.!” However, since the results did not show a strong depend-
ence on the TCM strength, one can conclude the slight discrep-
ancy between actual and modeled TCM would have negligible
impact on the imparted energy.

6 Conclusion

Retrospective estimates of imparted energy to patients under-
going TCM CT exams can be automatically assessed to quantify
radiation burden. This was done by estimating the scanned mass
of the patient from their CT dataset, and using the scanned mass
and DLP of the exam to estimate the imparted energy from the
knowledgebase ascertained in this study. The absolute maxi-
mum percent change in normalized imparted energy with
respect to fixed tube current for all TCM strengths and protocols
examined was greatest (2.5%), but still small, for chest exams.
This implies that the net imparted energy is relatively unaffected
by the strength of the TCM. Moreover, results indicate that the
imparted energy is dependent on the kV setting, increasing with
increasing kV. The accuracy of the imparted energy estimate is
based on the quality of the segmentation.
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