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To estimate organ dose from pediatric chest and abdomi-
nopelvic computed tomography (CT) examinations and
evaluate the dependency of organ dose coefficients on pa-
tient size and CT scanner models.

The institutional review board approved this HIPAA-com-
pliant study and did not require informed patient consent.
A validated Monte Carlo program was used to perform
simulations in 42 pediatric patient models (age range,
0-16 years; weight range, 2-80 kg; 24 boys, 18 girls).
Multidetector CT scanners were modeled on those from
two commercial manufacturers (LightSpeed VCT, GE
Healthcare, Waukesha, Wis; SOMATOM Definition Flash,
Siemens Healthcare, Forchheim, Germany). Organ doses
were estimated for each patient model for routine chest
and abdominopelvic examinations and were normalized
by volume CT dose index (CTDI ). The relationships
between CTDI -normalized organ dose coefficients and
average patient diameters were evaluated across scanner
models.

For organs within the image coverage, CTDI -normalized
organ dose coefficients largely showed a strong exponen-
tial relationship with the average patient diameter (R? >
0.9). The average percentage differences between the
two scanner models were generally within 10%. For dis-
tributed organs and organs on the periphery of or out-
side the image coverage, the differences were generally
larger (average, 3%-32%) mainly because of the effect of
overranging.

It is feasible to estimate patient-specific organ dose for
a given examination with the knowledge of patient size
and the CTDI . These CTDI -normalized organ dose co-
efficients enable one to readily estimate patient-specific
organ dose for pediatric patients in clinical settings. This
dose information, and, as appropriate, attendant risk es-
timations, can provide more substantive information for
the individual patient for both clinical and research appli-
cations and can yield more expansive information on dose
profiles across patient populations within a practice.

©RSNA, 2013
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rom 1993 to 2006, the number

of computed tomographic (CT)

examinations performed in the
United States increased at an annual
rate of more than 10% (1). With this
expanded use comes concern about
elevated population risk of cancer in-
cidences from CT radiation exposure
(2). A particular concern has been
the use of CT in the pediatric popula-
tion (3), as children are not only more
sensitive to radiation exposure than
adults (4) but also have a longer life
span during which the long-term ef-
fects of radiation may manifest (5). To
develop strategies to optimize the radi-
ation dose of CT studies and minimize
the potential risk, it is valuable to ob-
tain accurate patient dose estimates.
Such data may enable improved dose
recording and monitoring by including
information pertaining to the specific
patient, provide additional quantitative
data for risk estimation, and aid in the
optimization of CT protocols and prac-
tice performance.

A major issue with patient dose
is that it cannot be characterized by
a single metric. This is because of the
fact that the deposition of energy in
the body is heterogeneous and en-
compasses different organs of varying
radiosensitivity. Dose distributed in
each radiosensitive organ is generally
regarded as one of the best metrics
to characterize individual radiation
burden. It is further used as the basis
of radiation risk estimation (6). How-
ever, organ dose cannot be directly
measured. As an alternative, patient
dose is often indexed in terms of dose

Advances in Knowledge

B In pediatric chest and abdomino-
pelvic CT, organ dose decreases
exponentially with increasing
patient size, governed by param-
eters that are specific to each
organ.

® Volume CT dose index (CTDI )-
normalized organ dose may be
used as a scanner-independent
metric for estimation of dose in
organs within the image
coverage.

indicators such as the volume CT dose
index (CTDI) (CTDI ) and the size-
specific dose estimate (SSDE). CTDI-
. 18 highly limited as it reflects only
the dose to uniform phantoms and is
further naive to patient size (7). The
recently proposed metric of SSDE ad-
dresses the latter limitation by incor-
porating the effects of patient size (8).
SSDE thus represents a substantial im-
provement toward patient-specific dose
estimation. However, it still relies on
homogeneous phantoms and does not
take into account the effects of tissue
components and patient anatomy. Fur-
thermore, in contrast to organ dose,
which is a patient-specific biologic
quantity, it pertains only to a specific
imaging modality—that is, body CT.
Considering the importance of
organ dose, it is important to devise
a method to estimate it accurately.
Because the individual patient organ
dose cannot be directly measured, the
reference standard for organ dose es-
timation is Monte Carlo computation,
which simulates the x-ray photon
transport through the body during the
CT acquisition process. To be precise,
however, the Monte Carlo simulation
requires detailed modeling of (a) the
CT scanner and (b) patient anatomy
(9-11). The modeling of the CT scan-
ner requires access to detailed, some-
times proprietary, information about
the scanner (12), which is difficult
but doable (13,14). However, model-
ing patient anatomy has remained a
particular challenge. Most prior stud-
ies have been limited by the small
number of computational phantoms

Implications for Patient Care

B Patient-specific organ dose in
clinical settings can be estimated
by using CTDI -normalized
organ dose coefficients, as
reported in this study based on
42 patient models encompassing
newborns to teenagers.

B Patient-specific organ dose esti-
mates allow detailed dose re-
cording and monitoring (in-
cluding practice dose profiles), as
well as radiation risk estimation.

used, which do not reflect the possi-
ble influence of anatomic variability
across patients.

The purpose of this study, there-
fore, was to estimate organ dose from
pediatric chest and abdominopelvic CT
studies and evaluate the dependences
of organ dose coefficients on patient
size and scanner models. The CTDImI—
normalized organ dose coefficients
were determined from Monte Carlo
simulation by using representative pe-
diatric patient models that included
varying ages and weight percentiles.
These coefficients provide quantita-
tive data so that organ doses may be
estimated with the knowledge of pa-
tient size and CTDI . The work was
performed on the basis of common
image acquisition protocols to devise
a framework that can be applied to
other protocols.

Materials and Methods

Our institutional review board deter-
mined that this retrospective study was
in compliance with the Health Insur-
ance Portability and Accountability Act
and did not require patient informed
consent.

This study was funded by the Na-
tional Institutes of Health. The authors
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had complete control over the data and
information submitted in this article.

Patient-specific Computer Models

The study included 42 pediatric pa-
tients (age range, 0-16 years; mean
age, 5 years = 4 [standard deviation]|;
weight range, 2-80 kg; mean weight,
20 kg *= 14; trunk diameter range,
10-25 cm). There were 24 hoys (age
range, 0-12 years; weight range, 2-80
kg) and 18 girls (age range, 0-16
years; weight range, 2-41 kg). Each
patient underwent a chest, abdomi-
nopelvic, or chest-abdominopelvic
study at our institution for clinical
purposes between October 2005 and
November 2006. The studies were
reviewed by a pediatric radiologist
(D.P.F., with 20 years of experience)
to ensure that these images were nor-
mal or contained findings that would
not affect organ geometry, morphol-
ogy, or other factors. Hence, the
distribution of patient anatomy was
representative of that in a healthy
population. Images that contained
lung parenchymal abnormalities, me-
diastinal abnormalities, and/or chest
wall abnormalities were excluded. The
distribution of patient ages and weight
percentiles is shown in Figure 1.
Using the CT data set of each patient
as a basis, a full-body patient-specific
model was created by using methods
described previously (16,17). In
brief, an initial phantom was first cre-
ated by segmenting large organs and
structures within the CT image vol-
ume. Three-dimensional triangulated
polygon models were defined by ap-
plying the marching cubes algorithm
for each organ mask. A three-dimen-
sional nonuniform rational B-spline,
or NURBS, surface was then fitted
to polygon models by using NURBS
modeling software (Rhinceros; Mec-
Neel North America, Seattle, Wash).
Other organs and structures were
defined by morphing structures from
the Visible Human male or female
full-body adult models (18,19). The
volumes of the morphed organs or
structures were checked and scaled, if
necessary, to match age-interpolated
organ volume and anthropometry data
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Figure 1:  Graph shows weight percentiles, according to the

Centers for Disease Control and Prevention (15), as a function
of age for the 42 pediatric patients in this study.

in International Commission on Radio-
logical Protection Publication 89 (20).
Frontal three-dimensional views of the
patient models are shown in Figure 2.
The full-body pediatric models con-
sisted of 43 and 44 organs for male and
female patients, respectively, including
most of the radiosensitive organs de-
fined by International Commission on
Radiological Protection Publication 103
(21). All models were developed with
0.5- or 1-mm isotropic resolution for
input into a Monte Carlo simulation.

CT Examination Simulations

In our previous study (17,22), we re-
ported the development and valida-
tion of a Monte Carlo program for
simulating dose with a 64-section CT
system (LightSpeed VCT; GE Health-
care, Waukesha, Wis). The program
was based on a benchmarked Monte
Carlo subroutine package for photon,
electron, and positron transport (PE-
NELOPE, version 2006; Universitat de
Barcelona, Barcelona, Spain) (23,24).
The accuracy of the simulated dose was
previously validated in cylindric and an-
thropomorphic phantoms for both axial
and helical scanning modes (22).

In this study, the program was ex-
tended to simulate dose in a 128-sec-
tion CT system (SOMATOM Definition
Flash; Siemens Healthcare, Forch-
heim, Germany). The information

about the scanner geometry, the
spectrum of the x-ray source, and
the materials and geometry of the
bow tie filters was provided by the
manufacturer. The modeling of the
128-section CT system was validated
by using a custom-designed cylindric
phantom. Simulation results were
compared with measured values. The
agreements were within —12% to
+5%.

The simulations were performed by
using the same tube potential and manu-
facturer-respective bow tie filters used for
pediatric body CT and consistent collima-
tion settings and pitch values (Table 1).
The overranging distances were either
determined from scanner console pa-
rameters (14) or were measured by us-
ing a ready-pack x-ray film (PPL; East-
man Kodak, Rochester, NY).

Organ Dose Estimation

Monte Carlo simulations of helical CT
studies were performed for patient
phantoms for chest and abdominopel-
vic studies. The scan length was deter-
mined as the total image coverage plus
the overranging distance. For a chest
study, the image coverage was defined
from 1 cm above the lung apex to 1 cm
below the lung base. For an abdomino-
pelvic study, the image coverage was
defined from 1 cm above the liver ante-
rior to 1 cm below the ischium.
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Figure 2:  Three-dimensional frontal views of the series of patient models used in this study.

Table 1

Summary of CT Protocols

Overranging
Scanner Tube Potential (kVp) Bow Tie Filter Pitch Collimation (mm) CTDI,, (mGy/100 mAs)  Distance (cm)
GE LightSpeed 120 Small 1.375 40 (64 < 0.625) 1219 6.40
Siemens Definition Flash 120 Narrow 14 38.4 (64 < 0.6) 7.65 3.56

Note.—A 16-cm-diameter CTDI phantom was used for all protocols.

Energy deposited in each key radio-
sensitive organ was tallied to calculate
the organ dose. For the organs that
were not explicitly modeled (the salivary
glands, oral mucosa, and extrathoracic
region), the doses were approximated
by using doses to neighboring organs
(pharynx and larynx). The organs were
categorized into three groups with re-
spect to their locations within the im-
age coverage: organs within the image

coverage, organs on the periphery of
or outside the image coverage, and dis-
tributed organs (in this study, bone sur-
face, red bone marrow, and skin).
CTDI ,-normalized organ dose co-
efficients were determined for each
organ and were denoted as h,g,,
where O is organ, S is scanner, and P
is patient model. CTDI  values were
simulated in the Monte Carlo pro-
gram, with the CTDI ion chamber (100

mm long, 3-cm? active volume, model
10x5-3CT/9015; Radcal, Monrovia,
Calif) and the polymethylmethacry-
late phantom explicitly modeled. The
16-cm-diameter CTDI phantom was
used for all protocols.

The relationships between CTDI -
normalized organ dose coefficients
and average patient diameter were
determined by using nonlinear regres-
sion analysis. For chest CT studies,
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average chest diameter was calcu-
lated for each patient model with the
following equation:

d=2|—, (1

where V is the chest region volume and
H is the chest region height. A similar
method was used to calculate average
abdominopelvic diameter for abdomi-
nopelvic CT studies.

The differences in CTDI -normal-
ized organ dose coefficients between
scanner models were analyzed in terms
of the average, minimum, and maxi-
mum percentage differences among pa-
tient models. Considering the fact that
large percentage differences might be
less relevant if the absolute value of the
organ dose is low, a difference ratio was
further reported as the organ dose coef-
ficient difference across scanner models
divided by the total patient dose.

With an anticipated general simi-
larity in CTDI -normalized organ dose
coefficients between the two scanner
models, exponential regressions were
further fitted to the scanner-averaged
coefficient for each organ as follows:

- 1
hyp = %ZS]IH,S.P = exp(a()C{chest + Bo)
(2)

and

- 1
Dy p = ﬁzsb&é‘,i’ = exp(aadader Bo) ’
3)

where 7, is the scanner-independent
CTDI -normalized organ dose coef-
ficient, Ns is the number of scanner
models, and abd refers to the abdomi-
nopelvic region. The quantitative jus-
tification for the scanner-averaged fits
was based on results provided in the
following section. The CTDI -normal-
ized organ dose coefficients were fur-
ther compared with those in two pub-
lished studies (13,14).

The CTDI -normalized organ dose
coefficients showed an exponential

relationship with average patient di-
ameter. The relationship was depen-
dent on the location and size of the
organ. For large organs within the
image coverage, the exponential rela-
tionships were strong (R? > 0.9 for
esophagus, lungs, and heart for chest
studies; R% > 0.9 for stomach, liver,
and colon for abdominopelvic studies).
Figures 3 and 4 show CTDI -nor-
malized organ dose coefficients for
12 selected organs as a function of
the average chest or abdominopelvic
diameter.

For the comparison of the CTDI -
normalized organ dose coefficients
across two scanner models, the aver-
age, minimum, and maximum differ-
ences across patients are reported in
Tables 2 and 3 for chest and abdomi-
nopelvic studies, respectively. For
organs within the image coverage, the
differences between scanner models
were generally very small (average,
within 4% for chest studies and 10%
for abdominopelvic studies), except
for the breasts (average, 24% for
chest studies). For distributed organs
and organs on the periphery of or
outside the image coverage, the dif-
ferences were generally larger (aver-
age, 3%-32%), possibly owing to the
effect of the overranging distance. For
chest and abdominopelvic studies, the
difference ratios for all organs were
within 1%.

Tables 4 and 5 provide fitting pa-
rameters a,  and B, and R? corre-
lation coefficients for the exponential
regression fits to CTDI -normalized
organ dose coefficients for each scan-
ner. For organs within the image
coverage, the differences in dose co-
efficients for the two scanners were
small (average, <10%), less than the
achievable accuracy in the state-of-
art dose estimation method (average,
<11%) (22). Because organs within
the image coverage receive the ma-
jority of the patient dose, we applied
exponential fits to scanner-averaged
organ dose coefficients. The resultant
scanner-averaged fitting parameters
a, and B, R? correlation coefficients,
and root-mean-square of residuals for
each organ are also reported in Tables

4 and 5 for chest and abdominopelvic
studiess, respectively. The comparison
of our results to those of prior studies
(13,14) is illustrated in Figure 5.

In this study, we explored a patient-
specific organ dose estimation tech-
nique for pediatric chest and ab-
dominopelvic CT studiess using 42
patient models across two CT scan-
ner models. The large number of
models used in this study provides a
representation of anatomic diversity
across a patient population. This in-
vestigation of organ doses supports
widely recognized needs. For exam-
ple, in a recent summary of a Na-
tional Institute of Biomedical Imaging
and Bioengineering-sponsored Radi-
ation Dose Summit (6), it was noted
that, “...the entity we should be trying
to estimate, record, and use as the
basis for risk estimates is the radia-
tion dose to individual radiosensitive
organs.... Much work must be done
here to develop meaningful, robust
metrics of patient dose (eg, organ
dose) that account for these many
factors |eg, scanner variation| and
attendant complexities.” During the
2011 Beebe symposium (25), it was
emphasized that, “...if organ doses
could be estimated reasonably accu-
rately and robustly, then they would
provide an extremely useful basis
for estimating and tracking patient
dose.” It was also noted that (23),
“Doses to specific organs could be
tracked over time and could be com-
bined (added or by other math op-
eration) in a much more meaningful
way than we are currently able to do
(eg, combining radiation dose indices
such as CTDI , and/or administered
activity).” In our study, CTDI , was
not used as a metric of patient dose
or organ dose; rather, it was used as
an index of scanner radiation output.
The normalized coefficients allowed
organ doses to be derived with the
knowledge of patient size and CTDI
for a given CT examination in a given
pediatric patient. Similar approaches
are being implemented to estimate
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Figure 3:  Graphs show example CTDI ,-normalized organ dose coefficients for chest studies plotted against the
average chest diameter. (4, B) Graphs show coefficients for large organs within the chest image coverage. (C) Graph
shows coefficients for small organs within the chest image coverage. (D, E) Graphs show coefficients for organs on the
periphery of or outside the chest image coverage. (F) Graph shows coefficients for distributed organs. Fitting parame-

ters are provided in Table 4.

organ dose for the adult population.
With a library of computational phan-
toms representing patients from new-
born to adult (26), a comprehensive
organ dose database is being estab-
lished for patients with a diverse age
distribution (27).

For chest studies, the CTDle'
normalized organ dose coefficients
reported in this study are in general
agreement with the results of Li et al
(14). For the lungs, esophagus, and
heart, differences in organ dose coef-
ficients between the two studies were

less than 10%. For abdominopelvic
studies, we compared our results with
those of Turner and colleagues (13).
Because abdominal and abdomino-
pelvic studies are designed to cover
different body regions, the start and
end locations for the two protocols
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Figure 4:  Graphs show example CTDI, -normalized organ dose coefficients for abdominopelvic studies plotted

against the average abdominopelvic diameter. (A—C) Graphs show coefficients for large organs within the abdominopel-
vic image coverage. (D) Graph shows coefficients for small organs within the abdominopelvic image coverage. (E) Graph
shows coefficients for organs outside the abdominopelvic image coverage. (F) Graph shows coefficients for distributed

organs. Fitting parameters are provided in Table 5.

are defined based on different body
landmarks. To avoid the differences
in coefficients caused by that effect,
comparisons were performed only
for organs that are fully irradiated in
both studies (liver, stomach, adrenal
glands, kidney, pancreas, spleen, and

gallbladder). In the study of Turner et
al (13), organ dose values were nor-
malized on the basis of CTDI  mea-
sured by using the 32-cm CTDI phan-
tom. With adjustment for the size of
the CTDI phantom, our results again
showed excellent agreement with

the results of Turner et al (< 10%
difference).

The exponential regression models
are generally found to be sufficient
to describe the relationship between
organ dose and patient size (13,14).
This can be explained by the physical
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Table 2

Differences in CTDI,
Models for Chest Studies

-normalized Organ Dose Coefficients between Two CT Scanner

Average Range of Difference
Organ Location and Organ Difference (%)* Differences (%)* Ratiof
Within chest image coverage
Esophagus 39 —6.4,+10.0 0.27
Heart 35 —13.6,+11.2 0.16
Lungs 3.3 —13.2,+9.3 0.12
Breasts 24.2 —82.5,+31.0 —0.18
On periphery of or outside chest image coverage
Adrenal glands 219 +3.8, +41.1 1.12
Bladder 12.6 —5.5,+31.2 0.01
Brain 13.7 —4.0,+33.8 0.04
Eyes 15.8 —7.5,+41.1 0.03
Gallbladder 337 —20.5, +65.9 1.50
Kidneys 28.3 +6.8, +48.0 0.98
Large intestine 29.9 +2.7, +60.8 0.40
Larynx-pharynx 27.4 +15.6, +37.7 1.06
Liver 13.6 —2.7,+36.8 0.87
Pancreas 29.6 +3.7,+57.5 1.22
Small intestine 271 +2.6, +58.5 0.38
Spleen 12.8 —18.4,+51.5 0.63
Stomach 16.5 —11.0, +61.0 0.97
Thymus 47 —14.3,+12.7 0.06
Thyroid 135 —13.5, +25.7 1.00
Trachea-bronchi 5.7 —6.0,+11.4 0.42
Uterus 17.3 —53.3,+29.3 0.01
Vagina 19.2 —68.2, +37.6 0.01
Ovaries 13.0 —16.5, +35.2 0.01
Prostate 246 —111.4, +48.6 0.01
Testes 21.6 —33.3, +62.9 0.01
Distributed organs
Bone surface 12.80 —3.6,+27.0 0.53
Red bone marrow 5.30 —11.6,+15.3 0.09
Skin 10.00 —47,+18.4 0.13

Note.—Range of differences refers to the minimum and maximum of organ dose differences across scanners. CT scanner
models in this study included LightSpeed VCT (GE Healthcare) and SOMATOM Definition Flash (Siemens Healthcare).

* For each patient model, the difference in CTDI_-normalized organ dose coefficients (h factors) across scanner models

vol

was estimated as follows: (s, — hys, ,)/hys,» » Where O is organ, S is scanner, and P is patient model. The average

)
difference was calculated as ZM

P 0,5,P

/n,where nis the number of patient models. The minimum and maximum

percentage differences across patient models were further reported.

1The difference ratio was calculated as (A , — /5 )/ > fos.
0

principle that dose contributed by the
primary beam is exponentially related
to patient attenuation. Theoretically,
the organ dose contributed from the
primary beam can be modeled as
an exponential function of the tissue
attenuation property and the path
length the photon transverses. We ex-
plicitly modeled the energy-dependent

linear attenuation coefficients and the
transmission of every photon, inte-
grated across a multiplicity of photons
and pathways. Furthermore, because
patient attenuation is generally pro-
portional to patient size for a specific
region (chest or abdominopelvic re-
gion), we used the physically justi-
fied exponential model to provide a

simplified way to assess organ dose
on the basis of patient size.

Beyond exploring the relationships
between CTDI -normalized organ
dose coefficients and patient size, our
study further explored the feasibil-
ity of deriving scanner-independent
organ dose coefficients. It was pre-
viously reported by Turner et al (28)
that the differences in CTDI -normal-
ized organ dose values across scanner
models are very small (within 8.5%).
However, those simulations were
based on a pitch of 1.0 and a whole-
body CT protocol. In our study, larger
differences were found between scan-
ner models. One possible reason for
the larger differences is that when
only part of the body is directly irra-
diated, organ dose can vary depend-
ing on how much of the organ volume
is under the direct radiation beam.
The two scanner models differed in
overranging distances, resulting in a
difference in the total scan length for
the same patient. This further leads
to larger differences in CTDI -nor-
malized organ dose coefficients, par-
ticularly for distributed organs and
organs on the periphery of or outside
the image coverage. This effect can
be larger for pediatric patients, for
whom overranging distance accounts
for a larger percentage of the total
scan length. Second, the pitch values
modeled in our study were larger
than 1.0. With pitch values larger
than unity, the beam separations be-
tween different rotations of the heli-
cal study could lead to a nonuniform
dose distribution in the z direction.
This effect is more prominent for
small organs (breasts for chest stud-
ies), as the size of the organ would
be relatively small compared with the
beam separations between two helical
rotations.

Many factors contribute to patient
dose, including (a) the scanner out-
put radiation, (b) patient character-
istics, and (c) the relative locations of
the regions of interest and the x-ray
beam. A comprehensive dose estima-
tion method should precisely model
all three factors. As discussed ear-

lier, CTDI  is a widely used index to
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quantify scanner radiation output but
cannot adequately measure the other
two factors. The SSDE aims to ad-
dress the second factor by taking one
important patient attribute (patient
size) into account. However, SSDE is
still naive to tissue components and
patient internal anatomy. Thus, it
can be regarded as a straightforward
but anatomy-generic method to esti-
mate average dose distributed within
the cross-sectional volume of the pa-
tient. As for the third factor, because
SSDE is estimated in the center of the
scanned region, it can be applied only
to regions that are fully irradiated
during the CT examination.

An example of the accuracies of
CTDI , and SSDE in approximating
organ dose is provided in Table 6. The
abdominopelvic CT examination was
performed for a 12-year-old male pa-
tient. The CTDI  for the examination
(based on a 16-cm-diameter CTDI
phantom) was 4.26 mGy. Given that
child’s average abdominopelvic diam-
eter of 21 cm, the SSDE associated
with this examination was 3.53 mGy.
As shown, for organs within the im-
age coverage, CTDI overestimated
organ doses with discrepancies rang-
ing from 7% to 44%. SSDE provided
more accurate dose estimations, with
discrepancies ranging from —11% to
20%. As discussed earlier, such dis-
crepancies are primarily introduced
by patient internal anatomy and organ
distributions.

To quantify the third factor that
determines patient dose, we estimated
the contribution of partially irradiated
organ doses to whole-body dose. In the
example above, the sum of doses of
partially irradiated organs contributed
25% to the whole-body dose. Heart
dose and lung dose were 2.69 and 1.75
mG@Gy, respectively. Such magnitudes are
comparable to dose received by fully
irradiated organs. Considering such
nonnegligible amounts of dose, close
attention should be paid when applying
SSDE as a surrogate of organ dose.

Our study had several limitations.
First, it was based on CT scanners
from two manufacturers only, al-
though they represent devices with

Differences in CTDI
Models for Abdominopelvic Studies

-normalized Organ Dose Coefficients between Two CT Scanner

Average Range of
Organ Location and Organ Difference (%) Differences (%) Difference Ratio

Within abdominopelvic image coverage
Adrenal glands 3.8 —8.7,+7.3 —0.16
Bladder 3.1 —9.0,+8.6 —0.01
Gallbladder 9.9 —24.9,+18.8 -0.13
Kidneys 3.3 —8.6, +5.1 —0.17
Large intestine 2.9 —7.0,+7.1 —0.05
Liver 2.6 —4.7,+8.3 0.01
Pancreas 29 —10.6, +5.6 -0.10
Small intestine 2.6 —6.6,+6.9 —0.04
Spleen 5.4 —18.8,+15.9 0.04
Stomach 35 —13.2,+10.9 —0.04
Uterus 4.0 —10.8,+6.0 0.00
Vagina 3.1 —8.4,+11.8 0.00
Ovaries 5.8 —13.9,+7.6 0.00
Prostate 49 —8.7,+17.7 0.00
Testes 9.1 —5.2,+28.3 0.01

On periphery of or outside abdominopelvic image
coverage
Brain 5.0 —12.6, +17.1 0.00
Breasts 30.9 —11.5,+73.6 0.92
Esophagus 201 +7.5,+39.2 0.51
Eyes 134 —48.4, +24.3 0.00
Heart 18.3 +12.5,+30.9 0.89
Larynx-pharynx 12.0 —11.6, +28.7 0.04
Lungs 19.4 +12.7,+33.0 0.82
Thymus 31.7 +9.9, +54.9 0.56
Thyroid 17.4 +0.4, +40.6 0.12
Trachea-bronchi 25.1 +6.3, +47.4 0.35

Distributed organs
Bone surface 7.5 —1.7,+19.6 0.29
Red bone marrow 4.2 —7.4,+13.9 0.01
Skin 6.3 +0.1,+13.9 0.11

Note.—Range of differences refers to the minimum and maximum of organ dose differences across scanners. CT scanner
models in this study included LightSpeed VCT (GE Healthcare) and SOMATOM Definition Flash (Siemens Healthcare). For
descriptions of the calculation of average differences across scanner models and the difference ratio, please see the footnotes

to Table 2.

wide clinical penetration (>60% of
worldwide market share in 2010) (29).
Additionally, the good agreement be-
tween our results and those of other
investigators (based on different
scanner models) further strengthens
the generalizability of our findings.
Second, owing to the extensive effort
required to develop computational
phantoms, the number of patient
models encompassing ages 12-18
years was limited. Nevertheless, to
the best of our knowledge, this study

still represents the largest database
for pediatric organ dose estimates.
Third, our study did not specifically
address nuances associated with tube
current modulation (30), bismuth
shielding (31), or organ-based dose
modulation (32), topics that we aim
to adddress in future studies. Fourth,
in a direct application of our coeffi-
cients to assess the organ doses for
a real patient undergoing a CT exam-
ination, certain sources of error in-
cluded the following: organ size and
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Table 4

Fitting Parameters, Correlation Coefficients, and Root-Mean-Square of Residuals for CTDI -normalized Organ Dose Coefficients for

Chest CT Studies

GE LightSpeed VCT Scanner

Siemens Definition Flash Scanner

Scanner-averaged Parameters

Root-Mean-Square

Organ Location and Organ ~ a, Bos RPValue Bos ReValue  a B, RValue  of Residuals*

Within chest image coverage
Esophagus —0.044 0.67 0.93 —0.039 0.53 0.89 —0.042 0.60 0.91 0.042
Heart —0.042 0.77 0.94 —0.032 0.58 0.90 —0.037 0.67 0.93 0.039
Lungs —0.049 0.86 0.98 —0.040 0.67 0.96 —0.044 0.76 0.98 0.025
Breasts —0.061 0.80 0.44 —0.039 0.43 0.39 —0.048 0.59 0.51 0.129

On periphery of or outside
chest image coverage
Bladder —0.216 —0.91 0.71 —0.205 —1.24 0.70 —0.202 -1.20 0.73 0.006
Brain -0.117 —1.45 0.80 —0.096 —-1.99 0.76 —0.104 —-1.75 0.80 0.006
Eyes —0.118 -1.97 0.68 —0.089 —2.67 0.57 —0.102 —2.33 0.63 0.006
Gallbladder —-0.110 1.16 0.45 —0.099 0.53 0.38 —-0.107 0.93 0.46 0.167
Kidneys —0.079 0.46 0.48 —0.064 —0.15 0.32 —0.073 0.21 0.43 0.117
Large intestine —0.198 1.22 0.66 —0.158 0.13 0.63 —-0.175 0.68 0.66 0.056
Larynx-pharynx —0.086 0.75 0.58 —0.089 0.49 0.51 —0.089 0.66 0.57 0.105
Liver —0.059 0.76 0.82 —-0.053 0.50 0.66 —0.056 0.65 0.79 0.074
Pancreas —0.102 0.97 0.40 —0.084 0.27 0.29 —0.089 0.59 0.35 0.175
Small intestine -0.178 1.00 0.68 -0.137 —0.09 0.62 —0.155 0.45 0.67 0.056
Spleen —0.061 0.75 0.80 —0.049 0.41 0.43 —0.056 0.60 0.69 0.092
Stomach —0.053 0.65 0.50 —-0.033 0.09 0.15 —0.044 0.40 0.35 0.140
Thymus —0.041 0.73 0.90 —0.033 0.57 0.85 —0.038 0.65 0.90 0.049
Thyroid —0.014 0.15 0.10 —0.012 —0.03 0.06 —0.013 0.06 0.08 0.127
Trachea-bronchi —0.038 0.59 0.81 —0.034 0.47 0.78 —0.036 0.54 0.80 0.061
Uterus —0.211 —-0.99 0.60 —0.195 —-1.38 0.64 —0.203 -1.17 0.63 0.004
Vagina —0.246 —0.77 0.63 —0.213 —1.37 0.69 —0.229 —1.07 0.67 0.003
Ovaries —0.215 —0.80 0.60 —0.189 —1.36 0.54 —0.203 —1.05 0.58 0.006
Prostate —0.255 —0.32 0.79 —0.238 —0.76 0.83 —0.245 —0.56 0.82 0.006
Testes —-0.307 —-0.09 0.88 —0.285 —-0.62 0.81 —0.295 —0.36 0.86 0.003

Distributed organs
Bone surface —0.073 0.55 0.88 —0.056 0.10 0.82 —0.063 0.31 0.88 0.042
Red bone marrow —0.046 —0.61 0.77 —0.033 —0.89 0.61 —0.040 —0.74 0.72 0.023
Skin —0.071 —0.64 0.59 —0.060 —0.95 0.50 —0.064 —-0.82 0.54 0.035

Note.—Both scanner-specific and scanner-averaged data are reported. The equation for CTDI,;-normalized organ dose coefficients for each scanner model was f1ys, = Xp (ctgs et + Bygs)- ThE
equation for scanner-averaged CTDI,,-normalized organ dose coefficients was /,, = exp(a,d,., +B, ) The organ dose coefficients 7, and h,, are unitiess values (mGy-100 mAs per rotation/
mGy-100 mAs). Normalization was performed by using a 16-cm-diameter CTDI phantom.

* For each patient model, the root-mean-square of the residual was calculated as \/ z

the fitting parameters o, and 3.

Z(Zof - /70;)2

n-2

, where / was the estimated organ dose coefficient based on the exponential relationship using

distribution mismatch between the
phantoms and the patient, variation
in patient positioning, and uncer-
tainty in the start and end position
of the scan region. These potential
errors may be addressed only with
phantom models that are specific to
each individual patient. Finally, our
scanner-averaged coefficients, while

generalizable for organs within the
image coverage, may not be as appli-
cable to distributed organs and organs
on the periphery of or outside of the
image coverage. Developing scanner-
specific conversion coefficients might
be necessary for these organs.

In summary, it is feasible to esti-
mate patient-specific organ dose from

patient size and the CTDI  for pediat-
ric chest and abdominopelvic CT exam-
inations. Such information may aid in
improved dose recording and monitor-
ing, in dose estimation for multiple CT
examination protocols across different
CT scanners, in CT protocol optimiza-
tion, and in the evaluation of dose pro-
files within a practice.
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Figure 5: A, Graph shows comparison of CTDI _-normalized lung dose coefficients for chest CT studies. Green
curve = CTDI, -normalized lung dose coefficients estimated by Li et al (14). Their protocol involved chest scanning,
use of a GE LightSpeed VCT scanner, 120 kVp, 1.375 pitch, 40-mm collimation, and a small bow tie filter. B, Graph
shows comparison of CTDI ,-normalized stomach dose coefficients for abdominopelvic CT studies. Green curve

= CTDI ,-normalized stomach dose coefficients estimated by Turner et al (13). Their protocol involved abdominal
scanning, the use of four 64-section multidetector CT scanners, 120 kVp, 1.0 pitch, the widest collimation setting
available for each scanner, and bow tie filters for the adult body.

Table 6 References

Comparison between CTDI , SSDE, and Patient-specific Organ Dose for an

Abdominopelvic CT Study

Organ Organ Dose (mGy) Discrepancy vs CTDI; (%)* Discrepancy vs SSDE (%)"
Adrenal glands 3.01 42.3 18.2
Bladder 2.95 44.7 20.8
Gallbladder 3.85 111 -7.8
Kidneys 3.30 29.9 7.0
Large intestine 3.45 22.3 24
Liver 3.37 26.2 4.7
Pancreas 3.75 13.9 —6.4
Small intestine 3.84 10.6 -89
Spleen 2.97 43.3 19.0
Stomach 3.37 26.5 4.6
Prostate 2.97 42.3 19.1
Testes 3.98 7.0 =111
Average 26.7 10.8

Note.—The comparison was based on an abdominopelvic CT study in a 12-year-old male patient. The CTDI__, for the examination

vol

(based on a 16-cm-diameter CTDI phantom) was 4.26 mGy. Given that the child’s average abdominopelvic diameter was 21 cm,

the SSDE associated with this study was 3.53 mGy.

* Discrepancies between CTDI,, and organ dose were calculated as (CTDI,, — organ dose)/organ dose.
1 Discrepancies between SSDE and organ dose were calculated as (SSDE — organ dose)/organ dose.
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