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Purpose: In computed tomography (CT), organ dose, effective dose, and risk index can be estimated
from volume-weighted CT dose index (CTDIvol) or dose-length product (DLP) using conversion co-
efficients. Studies have investigated how these coefficients vary across scanner models, scan param-
eters, and patient size. However, their variability across CT protocols has not been systematically
studied. Furthermore, earlier studies of the effect of patient size have not included obese individuals,
which currently represent more than one-third of U.S. adults. The purpose of this study was to assess
the effects of protocol and obesity on dose and risk conversion coefficients in adult body CT.
Methods: Whole-body computational phantoms were created from clinical CT images of six adult
patients (three males, three females), representing normal-weight patients and patients of three obe-
sity classes. Body CT protocols at our institution were selected and categorized into ten examination
categories based on anatomical region examined. A validated Monte Carlo program was used to esti-
mate organ dose. Organ dose estimates were normalized by CTDIvol and size-specific dose estimate
(SSDE) to obtain organ dose conversion coefficients (denoted as h and hss factors, respectively). As-
suming each phantom to be 20, 40, and 60 years old, effective dose and risk index were calculated
and normalized by DLP to obtain effective dose and risk index conversion coefficients (denoted as k
and q factors, respectively). Coefficient of variation was used to quantify the variability of each con-
version coefficient across examination categories. The effect of obesity was assessed by comparing
each obese phantom with the normal-weight phantom of the same gender.
Results: For a given organ, the variability of h factor across examination categories that encom-
passed the entire organ volume was generally within 15%. However, k factor varied more across
examination categories (15%–27%). For all three ages, the variability of q factor was small for male
(<10%), but large for female phantoms (21%–43%). Relative to the normal-weight phantoms, the
reduction in h factor (an average across fully encompassed organs) was 17%–42%, 17%–40%, and
51%–63% for obese-class-I, obese-class-II, and obese-class-III phantoms, respectively. hss factor was
not independent of patient diameter and generally decreased with increasing obesity. Relative to the
normal-weight phantoms, the reduction in k factor was 12%–40%, 14%–46%, and 44%–59% for
obese-class-I, obese-class-II, and obese-class-III phantoms, respectively. The respective reduction in
q factor was 11%–36%, 17%–42%, and 48%–59% at 20 years of age and similar at other ages.
Conclusions: In adult body CT, dose to an organ fully encompassed by the primary radiation beam
can be estimated from CTDIvol using a protocol-independent conversion coefficient. However, fully
encompassed organs only account for 50% ± 19% of k factor and 46% ± 24% of q factor. Dose
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received by partially encompassed organs is also substantial. To estimate effective dose and risk index
from DLP, it is necessary to use conversion coefficients specific to the anatomical region examined.
Obesity has a significant effect on dose and risk conversion coefficients, which cannot be predicted
using body diameter alone. SSDE-normalized organ dose is not independent of diameter. SSDE itself
generally overestimates organ dose for obese patients. © 2012 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4754584]

Key words: CT, radiation, dose, organ dose, effective dose, risk index, size-specific dose estimate,
protocol, obesity, Monte Carlo, computational phantom, XCAT

I. INTRODUCTION

Radiation protection is an important issue in computed to-
mography (CT).1–3 Due to the large number of CT exami-
nations performed every year and the relatively high radia-
tion exposure associated with each examination, CT currently
accounts for half of the medical radiation exposure to the
U.S. population.4 The importance of radiation protection in
CT necessitates accurate dose assessment for this imaging
modality.5 Accurate estimation of dose is needed to monitor
the appropriate use of CT radiation, to establish diagnostic
reference levels, and to optimize CT protocols.

Currently two types of dose quantities are used in CT:
quality assurance dose quantities (e.g., CT dose index and
dose-length product) and patient dose quantities (e.g., organ
dose, effective dose, and risk index6, 7). Quality assurance
dose quantities, typically, volume-weighted CT dose index
(CTDIvol) and dose-length product (DLP), are displayed on
the CT scanner console prior to a patient’s CT scan and can
be saved in a dose report after the scan is completed. Efforts
are underway to include these quality assurance dose quanti-
ties in digital imaging and communications in medicine (DI-
COM) structured reporting. To allow patient dose quantities to
be conveniently estimated from quality assurance dose quan-
tities, conversion coefficients have been developed.7–11 The
conversion coefficient from DLP to effective dose is com-
monly referred to as the “k factor.”11, 12 In our earlier work,7

we promoted the use of risk index as a valuable metric and de-
noted the conversion coefficient from DLP to risk index as the
“q factor.” Here, we denote the conversion coefficient from
CTDIvol to organ dose as the “h factor” (a glossary of sym-
bols used in the paper is given in Table I). The “h factor” is
equivalent to the quantity nDP,S,O used in the work of Turner
et al.10

TABLE I. Glossary of symbols.

Symbol Definition

h Conversion coefficient from CTDIvol to organ dose
〈h〉inside Average of h across organs fully inside the scan coveragea

hss Conversion coefficient from SSDE to organ dose
〈hss〉inside Average of hss across organs fully inside the scan coveragea

k Conversion coefficient from DLP to effective dose
q Conversion coefficient from DLP to risk index

aAlso referred to as organs fully encompassed by the primary radiation beam.

Earlier studies indicated that k factors are generally inde-
pendent of scanner models (up to 64 rows of detectors or ap-
proximately 40 mm beam collimation).8, 9 Such is also the
case for h factors provided that the organs are fully encom-
passed by the primary radiation beam.13 Our recent study in
pediatric chest CT7 also showed that k factor, q factor, and
the h factor for a fully encompassed organ vary little (<10%)
across several scan parameters including collimation, pitch,
and tube potential. Furthermore, recent studies in chest and
abdominal CT have suggested that h, k, and q factors may be
expressed in terms of patient size, age, and gender using sim-
ple analytical equations.7, 10 Having these desirable proper-
ties, the dose and risk conversion coefficients provide a prac-
tical method for obtaining more individualized dose and risk
estimates for CT patients.

However, the available h, k, and q factors are limited to
a small number of CT protocols that cover an entire region
of the body (e.g., head, neck, chest, and abdomen or ab-
domen/pelvis). While such examinations are the most fre-
quently used, with the increasing speed of multidetector array
CT systems, multiphase CT protocols that cover only a single
organ or a subregion of the body have also become routine.
Examples are multiphase liver and renal protocols. At present,
dose and risk conversion coefficients are largely unavailable
for such examinations. It is unclear, for instance, whether the
k factor developed for an abdominal CT examination can ef-
fectively substitute those for the examinations of the kidneys
or the adrenal glands. Given the large number of CT protocols
in use clinically, especially for adult patients, it is necessary
to know if and how much h, k, and q factors vary across CT
protocols and whether protocol-independent conversion coef-
ficients are feasible.

Recently, AAPM Task Group 204 proposed a new dose
quantity for body CT, size-specific dose estimate (SSDE), de-
fined as CTDIvol multiplied by a patient size-specific adjust-
ment factor.14 By taking patient size into account, SSDE is a
significant step beyond the conventional CTDIvol and has util-
ity in CT dose monitoring and protocol optimization. By def-
inition, SSDE approximates the average dose across the field
of view (cross section) of a phantom representing the size of
the patient, resulting from a helical scan or a series of axial
scans. As such, SSDE is potentially a good estimator of dose
to organs fully inside the scan coverage. Furthermore, because
SSDE takes patient size into account, the conversion coeffi-
cients from SSDE to organ dose are potentially independent
of patient size. However, these desirable properties of SSDE
have not been tested for a variety of body protocols. Further-
more, given that more than one-third of U.S. adults (35.7%)
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are obese individuals,15 it is necessary to test whether these
desirable properties of SSDE also apply to obese patients.

In this study, we focused on adult body CT examinations
(i.e., non-neurological, noncardiac, nonmusculoskeletal ex-
amination). Our goals were (1) to extend the h, k, and q factors
to a wide range of body CT protocols by using realistic com-
putational phantoms and Monte Carlo dose simulations, (2) to
examine the variability of these conversion coefficients across
protocols, and (3) to assess the effect of obesity on these con-
version coefficients.

II. MATERIALS AND METHODS

II.A. Patients and computational phantoms

The study population consisted of six adult patients (mean
age, 46 years; age range, 31–58 years; mean weight, 86 kg;
weight range, 66–117 kg; mean height, 173 cm; height range,
156–180 cm), three males (66–117 kg) and three females (68–
105 kg). They were retrospectively selected from our clin-
ical database of patients who underwent a complete chest-
abdomen-pelvis CT examination. The criteria for selection
were that the examinations were normal or contained findings
that would not affect organ size, position, and morphology, as
verified by a radiologist (20 years of experience in adult body
imaging).

The clinical CT images of each patient were used as
the basis to create a whole-body computational phantom.
The initial anatomy was defined by segmenting the patient’s
CT data using a graphical software application developed
in our laboratory. Body surface, skeleton, and lungs were

semi-automatically segmented based on CT number thresh-
olding. The heart, kidneys, liver, stomach, gallbladder, and
spleen were manually contoured in each CT slice. From
the segmented masks, three-dimensional triangulated poly-
gon models were created by applying the marching cubes
algorithm.16 Three-dimensional nonuniform rational B-spline
(NURBS) surfaces were then fit to the polygon models us-
ing NURBS modeling software (Rhinoceros, McNeel North
America, Seattle, WA) to create the initial patient-specific
phantom.

This initial phantom covered only the regions over which
the CT data were acquired, namely the chest, abdomen, and
pelvis. To complete the initial phantom, the head, arms, and
legs were created by transforming the corresponding struc-
tures in an existing extended cardiac-torso (XCAT) model,17

which represented a 50th percentile reference adult. Specif-
ically, the head, arms, and legs of the reference model were
scaled so as to match specific body dimensions (head circum-
ference, arm and leg thicknesses) determined for the particu-
lar patient based on the patient’s characteristics. The desired
body dimensions were obtained using the PeopleSize program
(Open Ergonomics Ltd.). After scaling the head, arms, and
legs to match the body type of the patient, they were placed
manually onto the rest of the anatomy using the segmented
skeleton as a guide.

Following the addition of head, arms, and legs, the
large deformation diffeomorphic metric mapping (LDDMM)
framework18 was used to fill in the rest of the anatomy
by nonrigidly transforming the reference phantom to match
the limited framework defined by the initial patient-specific
phantom.19–21 Using this method, a patient-specific XCAT

male                male male female            female female
normal        obese-class-I    obese-class-II       normal       obese-class-I    obese-class-III

FIG. 1. Surface-rendered views of the computational phantoms of the six patients in this study.
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TABLE II. Characteristics of the voxelized phantoms of the six patients in
this study.

Phantom Gender Height (cm) Weight (kg) BMIa BMI classificationa

1 Male 182.5 74.6 22.4 Normal
2 Male 184.6 107.3 31.5 Obese class I
3 Male 181.8 124.4 37.6 Obese class II
4 Female 176.6 76.4 24.5 Normal
5 Female 166.3 90.7 32.8 Obese class I
6 Female 174.9 128.5 42.0 Obese class III

aBMI (body mass index) = weight (kg)/height2 (m). BMI classification is based
on that used by the World Health Organization: normal if BMI = 18.50–24.99,
overweight if BMI = 25–29.99, obese class I if BMI = 30.00–34.99, obese class
II if BMI = 35.00–39.99, and obese class III if BMI ≥ 40.00 (Ref. 47).

phantom was created that contained thousands of structures.
The volumes of the transformed organs (i.e., organs that were
not patient-specific) were checked against age-interpolated
values from ICRP Publication 89.22 Figure 1 illustrates the
phantoms created using the process described above.

For input into Monte Carlo simulations, the NURBS-based
phantoms were each “positioned” on a model of the CT ta-
ble in a supine position with arms elevated above the head
to mimic the usual patient posture during body CT examina-
tions. They were voxelized at 3.45-mm isotropic resolution
with 43 (male) or 44 (female) organs labeled by unique in-
teger identification numbers. A list of these organs has been
reported in our earlier publication.6 They included most of
the radiosensitive organs defined by ICRP Publication 103.23

Table II summarizes the body measurements and body mass
index (BMI) classification of the voxelized phantoms.

II.B. Body CT protocols and examination categories

Currently at our institution, routine adult (>18 years) body
CT consists of 46 protocols, including both single-phase and
multiple-phase protocols. Despite the large number, many
protocols examine similar anatomical regions and share the
same scan parameters (differing in terms of breathing instruc-
tion, the use of oral or intravenous iodinated contrast, and re-
construction and reformation parameters).

We grouped these protocols into examination categories
based on the anatomical regions examined and selected ten
examination categories, corresponding to the majority of the
body protocols (Table III). At our institution, these protocols
share a common set of scan parameters on a 64-slice CT sys-
tem (LightSpeed VCT scanner, GE Healthcare, Waukesha,
WI): tube voltage of 120 kVp, pitch of 1.375, beam collima-
tion of 40 mm, and large body scan field-of-view.

II.C. Radiation dose and cancer risk index estimation

For each phantom and examination category, organ dose
was simulated for the above scan parameters using a vali-
dated Monte Carlo program. The Monte Carlo program was
previously developed for dose simulation on a 64-slice CT
system (LightSpeed VCT, GE Healthcare, Waukesha, WI).24

The program explicitly modeled the geometry of the CT sys-
tem, the three-dimensional geometry of the bowtie filters, and
the trajectories of x-ray tube motion during axial and helical
scans. The accuracy of the simulated dose was previously val-
idated in a cylindrical phantom and in two anthropomorphic
phantoms for both axial and helical scanning modes. Simula-
tions were found to agree with measurements within 1%–11%
on average and 5%–17% maximum.24

For each simulation, the total scan length included the im-
age coverage (2nd column of Table III) plus the over-ranging
distance (additional scan length necessary for data interpola-
tion in helical reconstruction).25 For the set of scan parameters
and scanner model investigated in this study (Sec. II.B), the
over-ranging distance was 6.40 cm.7

For most organs and tissues, energy deposition was tal-
lied and used to calculate dose. Eighty million (8 × 107)
photon histories were used to simulate each examination of
each phantom, resulting in relative dose errors of less than
1% for all organs in the scan coverage and less than 4% for
other organs. To assess dose to the red bone marrow, volume-
averaged photon fluence spectrum was tallied individually
at each skeletal site and used to calculated dose to the red
bone marrow using fluence-to-dose conversion coefficients.26

A single red marrow dose was then calculated as its skeletal
average using the age-dependent fractional distribution of ac-
tive marrow tabulated in ICRP Publication 89.22 Dose to the
bone surface was approximated by the mass-weighted aver-
age of dose to the homogenous bones.27

The estimated organ dose values were used to calculate
effective dose as

E =
∑
T

wT HT , (1)

where HT is the equivalent dose for organ/tissue T and wT

is the tissue weighting factor defined by ICRP Publication
103.23 All radiosensitive organs defined by the ICRP publi-
cation regardless of their locations relative to the primary ra-
diation beam were included in Eq. (1). Dose to radiosensitive
organs that were not explicitly modeled was approximated by
dose to neighboring organs.6 In principle, effective dose cal-
culation should employ gender-averaged organ dose values.23

As the computational phantom of each patient only had the re-
productive organs (testes, prostate, ovaries, and uterus/cervix)
of one gender, dose to the testes or the ovaries was used to
approximate gender-averaged dose to the gonads, and dose to
the “reminder tissues” of one gender was used to approximate
gender-averaged dose to the “reminder tissues.” The effec-
tive dose value calculated in this way represented the effective
dose to a patient population (including both genders) that has
similar anatomy and body habitus as the patient whose organ
dose values were used in the effective dose calculation. This
approach most reasonably implemented the ICRP definition
of effective dose.

The estimated organ dose values were also used to calcu-
late risk index,6, 7, 28 defined as

Risk index =
∑
T

rT (gender, age)HT , (2)
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TABLE III. Body CT protocols investigated in this study. The protocols were grouped into examination cate-
gories based on anatomical regions examined.

Examination category Image coverage Clinical protocols

Chest-abdomen-pelvis Start: 1 cm above lung apex Chest abdomen pelvis—trauma
End: 1 cm below inferior ischium

Chest Start: 1 cm above lung apex Standard chest
End: 1 cm below lung base Standard chest with contrast

Pulmonary embolism
Chest trauma
Low-dose chest
Airway
Bronchiolitis obliterans
Bronchiectasis—inspiration
Bronchiectasis—expiration
Interstitial lung disease—inspiration (supine)
Interstitial lung disease—expiration (supine)
Follow up interstitial lung disease

Abdomen-pelvis Start: 1 cm above superior liver Abdomen pelvis
End: 1 cm below inferior ischium Abdomen pelvis—acute

Abdomen pelvis—trauma
Chest abdomen pelvis—abdomen-pelvis part
Colonography—supine scan
Small bowel
Valsalva abdomen pelvis

Abdomen Start: 1 cm above superior liver Cholangiocarcinoma—contrast enhanced phase
End: 1 cm below superior iliac crest Hepatic resection—venous phase

Pancreas—venous phase
Pelvis Start: 1 cm above superior iliac crest Cystogram

End: 1 cm below inferior ischium
Adrenal Start: 1 cm above superior adrenals Adrenal—precontrast phase

End: 1 cm below inferior adrenals Adrenal—post-contrast phase
Adrenal—delayed phase

Liver Start: 1 cm above superior liver Cholangiography
End: 1 cm below inferior liver Cirrhosis—arterial phase

Cirrhosis—venous phase
Cirrhosis—delayed phase
Dual liver—arterial phase
Dual liver—venous phase

Kidney Start: 1 cm above superior kidney Renal cell cancer—precontrast phase
End: 1 cm below inferior kidney Renal CT angiography—noncontrast phase

Renal CT angiography—arterial phase
Renal donor—noncontrast phase
Renal donor—arterial phase

Liver-to-kidney Start: 1 cm above superior liver Dual renal—nephrographic phase
End: 1 cm below inferior kidney Renal cell cancer—arterial phase

Renal cell cancer—venous phase
Kidney-to-bladder Start: 1 cm above superior kidney Dual renal—precontrast phase

End: 1 cm below inferior bladder Dual renal—excretory phase
Renal stone

where rT is the gender-specific, age-specific, and tissue-
specific risk coefficient (cases/100 000 exposed to 0.1 Gy)
for lifetime attributable risk of cancer incidence tabulated in
the BEIR VII report.29 All radiosensitive organs regardless
of their locations relative to the primary radiation beam were
included the calculation. More details about risk index calcu-
lation have been reported in an earlier publication.6

To assess the effect of obesity independent of age, each
computational phantom was assumed to represent individuals

at three ages: 20, 40, and 60 years of age. In ICRP Publica-
tion 89,22 age-dependent fractional distribution of red marrow
is only available up to 40 years of age, we assumed the distri-
bution to stay unchanged from 40 to 60 years of age.

II.D. Calculation of h, k, and q factors

The organ dose estimates obtained for each phantom
and each examination category were normalized by the
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corresponding CTDIvol to calculate the h factors. The
effective dose and risk index were normalized by the cor-
responding DLP to obtain the k and q factors, respectively.
The CTDIvol was calculated from the technical reference
manual of the CT scanner model in this study using the
tables of CTDI100 and technique adjustment factors. DLP
was calculated as the product of CTDIvol and total scan
length (image coverage plus overranging distance). The
CTDIvol and DLP calculated in this way agreed with those
from patients’ dosimetry reports to within about 5%. For
the set of scan parameters and scanner model investi-
gated in this study (Sec. II.B), the CTDIvol was
6.01 mGy/100 mAs.

To test whether SSDE is a close approximation to organ
dose and whether the conversion coefficients from SSDE to
organ dose (denoted as hss factor) are independent of patient
size, the organ dose estimates for each phantom were also nor-
malized by SSDE. SSDE was determined as

SSDE(mGy/100 mAs)

= SSDE

CTDIvol
(d) × CTDIvol(mGy/100 mAs). (3)

In Eq. (3), d is the average diameter of a body region (trunk,
chest, abdomen-pelvis, abdomen, or pelvis) calculated for
each phantom as

d = 2

√ 〈A〉region

π
, (4)

where 〈A〉region is the average cross-sectional area of the body
region, and SSDE

CTDIvol
(d) is the functional dependence of the ra-

tio SSDE/CTDIvol on effective diameter, i.e., the exponential
equation in Fig. 4 of AAPM Report No. 204.14 To calculate
SSDE for the chest-abdomen-pelvis, chest, abdomen-pelvis,
abdomen, and pelvis examinations, the average diameters of
the respective regions were used. To calculate SSDE for the
adrenal, liver, kidney, and liver-to-kidney examinations, av-
erage diameter of the abdomen region was used. Lastly, for
the kidney-to-bladder examination, average diameter of the
abdomen-pelvis region was used.

II.E. Effects of protocol and obesity

For each organ, we calculated the variability of h factor
across categories of examinations that encompassed the en-
tire organ volume inside the primary radiation beam. For ex-
ample, the variability of h factor was assessed for the lungs
across two examination categories: chest and chest-abdomen-
pelvis examination categories. In these two categories, the
entire lung volume was inside the scan coverage. Another
example is the small intestine, for which the variability
of h factor was assessed across three examination cate-
gories: chest-abdomen-pelvis, abdomen-pelvis, and kidney-
to-bladder examinations. The variability of k and q factors
was assessed for each phantom across all ten examination
categories. The coefficient of variation (standard deviation
× 100%/mean)30 was used to quantify the variability.

We considered protocol-independent conversion coeffi-
cients to be feasible if the variability across protocols was

smaller than the variability across scanner models, scan pa-
rameters, and patients within the same cohort (defined as pa-
tients having body diameters within 1 cm of one another).
Earlier studies showed that k factors and the h factors for fully
encompassed organs vary less than 10% across scanner mod-
els and scan parameters.7–9, 13 To quantify within-cohort vari-
ability, the data published by Li et al. for 30 pediatric chest
CT patients7 were examined. Specifically, multiple patient co-
horts were identified from the 30 patients, each of which con-
sisted of 4–9 patients having chest diameters ranged within 1
cm of one another. Among fully encompassed organs, thyroid
and breasts had the largest within-cohort variability in h factor
of 7%–15% and 19%–24%, respectively. The within-cohort
variability in k factor ranged between 3%–12%. Based on this
analysis, we set a variability threshold of 20% for h and k
factors, below which protocol-independent conversion coef-
ficients were deemed acceptable. Within-cohort variability in
q factor could not be reliably assessed because the numbers
of patients within each cohort (same gender, similar diameter,
and age) were too small. The same threshold of 20% was also
applied to q factor.

To assess the effect of obesity, each obese phantom was
compared with the normal-weight phantom in the same gen-
der category.

III. RESULTS

Because dose to the red marrow was calculated as its skele-
tal average using the age-dependent fractional distribution
of red marrow, there existed small differences in k factors
(<0.7%) and h factors for red marrow (<11%) between 20
and 40 years of age. There was no difference between 40 and
60 years of age because these two ages were assumed to have
identical red marrow distribution. The k factors and h factors
for red marrow reported thereafter refer to values obtained at
20 years of age.

III.A. Effect of protocol

For each phantom and examination category, the h fac-
tors obtained for all the organs, including those that are
not totally encompassed by the primary beam, are given in
Tables XII–XVII of the Appendix. For each organ, the vari-
ability of h factor across examination categories that cover the
entire organ volume (i.e., variability along the row direction in
Tables XII–XVII) is summarized in Table IV. The variability
was generally less than 15%. The exceptions were the testes
in the obese-class-II male phantom (variability = 18%) and
the gall bladder in the obese-class-III female phantom (vari-
ability = 16%). In contrast to the variability across exami-
nation categories, within a given examination category, the
variability of h factor across fully encompassed organs was
higher (Table V). The highest variability (47%) was found
for the pelvic examination of the obese-class-II male phan-
tom, where the h factor for the testes was more than double
that for the prostate. With this exception, the variability of h
factor across fully encompassed organs was less than 28%.
For a given phantom, hss differed from h only by a scaling
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TABLE IV. For given phantom and organ, variability of CTDIvol-to-organ
dose conversion coefficients (h factors, unitless) across examination cate-
gories that covered the entire organ volumea.

Male Female

Obese Obese Obese Obese
Normal class I class II Normal class I class III

(%) (%) (%) (%) (%) (%)

Thyroid – – – – 0.4 –
Trachea-bronchi 1 1 1 1 1 –
Breasts 0.3 0.6 0.7 0.5 1.6 1.0
Thymus 0.7 0.4 0.8 0.5 0.5 0.7
Esophagus 2 3 3 1 2 2
Lungs 2 2 2 2 2 2
Heart 2 3 2 2 3 2
Liver 5 4 5 3 5 6
Gall bladder 8 9 11 4 9 16
Spleen 7 5 8 7 6 9
Stomach 8 11 11 5 3 11
Pancreas 8 9 11 5 9 12
Adrenal glands 9 11 10 9 9 12
Kidneys 6 5 6 4 4 7
Large intestine 2 1 2 2 3 4
Small intestine 2 2 1 1 2 2
Prostate 7 9 6 – – –
Bladder 8 7 2 4 6 4
Testes 11 6 18 – – –
Ovaries – – – 4 3 3
Uterus – – – 3 2 3
Vagina – – – 1 9 1

aVariability is quantified by the coefficient of variation (standard deviation
× 100%/mean).

factor (the ratio between CTDIvol and SSDE). As such, hss

and h have the same variability across examination categories
that encompassed the entire organ volume. For a given ex-
amination category, they also have the same variability across
fully encompassed organs.

For a given phantom, k factor varied considerably across
different examination categories (Table VI). The coefficient

TABLE V. For given phantom and examination category, variability of
CTDIvol-to-organ dose conversion coefficients (h factors, unitless) across
fully encompassed organs (i.e., organs completely inside the scan coverage)a.

Male Female

Obese Obese Obese Obese
Normal class I class II Normal class I class III

(%) (%) (%) (%) (%) (%)

Chest-abdomen-pelvis 12 16 18 16 18 23
Chest 8 15 16 12 20 21
Abdomen-pelvis 16 16 26 14 9 17
Abdomen 11 13 20 10 10 19
Pelvis 26 28 47 4 5 5
Adrenal 16 18 22 19 18 15
Liver 12 13 21 10 11 19
Kidney 12 15 23 13 13 17
Liver-to-kidney 12 13 20 10 10 20
Kidney-to-bladder 18 22 27 16 12 17

aVariability is quantified by the coefficient of variation (standard deviation
× 100%/mean).

of variation ranged between 15% and 27% for the six phan-
toms. Among the ten examination categories, pelvic exami-
nation had the lowest k factor for all the phantoms, whereas
examinations of the chest or the adrenal glands had the high-
est k factor for all but the obese-class-II male phantom, for
which the liver examination was associated with the highest
k factor. If the k factor for the abdomen-pelvis examination is
used to estimate the effective dose associated with an exami-
nation of the adrenal glands, the error introduced ranges from
−10% for the obese-class-II male phantom to −39% for the
normal-weight male phantom.

For a given male phantom, q factor varied slightly across
different examination categories (Table VII). The coefficient
of variation ranged between 6% and 9% for the three male
phantoms. In contrast, for a given female phantom, q factor
varied considerably across different examination categories.
At 20 years of age, the coefficient of variation ranged be-
tween 36% and 43% for the three female phantoms. The

TABLE VI. DLP-to-effective dose conversion coefficients (k factors, unit: mSv/mGy-cm).

Male Female

Scan length
(cm) Normal Obese class I Obese class II Normal Obese class I Obese class III

Chest-abdomen-pelvis 71 ± 3 0.017 0.015 (−17%)a 0.012 (−33%)a 0.017 0.013 (−28%)a 0.009 (−51%)a

Chest 33 ± 3 0.024 0.020 (−17%) 0.014 (−39%) 0.022 0.019 (−12%) 0.012 (−44%)
Abdomen-pelvis 53 ± 2 0.016 0.013 (−19%) 0.013 (−21%) 0.016 0.011 (−30%) 0.008 (−53%)
Abdomen 31 ± 1 0.019 0.016 (−15%) 0.015 (−22%) 0.020 0.014 (−28%) 0.009 (−52%)
Pelvis 31 ± 1 0.011 0.009 (−19%) 0.010 (−14%) 0.011 0.007 (−40%) 0.005 (−58%)
Adrenal 15 ± 1 0.026 0.018 (−30%) 0.014 (−46%) 0.022 0.018 (−19%) 0.011 (−51%)
Liver 26 ± 2 0.021 0.018 (−18%) 0.016 (−27%) 0.021 0.017 (−21%) 0.010 (−52%)
Kidney 19 ± 1 0.022 0.016 (−28%) 0.013 (−43%) 0.021 0.014 (−34%) 0.009 (−59%)
Liver-to-kidney 27 ± 2 0.022 0.017 (−21%) 0.015 (−31%) 0.021 0.015 (−29%) 0.010 (−53%)
Kidney-to-bladder 41 ± 1 0.015 0.011 (−24%) 0.011 (−24%) 0.017 0.011 (−34%) 0.007 (−59%)

Coefficient of variation 24% 22% 15% 18% 27% 24%

aValues in parenthesis are percent differences relative to the normal-weight phantom in the same gender category.
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TABLE VII. DLP-to-risk index conversion coefficients (q factors, unit: cancer incidences/million exposed/mGy-cm).

Male (20-year-old) Female (20-year-old)

Scan length Obese Obese Obese Obese
(cm) Normal class I class II Normal class I class III

Chest-abdomen-pelvis 71 ± 3 1.6 1.3 (−18%) 1.1 (−30%) 3.0 2.2 (−28%) 1.5 (−51%)
Chest 33 ± 3 1.6 1.4 (−17%) 1.1 (−35%) 4.7 3.9 (−18%) 2.5 (−48%)
Abdomen-pelvis 53 ± 2 1.8 1.4 (−21%) 1.3 (−27%) 2.1 1.6 (−24%) 1.0 (−52%)
Abdomen 31 ± 1 1.7 1.4 (−18%) 1.1 (−32%) 2.6 2.1 (−20%) 1.3 (−51%)
Pelvis 31 ± 1 1.6 1.3 (−20%) 1.3 (−17%) 1.3 0.8 (−36%) 0.6 (−55%)
Adrenals 15 ± 1 2.1 1.5 (−28%) 1.2 (−42%) 2.6 2.2 (−16%) 1.1 (−56%)
Liver 26 ± 2 1.9 1.5 (−20%) 1.2 (−37%) 2.8 2.5 (−11%) 1.4 (−51%)
Kidneys 19 ± 1 1.9 1.4 (−26%) 1.2 (−39%) 2.1 1.6 (−23%) 0.9 (−59%)
Liver-to-kidney 27 ± 2 1.9 1.5 (−23%) 1.2 (−38%) 2.9 2.3 (−22%) 1.4 (−53%)
Kidney-to-bladder 41 ± 1 1.7 1.3 (−25%) 1.3 (−21%) 1.8 1.3 (−26%) 0.8 (−57%)
Coefficient of variation 9% 6% 7% 36% 40% 43%

Male (40-year-old) Female (40-year-old)

Scan length (cm) Normal Obese class I Obese class II Normal Obese class I Obese class III
Chest-abdomen-pelvis 71 ± 3 1.1 0.9 (−18%) 0.8 (−30%) 1.6 1.2 (−28%) 0.8 (−51%)
Chest 33 ± 3 1.1 0.9 (−17%) 0.7 (−35%) 2.3 1.9 (−18%) 1.2 (−47%)
Abdomen-pelvis 53 ± 2 1.2 0.9 (−21%) 0.9 (−27%) 1.3 0.9 (−27%) 0.6 (−52%)
Abdomen 31 ± 1 1.2 0.9 (−19%) 0.8 (−33%) 1.6 1.2 (−24%) 0.8 (−51%)
Pelvis 31 ± 1 1.1 0.9 (−21%) 0.9 (−18%) 0.9 0.5 (−36%) 0.4 (−55%)
Adrenals 15 ± 1 1.4 1.0 (−27%) 0.8 (−42%) 1.6 1.2 (−21%) 0.7 (−55%)
Liver 26 ± 2 1.2 1.0 (−20%) 0.8 (−37%) 1.7 1.4 (−16%) 0.8 (−51%)
Kidneys 19 ± 1 1.3 0.9 (−25%) 0.8 (−38%) 1.3 1.0 (−28%) 0.6 (−59%)
Liver-to-kidney 27 ± 2 1.3 1.0 (−22%) 0.8 (−38%) 1.7 1.3 (−26%) 0.8 (−52%)
Kidney-to-bladder 41 ± 1 1.1 0.9 (−25%) 0.9 (−23%) 1.2 0.8 (−30%) 0.5 (−57%)
Coefficient of variation 9% 6% 8% 26% 32% 33%

Male (60-year-old) Female (60-year-old)

Scan length (cm) Normal Obese class I Obese class II Normal Obese class I Obese class III
Chest-abdomen-pelvis 71 ± 3 0.8 0.7 (−19%) 0.6 (−31%) 1.1 0.8 (−27%) 0.5 (−50%)
Chest 33 ± 3 0.8 0.7 (−17%) 0.5 (−35%) 1.5 1.2 (−17%) 0.8 (−46%)
Abdomen-pelvis 53 ± 2 0.9 0.7 (−20%) 0.6 (−28%) 0.9 0.6 (−29%) 0.4 (−52%)
Abdomen 31 ± 1 0.9 0.7 (−19%) 0.6 (−33%) 1.1 0.8 (−27%) 0.5 (−51%)
Pelvis 31 ± 1 0.8 0.6 (−21%) 0.7 (−20%) 0.6 0.4 (−37%) 0.3 (−55%)
Adrenals 15 ± 1 1.0 0.7 (−27%) 0.6 (−41%) 1.1 0.8 (−25%) 0.5 (−54%)
Liver 26 ± 2 0.9 0.7 (−20%) 0.6 (−37%) 1.2 0.9 (−20%) 0.6 (−51%)
Kidneys 19 ± 1 0.9 0.7 (−25%) 0.6 (−38%) 1.0 0.7 (−32%) 0.4 (−59%)
Liver-to-kidney 27 ± 2 1.0 0.7 (−22%) 0.6 (−38%) 1.2 0.8 (−28%) 0.6 (−52%)
Kidney-to-bladder 41 ± 1 0.9 0.7 (−25%) 0.7 (−25%) 0.8 0.6 (−32%) 0.4 (−57%)
Coefficient of variation 8% 5% 7% 21% 29% 28%

Note: Values in parenthesis are percent differences relative to the normal-weight phantom in the same gender category.

variability decreased slightly with increasing age, but was still
above 20% at 60 years of age. Among the ten examination cat-
egories, pelvic examination had the lowest q factor for all the
female phantoms, whereas chest examination had the highest
q factor.

III.B. Effect of obesity

To assess the effect of obesity, for given phantom and ex-
amination category, the h factors for fully encompassed or-
gans were averaged (〈h〉inside). Values of 〈h〉inside are given
in Table VIII. Relative to the normal-weight male phantom,
〈h〉inside of the obese-class-I and obese-class-II male phantoms

decreased by 17%–25% and 17%–40%, respectively, depend-
ing on the examination category. When comparing the obese-
class-I and obese-class-III female phantoms to the normal-
weight female phantom, the reduction in 〈h〉inside was 28%–
42% and 51%–63%, respectively.

Table IX summarizes the effect of obesity when organ
dose was normalized by SSDE. The 〈hss〉insidevalues of the
obese-class-I and obese-class-II male phantoms agreed with
those of the normal-weight male phantom to within 6% and
15%, respectively. However, relative to the normal-weight fe-
male phantom, the obese-class-I and obese-class-III female
phantoms had 〈hss〉insidevalues lower by 20%–35% and 36%–
49%, respectively. SSDE-normalized organ dose was not
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TABLE VIII. Effect of obesity on CTDIvol-to-organ dose conversion coefficients.

〈h〉inside (unitless)a

Scan length
Male Female

(cm)b Normal Obese class I Obese class II Normal Obese class I Obese class III

Chest-abdomen-pelvis 71 ± 3 1.35 1.12 (−17%) 0.89 (−34%) 1.37 0.91 (−33%) 0.64 (−54%)
Chest 33 ± 3 1.44 1.16 (−19%) 0.92 (−36%) 1.48 1.00 (−33%) 0.73 (−51%)
Abdomen-pelvis 53 ± 2 1.27 1.04 (−18%) 0.88 (−31%) 1.26 0.80 (−37%) 0.56 (−55%)
Abdomen 31 ± 1 1.28 1.03 (−20%) 0.79 (−38%) 1.34 0.79 (−41%) 0.57 (−58%)
Pelvis 31 ± 1 1.13 0.93 (−18%) 0.94 (−17%) 1.03 0.75 (−28%) 0.49 (−52%)
Adrenals 15 ± 1 1.09 0.82 (−25%) 0.65 (−40%) 1.08 0.64 (−41%) 0.44 (−59%)
Liver 26 ± 2 1.25 1.00 (−20%) 0.77 (−38%) 1.32 0.76 (−42%) 0.55 (−59%)
Kidneys 19 ± 1 1.05 0.87 (−17%) 0.66 (−37%) 1.21 0.72 (−41%) 0.45 (−63%)
Liver-to-kidney 27 ± 2 1.23 1.01 (−18%) 0.79 (−36%) 1.30 0.78 (−40%) 0.56 (−57%)
Kidney-to-bladder 41 ± 1 1.13 0.89 (−21%) 0.77 (−32%) 1.20 0.74 (−38%) 0.51 (−58%)

aFor given phantom and examination category, 〈h〉inside is the CTDIvol-to-organ dose conversion coefficient averaged across fully encompassed organs (i.e., organs com-
pletely inside the scan coverage). Values in parenthesis are the percent differences between an obese phantom and the normal-weight phantom in the same gender
category.

bScan length = image coverage + over-ranging distance.

independent of patient diameter and generally decreased with
increasing obesity level.

The effectiveness of SSDE as an estimator of organ dose
was assessed using the percent difference between SSDE and
average dose to fully encompassed organs (Table X). For the
normal-weight male, normal-weight female, and obese-class-
I male phantoms, the differences between SSDE and average
dose to fully encompassed organs were less than 40%, thus
less than the maximum dose variability of 47% across fully
encompassed organs (Table V). However, this was not the
case for the rest of the phantoms. The effectiveness of SSDE
as an estimator of organ dose generally declined with increas-
ing obesity level. Although the obese-class-I male and female
phantoms had similar BMI, SSDE approximated organ dose
of the former much better than the latter. The comparison be-
tween SSDE and average dose to fully encompassed organs is

also illustrated in Fig. 2. Both dose quantities are normalized
by CTDIvol.

Relative to the normal-weight male phantom, k factors
of the obese-class-I and obese-class-II male phantoms de-
creased by 15%–30% and 14%–46%, respectively, depend-
ing on the examination category (Table VI). When compar-
ing the obese-class-I and obese-class-III female phantoms to
the normal-weight female phantom, the reduction in k factor
was 12%–40% and 44%–59%, respectively. Similar reduc-
tion with increasing obesity was also found for the q factors
(Table VII).

IV. DISCUSSION

To promote the appropriate use of CT radiation and avoid
unnecessary exposure, various institutions are developing

TABLE IX. Effect of obesity on SSDE-to-organ dose conversion coefficients.

〈hss〉inside (unitless)a

Scan length
Male Female

(cm) Normal Obese class I Obese class II Normal Obese class I Obese class III

Chest-abdomen-pelvis 71 ± 3 0.96 0.97 (2%) 0.85 (−11%) 1.03 0.76 (−26%) 0.64 (−38%)
Chest 33 ± 3 1.04 1.03 (−1%) 0.88 (−15%) 1.11 0.83 (−26%) 0.71 (−36%)
Abdomen-pelvis 53 ± 2 0.89 0.90 (1%) 0.84 (−5%) 0.94 0.66 (−30%) 0.57 (−39%)
Abdomen 31 ± 1 0.87 0.90 (3%) 0.78 (−10%) 0.98 0.64 (−34%) 0.57 (−42%)
Pelvis 31 ± 1 0.81 0.79 (−3%) 0.88 (8%) 0.80 0.63 (−20%) 0.51 (−36%)
Adrenals 15 ± 1 0.74 0.72 (−3%) 0.64 (−13%) 0.78 0.52 (−34%) 0.44 (−44%)
Liver 26 ± 2 0.85 0.87 (3%) 0.76 (−10%) 0.96 0.62 (−35%) 0.55 (−43%)
Kidneys 19 ± 1 0.71 0.76 (6%) 0.65 (−9%) 0.88 0.58 (−34%) 0.45 (−49%)
Liver-to-kidney 27 ± 2 0.84 0.88 (5%) 0.78 (−7%) 0.94 0.63 (−33%) 0.56 (−41%)
Kidney-to-bladder 41 ± 1 0.79 0.77 (−3%) 0.74 (−7%) 0.90 0.62 (−31%) 0.51 (−43%)

aFor given phantom and examination category, 〈hss〉inside is the SSDE-to-organ dose conversion coefficient averaged across fully encompassed organs (i.e., organs com-
pletely inside the scan coverage). Values in parenthesis are the percent differences between an obese phantom and the normal-weight phantom in the same gender
category.
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FIG. 2. Comparison between size-specific dose estimate (SSDE) and average dose to fully encompassed organs. Both dose quantities are normalized by
CTDIvol. The error bars correspond to standard deviations across fully encompassed organs. Average water-equivalent diameter of chest region was calculated
assuming a mean beam energy of 83 keV.

software applications to automatically extract quality assur-
ance dose quantities, namely CTDIvol and DLP.31–33 To com-
pare these dose quantities across different CT protocols in a
meaningful way and to accumulate the dose information to
yield a cumulative dose/risk profile for a given patient,34 it
is necessary to convert such quality assurance dose quantities
into patient dose estimates and risk estimates. Dose and risk
conversion coefficients provide a practical method for per-
forming such conversions. In this study, we obtained CTDIvol-
to-organ-dose, SSDE-to-organ-dose, DLP-to-effective-dose,

and DLP-to-risk-index conversion coefficients (denoted as h,
hss, k, and q factors, respectively) for a wide range of body CT
protocols. We quantified their variability across examination
categories and further evaluated the effect of obesity.

IV.A. Effect of protocol

Our study showed that the h factor for a given organ is
similar among examination categories that cover the entire
organ volume (the variability was generally less than 15%)
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TABLE X. Effectiveness of SSDE as an estimator of average dose to fully
encompassed organsa.

Male Female

Obese Obese Obese Obese
Normal class I class II Normal class I class III

(%) (%) (%) (%) (%) (%)

Chest-abdomen-pelvis 5 3 18 −3 32 56
Chest −4 −3 13 −10 21 40
Abdomen-pelvis 12 11 18 6 51 74
Abdomen 15 11 28 3 56 77
Pelvis 23 26 14 26 58 97
Adrenals 35 40 56 28 92 127
Liver 18 14 31 4 61 82
Kidneys 40 31 53 14 72 124
Liver-to-kidney 19 13 28 6 58 80
Kidney-to-bladder 26 30 35 11 61 95

aPercent value in the table equals SSDE−〈D〉inside

〈D〉inside
× 100% = ( 1

〈hss 〉inside
− 1)

× 100%, where 〈D〉inside denotes average dose to fully encompassed organs.
〈hss〉inside is the value reported in Table IX.

(Table IV). This can be explained by the fact that, for a fully
encompassed organ, the dose difference between one exami-
nation category and another was mainly due to the difference
in scattered radiation caused by the difference in scan cov-
erage. The h factor was generally greater for a longer scan
length (Tables XII–XVII). The small variability of the h fac-
tor across examination categories suggested the feasibility of
estimating dose to fully encompassed organs from CTDIvol

using protocol-independent conversion coefficients. For the
same patient, the scan coverage may vary from an initial CT
study to a follow-up CT study and may also vary from one
hospital to another. However, the same h factor can be used
to estimate organ dose as long as the organ is entirely inside
the scan coverage. In contrast to the variability across exam-

ination categories for the same organ, the variability across
organs for the same examination category was higher (up to
47%) (Table V). This can be explained by the differences in
the location, size, and spatial spread of the organs. CTDIvol

represents a radial average of dose over the area of the central
scan plan located at z = 0 for a 100-mm scan length. It ignores
the radial location of the organ, the z-location of the organ
relative to z = 0, and the actual scan length used clinically.
The variability of h factors across examination categories
and organs reflect these inherent limitations of the CTDIvol

concept.
Given the large number of radiosensitive organs exposed

in a CT scan, estimating/tracking dose for all the radiosen-
sitive organs can be cumbersome and even impractical for
the purpose of radiation monitoring and protocol optimiza-
tion. As such, effective dose (hence k factor) has been widely
used in the management of CT radiation. Our study showed
that k factor varies considerably across different examination
categories in body CT (15%–27%) independent of obesity
level. k factors developed for the examination of the entire
abdominopelvic region cannot be used to effectively substi-
tute the k factors for the examinations of a subregion (e.g.,
kidneys and adrenal glands). As such, a separate k factor is
needed for each examination category. This result can be un-
derstood from the definition of DLP, which is simply a mea-
sure of the total energy deposited and is indifferent to how the
dose is distributed along the z-axis. Thus, predicting
effective dose from DLP requires significant constraints on
scan coverage.

Despite its simple and succinct nature, the validity of
effective dose for medical procedures was recently under
scrutiny.29, 35–38 As the tissue-weighting factors are mean val-
ues representing averages over both gender and age,23 ef-
fective dose does not reflect the risk difference due to dif-
ference in age and gender. Furthermore, as explained in the
ICRP Publication 103,23 “The age distributions for workers

TABLE XI. Comparison between organ dose obtained in this study and organ dose predicted by published exponential relationships relating organ dose with
patient diameter/perimeter.

Male Female

Obese Obese Obese Obese
Normal class I class II Normal class I class III

Chest CT
Average chest diameter (cm) 26.8 32.3 34.5 27.8 30.5 35.1
Lung dose simulated in this study (mGy/100 mAs) 8.73 7.14 5.72 9.63 6.10 4.68
Lung dose predicted using the equation of Li et al. (mGy/100 mAs)a 9.49 7.83 7.25 9.18 8.35 7.12
Discrepancy 9% 10% 27% −5% 37% 52%

Abdominal CT
Average abdominal diameter (cm) 25.2 32.0 35.4 27.0 30.0 35.7
Stomach dose estimated in this study (mGy/100 mAs) 8.53 6.74 5.21 8.77 5.41 4.01
Stomach dose predicted using the equation of Turner et al. (mGy/100 mAs)b 9.29 7.29 6.47 8.72 7.83 6.40
Discrepancy 9% 8% 24% −1% 45% 59%

aThe equation for lung dose and the set of scan parameters in this study is Hlung = exp (− 0.035dchest + 3.19) in mGy/100 mAs. See supplementary materials of Li et al.
(Ref. 7).

bThe equation for stomach dose is Hstomach= 3.780 × exp (−0.0113 × πdabomen−pelvis) × CTDIvol. The CTDIvol for the set of scan parameters in this study was 6.01
mGy/100 mAs. See Turner et al. (Ref. 10).
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and the general population (for which the effective dose is
derived) can be quite different from the overall age distri-
bution for the patients undergoing medical procedures us-
ing ionising radiation. The age distribution also differs from
one type of medical procedure to another, depending on the
prevalence of the individuals for the medical condition being
evaluated.”

To address the limitations of the effective dose concept,
Brenner proposed an alternative quantity called “effective
risk,” which is the summation of cancer risks to individual
organs.28 By using gender-specific and age-specific risk co-
efficients, effective risk can be applied to any patient or pa-
tient cohort and has a straightforward interpretation. We re-
cently applied the “effective risk” concept to CT dosimetry,
but renamed this quantity “risk index,”6 to acknowledge the
large uncertainty associated with risk estimation in the low-
dose range, particularly as it relates to individual patients,
who might have variable radiosensitivity due to generic fac-
tors and hormonal profiles. In this study, we showed that
the conversion coefficient from DLP to risk index (q factor)
varies slightly (<10%) for male patients, but considerably
(21–43%) for female patients, across body examination cat-
egories. The large variability in female q factor can be ex-
plained by the substantially higher risks of lung cancer and
breast cancer as compared to other cancers (Fig. 3). The ab-
dominal and pelvic examinations have similar scan length.
However, lungs and breasts receive much higher dose in an
abdominal examination. Although ovaries, uterus, and blad-
der receive much higher dose in a pelvic examination, their
risks of cancer incidence are substantially lower than those of
the lungs and the breasts. The net result is that the overall risk
index, hence q factor, is substantially lower in a pelvic exam-
ination. For male patients, the cancer risks of different organs
do not exhibit such a large disparity (Fig. 3). These results
suggest that in body CT, although a protocol-independent q
factor is feasible for male patients, it is not feasible for female
patients.

IV.B. Effect of obesity

Our study showed that h factors generally decrease with
increasing obesity level. This is consistent with earlier find-

0
50

100
150
200
250
300
350
400
450
500

20-year-old male

20-year-old female

ri
sk

 c
oe

ff
ic

ie
nt

, r
T
 

(i
nc

id
en

ce
s/

10
0,

00
0 

ex
po

se
d/

0.
1 

G
y)

FIG. 3. Risk coefficients (cancer incidences per 100 000 persons exposed to
a single dose of 0.1 Gy) tabulated in BEIR VII report (Ref. 29).

ings that, when the same scan technique is used, organ dose
decreases with increasing patient size.39, 40 Recently, the ef-
fect of obesity on CT dose was explicitly studied by Ding
et al. at Rensselaer Polytechnic Institute (RPI).41 Ding et al.
extended the RPI-adult male and female computational phan-
toms to reference obesity patients by adding subcutaneous
adipose tissue (SAT) beneath the skin and by adjusting the
density of the visceral adipose tissue (VAT) to account for the
larger VAT masses expected for obese patients. They showed
that in a chest-abdomen-pelvis CT scan, when the same scan-
ner operating parameters were used, dose to colon, an organ
deep in the abdomen was 59% lower for an obese-class-III
female phantom (BMI: 46.4 kg/m2) as compared to a normal-
weight female phantom (BMI: 23.9 kg/m2). While the obese
phantoms in our study were created using a different ap-
proach (i.e., based on segmentations from clinical CT im-
ages), a similar result was obtained. For the chest-abdomen-
pelvis examination in our study, h factor for larger intes-
tine was 51% lower for the obese-class-III female phantom
(BMI: 42.0 kg/m2) compared to the normal-weight female
phantom (BMI: 24.5 kg/m2) (Tables XV and XVII). Percent
reduction in breast dose, however, differed substantially be-
tween our study (57%) and the study of Ding et al. (24%).
This can be explained by the fact that going from normal-
weight female phantom to obese-class-III female phantom,
the change in chest diameter (at mid-chest) was substantially
different in these two studies. In the study of Ding et al.,
chest diameter (calculated from lateral and AP dimensions)
increased from 27.9 cm in the normal-weight female phantom
to 31.9 cm in the obese-class-III female phantom (referred
to as morbidly obese phantom), whereas the corresponding
change in our study was much greater, from 27.4 cm to
35.2 cm.

Recent studies have correlated h factors (hence organ dose)
with patient diameter.7, 10 Li et al. reported the exponential re-
lationships between h factors and patient chest diameter for
pediatric chest CT, obtained using patient-specific computa-
tional phantoms of 30 pediatric patients.7 For fully encom-
passed organs in abdominal CT, Turner et al. published the ex-
ponential relationships between h factors and patient abdom-
inal perimeter, obtained using the GSF family of voxelized
phantoms, which includes body habitus from baby to over-
weight adult.10 In Table XI, we compared the dose results of
the present study with the dose predicted by these published
exponential relationships. Extrapolation was needed since the
study by Li et al. was limited to the pediatric population (max-
imum average chest diameter of 23 cm) while the study by
Turner et al. was limited to a patient diameter of 33.8 cm
(perimeter of 106.2 cm). Lung dose in chest CT and stomach
dose in abdomen-pelvis CT were used for the comparison.
The published relationships predicted dose to fully encom-
passed organs very well for the normal-weight phantoms and
the obese-class-I male phantom. However, they severely over-
estimated the organ dose for the more obese phantoms. The
overestimation can only be partially explained by the need
for extrapolation. For abdominal CT examination of the two
obese-class-I phantoms, extrapolation was not needed since
their abdominal diameters were within the range of diameters
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investigated by Turner et al. However, the predicted stom-
ach dose was accurate for the male phantom, but very inac-
curate for the female phantom. This result can be best ex-
plained by the difference in organ size and fat distribution be-
tween these two phantoms (Fig. 1). The thick subcutaneous
fat (modeled as soft tissue) in the female phantom provided
“radiation shielding” for her internal organs. The above anal-
ysis indicates that organ dose cannot be accurately predicted
using patient diameter alone. The variability in organ loca-
tions due to variable fat distributions must also be taken into
consideration. This result together with the discrepancy be-
tween our study and the study of Ding et al. suggest the need
for a large-scale study to include the entire ranges of patient
sizes and different types of fat distributions to identify and
fully characterize various influencing factors and the uncer-
tainties they introduce into organ dose estimation.

Another finding of our study was that for obese phantoms
the differences between SSDE and average dose to fully en-
compassed organs generally exceed the dose variability across
such organs (Table X and Fig. 2). SSDE generally overesti-
mates organ dose for obese patients. This may be understood
by the fact that the organs of obese patients are more cen-
trally located (Fig. 1), the average dose of which is lower than
the average dose across the entire cross-sectional area as rep-
resented by SSDE by its definition. For this reason, SSDE-
normalized organ dose is also not independent of patient
diameter.

In AAPM Report No. 204, the functional dependence of
the ratio SSDE/CTDIvol on effective diameter was a result of
curve fitting to data generated by four research groups. Two of
the groups determined effective diameters as water-equivalent
diameters. The other two groups determined effective diame-
ters as physical (geometric) diameters. Table XVIII summa-
rizes both types of diameters for the different body regions of
the six phantoms in this study. Physical diameters, d, were cal-
culated using Eq. (4). Water-equivalent diameters, dw, were
calculated as

dw = 2

√ 〈Aw〉region

π
, (5)

where Aw is the water-equivalent area of a single axial slice
in the phantom and 〈Aw〉region is the average of Aw over all the
axial slices in a given body region. Aw was calculated as

Aw = A ·
〈

μĒ
voxel

μĒ
water

〉
, (6)

where A is the physical cross-sectional area of the axial

slice and 〈μĒ
voxel

μĒ
water

〉 is the attenuation coefficient ratio between

the voxel material (i.e., soft tissue, lung, breast, and aver-
age skeleton) and water calculated at the mean energy of the
CT beam, Ē, and averaged over all the voxels in the axial
slice. This method of water-equivalent diameter calculation
is equivalent to the method reported by Menke42 and Huda
et al.43, 44 In those earlier studies, water-equivalent diameters
were calculated from clinical CT images of patients, where

〈μĒ
voxel

μĒ
water

〉 = 〈CT〉
1000 + 1 with 〈CT〉 being the mean CT number of

an axial CT slice. Due to beam hardening, the mean energy of

the CT beam, Ē, varies from patient to patient and from voxel
to voxel, depending on patient size and surrounding tissues.
This variation of Ē with patient size and voxel location is par-
tially taken into account when dw is calculated from clinical
CT images because no beam-hardening correction algorithm
fully corrects beam-hardening artifact present in an image.45

In this study, we ignored the variation of Ē with patient size
and voxel location, but calculated dw using two extreme Ē

values, 62 keV and 83 keV, to assess how beam hardening af-
fects the estimates of dw. The first value is the mean energy
of the 120 kVp beam at the isocenter of the GE LightSpeed
VCT scanner. It was calculated after attenuating the prebowtie
spectrum (at the exit of the x-ray tube and before filtration by
the bowtie filter) of the 120 kVp beam by the least attenuating
section of the bowtie filter (at beam angle of 0o). The accuracy
of the prebowtie spectrum has been validated in our previous
study.24 The second value was calculated after attenuating the
prebowtie spectrum by 40 cm of water (representing an obese
patient) and the most attenuating section of the bowtie filter
(at beam angle of ∼ 27.5o). Table XVIII shows that the differ-
ences between d62 keV

w and d83 keV
w were small (<1%), i.e., the

effect of beam hardening on the estimates of dw was small.
At either energy, the maximum discrepancies between dw and
the physical diameter d existed for chest and pelvis regions.
Even for these regions, the differences between dw and d were
less than 9%, corresponding to SSDE differences of less than
10%. In Fig. 2(f), we also compared average dose to fully
encompassed organs in the chest examination with SSDE cal-
culated from water-equivalent diameters (at 83 keV). These
results showed that using water-equivalent diameters does not
significantly improve the effectiveness of SSDE as an estima-
tor of organ dose.

The effect of patient size on k factor has been studied in
the past, resulting in the development of age-dependent k fac-
tors (0, 1, 5, 10 years, and adult).8, 11 In this study, we showed
sizable differences in k and q factors between adult phantoms
of different obesity levels. This highlights the need to develop
size-specific k and q factors for the entire spectrum of pedi-
atric and adult body habitus.

It should be noted that while h, k, and q factors generally
decrease with increasing patient size, the scan techniques used
for larger patients are generally higher. Therefore, the abso-
lute dose and risk to larger patients may not be lower. Ding
and coauthors showed that in a chest-abdomen-pelvis scan,
when the mAs was doubled for the obese-class-I, obese-class-
II, and obese-class-III phantoms, the absolute effective dose
relative to that of the normal-weight phantom increased by
57%, 42%, and 23%, respectively.41

IV.C. Necessity of whole-body dosimetry

It has been proposed that organ dose in a CT scan can
be estimated in real time by incorporating an analytical
or Monte Carlo simulation engine during or after the im-
age reconstruction process. Several CT manufactures are
devising methods to enable automatic organ segmentation.
While this approach obviates the need to create whole-body
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computational phantoms, it does not provide dose estimates
for organs partially or completely invisible in the image vol-
ume. It may be argued that such organs do not contribute
significantly to overall dose and risk estimates. With the or-
gan dose data in Tables XII–XVII, we tested the validity
of this argument. The organs in Tables XII–XVII were di-
vided into four categories: inside (fully inside of the scan
coverage), peripheral (on the periphery of the scan cov-
erage), distributed (extended beyond the scan coverage on
both ends, e.g., red marrow and muscle), and outside (fully
outside of the scan coverage). The contributions to effec-
tive dose (hence k factor) and risk index (hence q fac-
tor) of the four organ categories are summarized in Ta-
bles XIX and XX. On average, inside, peripheral, dis-
tributed, and outside organs contributed 50% ± 19%, 38%
± 20%, 10% ± 3%, and 2% ± 1% to effective dose, re-
spectively. The respective contributions to risk index were
46% ± 24%, 45% ± 24%, 8% ± 3%, and 2% ± 1%, i.e.,
peripheral organs had nearly identical contribution to risk in-
dex as inside organs. It should be noted that our definition of
inside organs included those that were fully inside of the scan
coverage (= image coverage + over-ranging distance), but
partially outside of the image coverage. Therefore, the con-
tributions to effective dose and risk index of fully imaged or-
gans were even smaller than 50% ± 19% and 46% ± 24%,
respectively. This result demonstrates the necessity of whole-
body dosimetry and highlights the severe limitation of dose
and risk estimations based on organs in the CT image volume
only.

IV.D. Limitations and future work

Our study has several limitations. First, the sample size
of the study was small, and the phantoms may not represent
the average patients in each obese class. However, the vari-
ability of h, k, and q factors across examination categories
is consistent across phantoms of vastly different body habi-
tus. Thus, we do not expect the results to differ should more
phantoms have been included in the study. While the phan-
toms in our study may not represent the anatomical average
of the obesity classes they belong to, the reductions in h, k,
and q factors from one obesity class to another are indicative
of the magnitude of the effects obesity has on these conver-
sion coefficients. They highlight the need to conduct larger-
scale dosimetry studies to encompass the full range of pa-
tient sizes and obesity levels. Efforts are currently underway
at our institution to create a population of hundreds of com-
putational phantoms from clinical CT images of patients. The
effect of obesity will be more systematically investigated in
future studies. Second, the concept of effective dose should in
principle be applied to reference phantoms only.23 Our appli-
cation of the effective dose concept to patient-specific phan-
toms, while not being exactly as defined by ICRP, is in line
with other studies in the literature.40 Since the variability of
the conversion coefficients across examination categories was
consistent for phantoms of different obesity levels, we ex-
pect the finding to hold true for reference phantoms. Lastly,
our study did not explicitly model the effect of tube current

modulation (TCM). In a TCM scan, the variability of h factor
across examination categories is likely to increase. Since the
mA-modulation profile is based on patient attenuation, it is
reasonable to assume that for a given noise index a chest ex-
amination and a chest-abdomen-pelvis examination have the
same mA-modulation profile for the chest part of the body.
Thus, dose to chest organs would be similar in these two cat-
egories of examinations. However, the average CTDIvol of
these two types of examinations may differ, depending on
the mA-modulation profile for the abdomen-pelvis part of the
body. Thus, between the two categories of examinations, the
h factors for the chest organs may differ more than they do in
a fixed-mA examination. However, the increased variability
due to mA-modulation may be reduced if the CTDIvol com-
puted using a local average mA value (e.g., the average mA
value for the image slices containing the organ) is used to
normalize organ dose, in place of the CTDIvol computed us-
ing the average mA over the entire scan length, which is the
value currently reported by the scanners based on the recom-
mendation of the International Electrotechnical Commission
(IEC). This is supported by our preliminary study of the effect
of tube current modulation,46 which showed that h factors de-
rived from fixed-mA examinations are a good approximation
to those in TCM examinations if the CTDIvol computed using
a local average mA value at the location of the organ is used
to calculate the h factor.

V. CONCLUSIONS

In adult body CT, absorbed dose to a fully encompassed
organ can be estimated from CTDIvol using a protocol-
independent conversion coefficient. However, on average,
fully encompassed organs only account for 50% ± 19% of
k factor and 46% ± 24% of q factor. The dose received by
partially encompassed and nonencompassed organs should
not be neglected. To estimate effective dose and risk in-
dex from DLP, it is necessary to use conversion coefficients
specific to the anatomical region examined. Obesity has a
significant effect on dose and risk conversion coefficients,
which cannot be predicted using body diameter alone. SSDE-
normalized organ dose is not independent of patient diame-
ter. SSDE itself generally overestimates organ dose for obese
patients.
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APPENDIX: ADDITIONAL DATA TABLES

See Tables XII–XX.
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TABLE XII. CTDIvol-to-organ dose conversion coefficients (h factors, unitless) for the normal-weight male phantom. The simulations were performed for the
LightSpeed VCT scanner using a tube voltage of 120 kVp, a pitch of 1.375, a beam collimation of 40 mm, and large body scan field-of-view. CTDIvol = 6.01
mGy/100 mAs. The h factors are in boldface for organs entirely inside the scan coverage.

Chest-abdomen-pelvis Chest Abdomen-pelvis Abdomen Pelvis Adrenals Liver Kidneys Liver-to-kidney Kidney-to-bladder COVa

Eyes 0.01 0.02 0.001 0.001 0.0001 0.0004 0.001 0.0003 0.001 0.0005 –
Brain 0.02 0.02 0.001 0.001 0.0001 0.0005 0.001 0.0004 0.001 0.001 –
Pharynx-larynx 0.50 0.50 0.01 0.01 0.0003 0.004 0.01 0.004 0.01 0.004 –
Thyroid 1.21 1.21 0.02 0.02 0.0005 0.01 0.02 0.01 0.02 0.01 –
Trachea-bronchi 1.44 1.42 0.29 0.29 0.004 0.08 0.29 0.07 0.29 0.07 1%
Breasts 1.55 1.54 0.13 0.13 0.002 0.04 0.13 0.03 0.13 0.03 0.3%
Thymus 1.55 1.53 0.22 0.21 0.003 0.07 0.21 0.06 0.21 0.06 0.7%
Esophagus 1.28 1.24 0.49 0.49 0.01 0.23 0.49 0.19 0.49 0.20 2%
Lungs 1.49 1.45 0.59 0.59 0.01 0.21 0.58 0.17 0.58 0.17 2%
Heart 1.51 1.46 1.03 1.03 0.01 0.37 1.02 0.27 1.02 0.28 2%
Liver 1.35 1.09 1.24 1.23 0.04 0.93 1.21 0.92 1.21 0.96 5%
Gall bladder 1.37 0.73 1.50 1.49 0.08 1.26 1.45 1.21 1.44 1.28 8%
Spleen 1.37 1.03 1.31 1.30 0.04 1.10 1.29 1.10 1.27 1.14 7%
Stomach 1.48 1.19 1.42 1.41 0.05 1.17 1.40 1.14 1.38 1.18 8%
Pancreas 1.29 0.87 1.23 1.22 0.07 0.98 1.19 1.03 1.18 1.08 8%
Adrenal glands 1.13 0.83 1.05 1.04 0.05 0.84 1.02 0.90 1.01 0.94 9%
Kidneys 1.27 0.45 1.24 1.23 0.12 0.87 1.17 1.07 1.14 1.17 6%
Large intestine 1.39 0.17 1.39 0.99 0.77 0.39 0.71 0.65 0.68 1.35 2%
Small intestine 1.46 0.28 1.43 1.18 0.73 0.50 0.89 0.75 0.83 1.41 2%
Prostate 0.92 0.002 0.93 0.04 0.91 0.003 0.01 0.01 0.01 0.79 7%
Bladder 1.20 0.002 0.99 0.05 1.03 0.004 0.02 0.01 0.01 1.05 8%
Testes 1.22 0.001 1.53 0.01 1.46 0.001 0.003 0.002 0.002 0.35 11%
Residual soft tissues 0.62 0.23 0.46 0.22 0.32 0.08 0.17 0.12 0.15 0.36 –
Bone surface 1.28 0.64 0.86 0.49 0.52 0.19 0.36 0.24 0.35 0.70 –
Red bone marrow 0.84 0.42 0.59 0.36 0.34 0.14 0.27 0.18 0.26 0.48 –
Skin 0.39 0.21 0.28 0.22 0.11 0.09 0.18 0.12 0.17 0.22 –

COVb 12% 8% 16% 11% 26% 16% 12% 12% 12% 18% –

aCoefficient of variation (standard deviation × 100%/mean) across examination categories that covered the entire organ volume.
bCoefficient of variation (standard deviation × 100%/mean) across organs entirely inside the scan coverage.

TABLE XIII. CTDIvol-to-organ dose conversion coefficients (h factors, unitless) for the obese-class-I male phantom. The simulations were performed for the
LightSpeed VCT scanner using a tube voltage of 120 kVp, a pitch of 1.375, a beam collimation of 40 mm, and large body scan field-of-view. CTDIvol = 6.01
mGy/100 mAs. The h factors are in boldface for organs entirely inside the scan coverage.

Chest-abdomen-pelvis Chest Abdomen-pelvis Abdomen Pelvis Adrenals Liver Kidneys Liver-to-kidney Kidney-to-bladder COVa

Eyes 0.02 0.02 0.001 0.001 0.00003 0.0004 0.001 0.0004 0.001 0.0003 –
Brain 0.02 0.02 0.001 0.001 0.0001 0.0005 0.001 0.0004 0.001 0.0005 –
Pharynx-larynx 0.44 0.44 0.02 0.02 0.0004 0.006 0.02 0.005 0.02 0.005 –
Thyroid 0.86 0.85 0.03 0.03 0.0007 0.01 0.03 0.01 0.03 0.01 –
Trachea-bronchi 1.10 1.08 0.26 0.26 0.004 0.06 0.26 0.05 0.26 0.06 1%
Breasts 1.42 1.41 0.34 0.34 0.002 0.04 0.34 0.03 0.34 0.03 0.6%
Thymus 1.31 1.31 0.23 0.23 0.002 0.05 0.22 0.04 0.23 0.04 0.4%
Esophagus 0.98 0.93 0.46 0.45 0.01 0.18 0.45 0.16 0.45 0.16 3%
Lungs 1.22 1.19 0.55 0.55 0.01 0.14 0.54 0.12 0.54 0.12 2%
Heart 1.26 1.21 0.91 0.91 0.01 0.26 0.91 0.20 0.91 0.21 3%
Liver 1.12 0.89 1.03 1.02 0.04 0.73 1.00 0.72 1.01 0.74 4%
Gall bladder 1.29 0.92 1.26 1.25 0.07 0.99 1.22 1.07 1.23 1.11 9%
Spleen 1.15 1.00 1.05 1.05 0.03 0.82 1.04 0.80 1.04 0.81 5%
Stomach 1.16 0.84 1.12 1.11 0.06 0.88 1.09 0.90 1.10 0.92 11%
Pancreas 0.98 0.53 0.95 0.92 0.11 0.72 0.88 0.80 0.90 0.85 9%
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TABLE XIII. (Continued)

Chest-abdomen-pelvis Chest Abdomen-pelvis Abdomen Pelvis Adrenals Liver Kidneys Liver-to-kidney Kidney-to-bladder COVa

Adrenal glands 0.93 0.61 0.87 0.86 0.07 0.67 0.83 0.72 0.84 0.75 11%
Kidneys 1.02 0.29 1.01 0.98 0.18 0.74 0.92 0.88 0.93 0.96 5%
Large intestine 1.22 0.17 1.23 0.84 0.69 0.41 0.64 0.64 0.71 1.19 1%
Small intestine 1.21 0.13 1.20 0.88 0.75 0.35 0.59 0.68 0.71 1.17 2%
Prostate 0.70 0.001 0.72 0.02 0.71 0.003 0.01 0.01 0.01 0.59 9%
Bladder 0.83 0.002 0.88 0.03 0.86 0.005 0.01 0.01 0.02 0.75 7%
Testes 1.28 0.0003 1.13 0.01 1.23 0.001 0.002 0.003 0.003 0.20 6%
Residual soft tissues 0.58 0.22 0.45 0.23 0.29 0.10 0.18 0.14 0.19 0.35 –
Bone surface 1.11 0.60 0.75 0.43 0.43 0.18 0.35 0.22 0.35 0.57 –
Red bone marrow 0.67 0.34 0.47 0.28 0.27 0.12 0.23 0.15 0.23 0.37 –
Skin 0.37 0.20 0.27 0.21 0.12 0.10 0.17 0.12 0.18 0.21 –
COVb 16% 15% 16% 13% 28% 18% 13% 15% 13% 22% –

aCoefficient of variation (standard deviation × 100% / mean) across examination categories that covered the entire organ volume.
bCoefficient of variation (standard deviation × 100% / mean) across organs entirely inside the scan coverage.

TABLE XIV. CTDIvol-to-organ dose conversion coefficients (h factors, unitless) for the obese-class-II male phantom. The simulations were performed for the
LightSpeed VCT scanner using a tube voltage of 120 kVp, a pitch of 1.375, a beam collimation of 40 mm, and large body scan field-of-view. CTDIvol = 6.01
mGy/100 mAs. The h factors are in boldface for organs entirely inside the scan coverage.

Chest-abdomen-pelvis Chest Abdomen-pelvis Abdomen Pelvis Adrenals Liver Kidneys Liver-to-kidney Kidney-to-bladder COVa

Eyes 0.02 0.02 0.001 0.001 0.00003 0.0003 0.001 0.0003 0.001 0.0003 –
Brain 0.02 0.02 0.001 0.001 0.0001 0.0003 0.001 0.0003 0.001 0.0003 –
Pharynx-larynx 0.51 0.50 0.01 0.01 0.0004 0.005 0.01 0.004 0.01 0.004 –
Thyroid 0.78 0.78 0.02 0.02 0.0006 0.01 0.02 0.01 0.02 0.01 –
Trachea-bronchi 0.89 0.88 0.18 0.18 0.004 0.05 0.18 0.04 0.18 0.04 1%
Breasts 0.79 0.78 0.67 0.67 0.003 0.05 0.67 0.03 0.67 0.04 0.7%
Thymus 1.13 1.12 0.13 0.13 0.002 0.04 0.13 0.03 0.13 0.03 0.8%
Esophagus 0.78 0.75 0.30 0.30 0.01 0.11 0.30 0.08 0.30 0.08 3%
Lungs 0.99 0.95 0.42 0.42 0.01 0.13 0.42 0.09 0.42 0.09 2%
Heart 1.09 1.06 0.54 0.54 0.01 0.12 0.54 0.09 0.54 0.09 2%
Liver 0.90 0.67 0.82 0.81 0.05 0.58 0.80 0.52 0.81 0.53 5%
Gall bladder 0.99 0.44 1.11 1.10 0.10 0.87 1.07 0.88 1.09 0.90 11%
Spleen 0.86 0.56 0.78 0.77 0.05 0.66 0.76 0.64 0.77 0.65 8%
Stomach 0.95 0.70 0.87 0.86 0.08 0.67 0.84 0.66 0.85 0.68 11%
Pancreas 0.78 0.31 0.75 0.72 0.18 0.54 0.68 0.63 0.71 0.67 11%
Adrenal glands 0.66 0.34 0.63 0.61 0.09 0.49 0.59 0.51 0.60 0.54 10%
Kidneys 0.76 0.15 0.74 0.70 0.24 0.54 0.66 0.64 0.68 0.70 6%
Large intestine 1.08 0.13 1.07 0.70 0.68 0.41 0.56 0.60 0.65 1.05 2%
Small intestine 1.05 0.08 1.05 0.73 0.80 0.28 0.49 0.60 0.65 1.03 1%
Prostate 0.58 0.001 0.59 0.02 0.58 0.004 0.01 0.01 0.01 0.51 6%
Bladder 0.75 0.002 0.77 0.03 0.79 0.007 0.01 0.02 0.02 0.75 2%
Testes 1.01 0.0005 1.39 0.01 1.44 0.002 0.004 0.006 0.007 1.04 18%
Residual soft tissues 0.46 0.19 0.35 0.18 0.22 0.10 0.16 0.12 0.17 0.28 –
Bone surface 0.87 0.50 0.54 0.29 0.32 0.13 0.25 0.16 0.26 0.41 –
Red bone marrow 0.51 0.27 0.33 0.18 0.20 0.08 0.16 0.10 0.16 0.26 –
Skin 0.30 0.16 0.22 0.16 0.10 0.09 0.15 0.11 0.15 0.17 –
COVb 18% 16% 26% 20% 47% 22% 21% 23% 20% 27% –

aCoefficient of variation (standard deviation × 100%/mean) across examination categories that covered the entire organ volume.
bCoefficient of variation (standard deviation × 100%/mean) across organs entirely inside the scan coverage.
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TABLE XV. CTDIvol-to-organ dose conversion coefficients (h factors, unitless) for the normal-weight female phantom. The simulations were performed for
the LightSpeed VCT scanner using a tube voltage of 120 kVp, a pitch of 1.375, a beam collimation of 40 mm, and large body scan field-of-view. CTDIvol

= 6.01 mGy/100 mAs. The h factors are in boldface for organs entirely inside the scan coverage.

Chest-abdomen-pelvis Chest Abdomen-pelvis Abdomen Pelvis Adrenals Liver Kidneys Liver to kidneys Kidneys to bladder COVa

Eyes 0.02 0.02 0.001 0.001 0.00004 0.001 0.002 0.0004 0.002 0.001 –
Brain 0.03 0.03 0.001 0.001 0.00005 0.001 0.001 0.0004 0.001 0.0005 –
Pharynx-larynx 0.76 0.76 0.01 0.01 0.0003 0.01 0.01 0.01 0.01 0.01 –
Thyroid 1.49 1.49 0.03 0.03 0.001 0.02 0.03 0.01 0.03 0.01 –
Trachea-bronchi 1.53 1.52 0.28 0.28 0.003 0.11 0.28 0.07 0.28 0.07 1%
Breasts 1.37 1.36 0.39 0.39 0.002 0.13 0.39 0.06 0.39 0.06 0.5%
Thymus 1.73 1.72 0.35 0.35 0.003 0.13 0.35 0.08 0.35 0.08 0.5%
Esophagus 1.32 1.29 0.41 0.41 0.005 0.20 0.41 0.12 0.41 0.12 1%
Lungs 1.64 1.60 0.68 0.68 0.01 0.35 0.68 0.23 0.68 0.23 2%
Heart 1.65 1.61 1.26 1.26 0.01 0.68 1.25 0.40 1.25 0.40 2%
Liver 1.50 0.95 1.43 1.42 0.09 1.22 1.40 1.16 1.39 1.20 3%
Gall bladder 1.64 0.25 1.55 1.51 0.24 1.20 1.49 1.47 1.44 1.57 4%
Spleen 1.46 1.26 1.39 1.38 0.05 1.22 1.37 1.21 1.36 1.23 7%
Stomach 1.51 0.85 1.46 1.44 0.22 1.09 1.41 1.28 1.39 1.34 5%
Pancreas 1.29 0.58 1.26 1.24 0.19 0.95 1.21 1.12 1.18 1.19 5%
Adrenal glands 1.23 0.89 1.12 1.12 0.07 0.94 1.11 0.99 1.10 1.02 9%
Kidneys 1.34 0.50 1.31 1.29 0.16 1.04 1.27 1.18 1.25 1.25 4%
Large intestine 1.32 0.10 1.29 0.83 0.91 0.29 0.71 0.59 0.57 1.28 2%
Small intestine 1.38 0.09 1.36 1.01 0.96 0.29 0.86 0.70 0.63 1.36 1%
Ovaries 1.01 0.004 1.08 0.10 1.05 0.01 0.06 0.04 0.04 0.99 4%
Uterus 1.09 0.003 1.09 0.08 1.08 0.01 0.05 0.03 0.03 1.03 3%
Bladder 1.06 0.002 0.99 0.05 0.99 0.01 0.03 0.02 0.02 0.96 4%
Vagina 1.01 0.001 1.02 0.03 1.01 0.004 0.02 0.01 0.01 0.73 1%
Residual soft tissues 0.73 0.27 0.57 0.28 0.39 0.14 0.25 0.18 0.22 0.45 –
Bone surface 1.39 0.71 0.92 0.49 0.60 0.23 0.40 0.26 0.38 0.75 –
Red bone marrow 0.85 0.46 0.57 0.34 0.33 0.17 0.29 0.18 0.28 0.45 –
Skin 0.66 0.32 0.47 0.27 0.27 0.14 0.24 0.17 0.23 0.35 –

COVb 16% 12% 14% 10% 4% 19% 10% 13% 10% 16% –

aCoefficient of variation (standard deviation × 100%/mean) across examination categories that covered the entire organ volume.
bCoefficient of variation (standard deviation × 100%/mean) across organs entirely inside the scan coverage.

TABLE XVI. CTDIvol-to-organ dose conversion coefficients (h factors, unitless) for the obese-class-I female phantom. The simulations were performed for
the LightSpeed VCT scanner using a tube voltage of 120 kVp, a pitch of 1.375, a beam collimation of 40 mm, and large body scan field-of-view. CTDIvol

= 6.01 mGy/100 mAs. The h factors are in boldface for organs entirely inside the scan coverage.

Chest-abdomen-pelvis Chest Abdomen-pelvis Abdomen Pelvis Adrenals Liver Kidneys Liver to kidneys Kidneys to bladder COVa

Eyes 0.02 0.02 0.002 0.002 0.0001 0.001 0.002 0.0008 0.002 0.001 –
Brain 0.02 0.02 0.002 0.002 0.0001 0.001 0.002 0.0009 0.002 0.001 –
Pharynx-larynx 0.67 0.67 0.02 0.02 0.001 0.01 0.02 0.01 0.02 0.01 –
Thyroid 1.25 1.24 0.05 0.05 0.001 0.02 0.05 0.02 0.05 0.02 0.4%
Trachea-bronchi 1.10 1.08 0.23 0.23 0.004 0.07 0.23 0.08 0.23 0.08 1%
Breasts 0.77 0.75 0.42 0.42 0.004 0.16 0.42 0.17 0.42 0.17 1.6%
Thymus 1.26 1.25 0.20 0.20 0.003 0.06 0.20 0.06 0.20 0.07 0.5%
Esophagus 0.90 0.88 0.26 0.26 0.01 0.10 0.26 0.11 0.26 0.11 2%
Lungs 1.05 1.02 0.48 0.48 0.01 0.17 0.48 0.18 0.48 0.18 2%
Heart 1.09 1.05 0.76 0.76 0.01 0.29 0.75 0.30 0.76 0.30 3%
Liver 0.85 0.66 0.77 0.76 0.04 0.57 0.75 0.62 0.76 0.64 5%
Gall bladder 1.06 0.81 0.92 0.91 0.05 0.77 0.89 0.83 0.90 0.85 9%
Spleen 0.84 0.71 0.75 0.75 0.03 0.59 0.74 0.62 0.74 0.63 6%
Stomach 0.96 0.76 0.90 0.89 0.04 0.73 0.88 0.77 0.88 0.78 3%
Pancreas 0.81 0.46 0.78 0.77 0.08 0.60 0.73 0.69 0.75 0.72 9%
Adrenal glands 0.74 0.46 0.69 0.68 0.06 0.55 0.65 0.61 0.67 0.63 9%
Kidneys 0.82 0.25 0.80 0.78 0.12 0.55 0.72 0.73 0.76 0.77 4%
Large intestine 0.86 0.13 0.84 0.60 0.47 0.30 0.45 0.47 0.49 0.82 3%
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TABLE XVI. (Continued)

Chest-abdomen-pelvis Chest Abdomen-pelvis Abdomen Pelvis Adrenals Liver Kidneys Liver to kidneys Kidneys to bladder COVa

Small intestine 0.89 0.12 0.88 0.70 0.54 0.27 0.49 0.52 0.53 0.86 2%
Ovaries 0.71 0.003 0.75 0.07 0.76 0.01 0.02 0.03 0.03 0.73 3%
Uterus 0.79 0.002 0.81 0.05 0.79 0.01 0.01 0.02 0.02 0.77 2%
Bladder 0.79 0.001 0.73 0.03 0.73 0.004 0.01 0.02 0.02 0.68 6%
Vagina 0.76 0.001 0.72 0.02 0.71 0.002 0.01 0.01 0.01 0.61 9%
Residual soft tissues 0.44 0.14 0.36 0.18 0.25 0.08 0.13 0.13 0.15 0.30 –
Bone surface 0.89 0.45 0.61 0.34 0.36 0.15 0.27 0.22 0.30 0.50 –
Red bone marrow 0.58 0.29 0.41 0.25 0.22 0.11 0.20 0.17 0.23 0.34 –
Skin 0.38 0.16 0.29 0.16 0.17 0.07 0.13 0.11 0.14 0.23 –

COVb 18% 20% 9% 10% 5% 18% 11% 13% 10% 12% –

aCoefficient of variation (standard deviation × 100%/mean) across examination categories that covered the entire organ volume.
bCoefficient of variation (standard deviation × 100%/mean) across organs entirely inside the scan coverage.

TABLE XVII. CTDIvol-to-organ dose conversion coefficients (h factors, unitless) for the obese-class-III female phantom. The simulations were performed
for the LightSpeed VCT scanner using a tube voltage of 120 kVp, a pitch of 1.375, a beam collimation of 40 mm, and large body scan field-of-view. CTDIvol

= 6.01 mGy/100 mAs. The h factors are in boldface for organs entirely inside the scan coverage.

Chest-abdomen-pelvis Chest Abdomen-pelvis Abdomen Pelvis Adrenals Liver Kidneys Liver to kidneys Kidneys to bladder COVa

Eyes 0.01 0.01 0.001 0.001 0.00004 0.0004 0.001 0.0003 0.001 0.0004 –
Brain 0.01 0.01 0.001 0.001 0.00004 0.0003 0.001 0.0003 0.001 0.0003 –
Pharynx-larynx 0.34 0.34 0.01 0.01 0.0003 0.004 0.01 0.003 0.01 0.003 –
Thyroid 0.81 0.81 0.02 0.02 0.0004 0.01 0.02 0.01 0.02 0.01 –
Trachea-bronchi 0.80 0.79 0.17 0.17 0.003 0.05 0.17 0.04 0.17 0.04 –
Breasts 0.59 0.58 0.19 0.19 0.002 0.04 0.19 0.02 0.19 0.02 1.0%
Thymus 0.96 0.96 0.13 0.13 0.002 0.03 0.13 0.02 0.13 0.03 0.7%
Esophagus 0.64 0.62 0.21 0.21 0.01 0.08 0.20 0.06 0.21 0.06 2%
Lungs 0.80 0.78 0.34 0.34 0.01 0.10 0.33 0.07 0.33 0.08 2%
Heart 0.88 0.85 0.52 0.52 0.01 0.13 0.52 0.09 0.52 0.09 2%
Liver 0.64 0.48 0.57 0.57 0.03 0.39 0.56 0.34 0.56 0.36 6%
Gall bladder 0.79 0.24 0.77 0.76 0.06 0.52 0.73 0.56 0.75 0.58 16%
Spleen 0.53 0.41 0.49 0.49 0.03 0.39 0.48 0.37 0.48 0.38 9%
Stomach 0.72 0.58 0.67 0.66 0.03 0.50 0.65 0.45 0.65 0.46 11%
Pancreas 0.54 0.28 0.52 0.50 0.07 0.39 0.48 0.41 0.49 0.43 12%
Adrenal glands 0.53 0.34 0.50 0.49 0.05 0.39 0.47 0.40 0.48 0.42 12%
Kidneys 0.52 0.16 0.51 0.49 0.12 0.38 0.46 0.43 0.47 0.47 7%
Large intestine 0.65 0.06 0.64 0.41 0.39 0.21 0.30 0.32 0.36 0.60 4%
Small intestine 0.67 0.06 0.67 0.48 0.46 0.18 0.31 0.38 0.36 0.65 2%
Ovaries 0.47 0.002 0.47 0.04 0.46 0.01 0.02 0.02 0.02 0.44 3%
Uterus 0.53 0.002 0.53 0.04 0.52 0.01 0.01 0.02 0.02 0.49 3%
Bladder 0.50 0.001 0.50 0.02 0.50 0.004 0.01 0.01 0.01 0.46 4%
Vagina 0.48 0.001 0.49 0.01 0.49 0.002 0.01 0.01 0.01 0.39 1%
Residual soft tissues 0.35 0.12 0.29 0.15 0.19 0.07 0.12 0.10 0.13 0.23 –
Bone surface 0.68 0.38 0.43 0.25 0.26 0.11 0.21 0.12 0.21 0.33 –
Red bone marrow 0.41 0.23 0.27 0.17 0.15 0.08 0.14 0.08 0.14 0.20 –
Skin 0.31 0.14 0.23 0.13 0.14 0.06 0.11 0.08 0.12 0.17 –

COVb 23% 21% 17% 19% 5% 15% 19% 17% 20% 17% –

aCoefficient of variation (standard deviation × 100%/mean) across examination categories that covered the entire organ volume.
bCoefficient of variation (standard deviation × 100%/mean) across organs entirely inside the scan coverage.
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TABLE XVIII. Physical (geometric) diameters and water-equivalent diameters of different body regions of the six phantoms in this studya.

Male Female

Normal Obese class I Obese class II Normal Obese class I Obese class III

Physical (geometric) diameter (cm)
dchest 26.8 32.3 34.5 27.8 30.5 35.1
dabdomen 25.2 32.0 35.4 27.0 30.0 35.7
dpelvis 26.7 31.4 33.7 28.5 31.3 36.6
dabdomen-pelvis 26.0 31.7 34.5 27.8 30.6 36.1
dtrunk 26.3 31.9 34.4 27.9 30.6 35.8
Water-equivalent diameter (cm)

Mean energy = 62 keVb

dw, chest 25.3 (−6%) 30.6 (−5%) 32.8 (−5%) 25.5 (−8%) 29.2 (−4%) 33.1 (−6%)
dw, abdomen 25.6 (2%) 32.4 (1%) 35.6 (1%) 27.1 (0%) 30.4 (1%) 35.9 (1%)
dw, pelvis 28.2 (5%) 32.6 (4%) 35.0 (4%) 30.0 (5%) 32.5 (4%) 37.8 (3%)
dw, abdomen-pelvis 26.9 (4%) 32.5 (3%) 35.3 (2%) 28.5 (3%) 31.5 (3%) 36.9 (2%)
dw, trunk 26.4 (0%) 31.9 (0%) 34.4 (0%) 27.6 (−1%) 30.8 (1%) 35.8 (0%)

Mean energy = 83 keVb

dw, chest 25.1 (−7%) 30.4 (−6%) 32.6 (−6%) 25.3 (−9%) 29.0 (−5%) 33.0 (−6%)
dw, abdomen 25.5 (1%) 32.3 (1%) 35.5 (0%) 27.0 (0%) 30.3 (1%) 35.9 (0%)
dw, pelvis 27.9 (4%) 32.4 (3%) 34.8 (3%) 29.7 (4%) 32.3 (3%) 37.6 (3%)
dw, abdomen-pelvis 26.7 (3%) 32.3 (2%) 35.2 (2%) 28.3 (2%) 31.3 (2%) 36.8 (2%)
dw, trunk 26.2 (0%) 31.7 (−1%) 34.2 (−1%) 27.4 (−2%) 30.7 (0%) 35.6 (−1%)

aPercent values in parenthesis equal dw,region−dregion

dregion
× 100%.

bSixty-two kilo-electron-volt is the mean energy of the 120 kVp beam at the isocenter of the GE LightSpeed VCT scanner. It was calculated after attenuating the prebowtie
spectrum (at the exit of the x-ray tube and before filtration by the bowtie filter) of the 120 kVp beam by the least attenuating section of the bowtie filter (at beam angle of
0

◦
). Eighty-three kilo-electron-volt is the mean energy of the prebowtie spectrum after being attenuated by 40 cm of water (representing an obese patient) and the most

attenuating section of the bowtie filter (at beam angle of ∼27.5
◦
).

TABLE XIX. Percent contributions to effective dose (hence k factor) from four organ categories: inside (fully
inside of the scan coveragea), peripheral (on the periphery of the scan coverage), distributed (extended beyond
the scan coverage on both ends), and outside (fully outside of the scan coverage).

Male Female

Normal Obese class I Obese class II Normal Obese class I Obese class III
(%) (%) (%) (%) (%) (%)

Chest-abdomen-pelvis
Inside 85 86 85 83 87 82
Peripheral 5 4 5 6 2 7
Distributed 10 10 10 11 11 11
Outside 0.02 0.02 0.02 0.02 0.03 0.02
Chest
Inside 54 58 53 58 60 70
Peripheral 38 34 38 32 32 21
Distributed 8 8 9 9 8 9
Outside 0.05 0.04 0.2 0.5 0.1 0.1
Abdomen-pelvis
Inside 75 71 69 70 66 69
Peripheral 12 18 22 19 22 19
Distributed 11 10 8 11 11 11
Outside 2 1 0.4 0.2 0.8 0.6
Abdomen
Inside 47 43 39 46 41 44
Peripheral 39 47 54 43 48 45
Distributed 9 9 7 9 9 9
Outside 4 1 1 2 3 2
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TABLE XIX. (Continued)

Male Female

Normal Obese class I Obese class II Normal Obese class I Obese class III
(%) (%) (%) (%) (%) (%)

Pelvis
Inside 50 48 52 39 47 42
Peripheral 30 32 32 43 30 36
Distributed 16 15 11 16 18 17
Outside 4 5 5 2 5 5
Adrenals
Inside 50 47 46 5 7 48
Peripheral 31 34 44 86 85 32
Distributed 17 17 6 7 7 18
Outside 2 2 4 1 1 2
Liver
Inside 52 46 40 48 44 47
Peripheral 37 46 53 43 47 43
Distributed 8 8 6 8 8 8
Outside 4 1 0.8 1 2 2
Kidneys
Inside 10 45 10 51 9 10
Peripheral 81 45 80 39 80 79
Distributed 7 8 7 7 9 9
Outside 2 2 3 3 2 2
Liver-to-kidney
Inside 52 45 39 50 43 46
Peripheral 36 46 54 41 47 44
Distributed 8 8 6 8 9 8
Outside 4 1 0.9 1 2 2
Kidney-to-bladder
Inside 45 40 43 75 50 56
Peripheral 37 46 46 13 38 32
Distributed 12 12 9 11 12 12
Outside 6 1 1 1 0.4 0.5

aScan coverage = image coverage + over-ranging distance.

TABLE XX. Percent contributions to risk index (hence q factor)a from four organ categories: inside (fully inside
of the scan coverageb), peripheral (on the periphery of the scan coverage), distributed (extended beyond the scan
coverage on both ends), and outside (fully outside of the scan coverage).

Male Female

Normal Obese class I Obese class II Normal Obese class I Obese class III
(%) (%) (%) (%) (%) (%)

Chest-abdomen-pelvis
Inside 87 87 87 85 92 84
Peripheral 4 3 4 9 2 10
Distributed 10 10 9 5 5 5
Outside 0.02 0.02 0.03 0.02 0.02 0.02
Chest
Inside 54 57 55 78 85 78
Peripheral 36 33 34 18 12 18
Distributed 10 10 10 3 3 4
Outside 0.1 0.1 0.4 0.4 0.07 0.07
Abdomen-pelvis
Inside 78 76 80 51 46 50
Peripheral 13 15 12 41 46 42
Distributed 9 9 7 7 7 7
Outside 0.4 0.5 0.4 0.4 1 1
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TABLE XX. (Continued)

Male Female

Normal Obese class I Obese class II Normal Obese class I Obese class III
(%) (%) (%) (%) (%) (%)

Abdomen
Inside 31 29 29 24 19 22
Peripheral 58 60 61 68 73 70
Distributed 9 9 8 6 5 6
Outside 2 2 2 2 3 3
Pelvis
Inside 59 57 59 49 56 51
Peripheral 29 31 32 35 26 31
Distributed 10 9 7 13 13 13
Outside 2 2 2 3 5 5
Adrenals
Inside 31 27 29 8 11 32
Peripheral 51 55 63 85 83 55
Distributed 17 17 7 5 5 10
Outside 0.7 1 2 1 1 3
Liver
Inside 35 33 32 25 20 23
Peripheral 56 58 59 69 74 70
Distributed 8 8 7 5 4 5
Outside 1 1 2 2 2 2
Kidneys
Inside 15 27 13 40 14 18
Peripheral 77 63 78 46 78 72
Distributed 7 8 7 6 6 8
Outside 0.9 2 2 8 2 3
Liver-to-kidney
Inside 36 31 30 25 20 22
Peripheral 55 59 61 69 73 70
Distributed 8 8 7 5 5 5
Outside 1 2 2 1 2 2
Kidney-to-bladder
Inside 67 37 62 72 53 64
Peripheral 19 52 30 16 38 25
Distributed 10 10 7 9 8 10
Outside 5 1 0.3 4 0.7 0.9

aAll phantoms were assumed to be 20 years of age for this analysis.
bScan coverage = image coverage + over-ranging distance.
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