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To estimate patient-specific radiation dose and cancer risk
for pediatric chest computed tomography (CT) and to eval-
uate factors affecting dose and risk, including patient size,
patient age, and scanning parameters.

The institutional review board approved this study and
waived informed consent. This study was HIPAA compli-
ant. The study included 30 patients (0-16 years old), for
whom full-body computer models were recently created
from clinical CT data. A validated Monte Carlo program
was used to estimate organ dose from eight chest proto-
cols, representing clinically relevant combinations of bow
tie filter, collimation, pitch, and tube potential. Organ dose
was used to calculate effective dose and risk index (an in-
dex of total cancer incidence risk). The dose and risk esti-
mates before and after normalization by volume-weighted
CT dose index (CTDI ) or dose-length product (DLP)
were correlated with patient size and age. The effect of
each scanning parameter was studied.

Organ dose normalized by tube current-time product or
CTDI, decreased exponentially with increasing average
chest diameter. Effective dose normalized by tube current-
time product or DLP decreased exponentially with in-
creasing chest diameter. Chest diameter was a stronger
predictor of dose than weight and total scan length. Risk
index normalized by tube current-time product or DLP
decreased exponentially with both chest diameter and age.
When normalized by DLP, effective dose and risk index
were independent of collimation, pitch, and tube potential
(<10% variation).

The correlations of dose and risk with patient size and
age can be used to estimate patient-specific dose and risk.
They can further guide the design and optimization of
pediatric chest CT protocols.

©RSNA, 2011

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 11101900/-/DC1
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ith the expanding use of com-

puted tomography (CT) in chil-

dren (1,2) and the increasing
attention to the potential risk from CT
radiation to this population (3,4), there
have been growing interests to better
manage pediatric patient dose at CT ex-
aminations (35). The most important of
these interests are the tenants of radia-
tion protection: (a) eliminate unneces-
sary or redundant CT examinations and
(b) optimize CT scanning parameters to
minimize patient dose. The first goal can
be facilitated by using a dose-reporting

Advances in Knowledge

B At pediatric chest CT, average
chest diameter is a stronger pre-
dictor of organ dose and effective
dose than weight and total scan
length.

B For organ dose, the correlation
coefficients with average chest
diameter, total scan length, and
weight were —0.81, —0.72, and
—0.78, respectively, when aver-
aged across organs and proto-
cols; for effective dose, the
respective correlation coefficients
averaged across protocols were
—0.95, —0.86, and —0.89.

B Organ dose, when normalized by
tube current-time product or
volume-weighted CT dose index,
decreases exponentially with
increasing chest diameter; effec-
tive dose, when normalized by
tube current-time product or
dose-length product (DLP),
decreases exponentially with
increasing chest diameter.

B Risk index (an index of total risk
for cancer incidence), when nor-
malized by tube current-time
product or DLP, decreases expo-
nentially with both chest diam-
eter and patient age.

B When normalized by DLP, effec-
tive dose and risk index are inde-
pendent of scanning parameters,
including beam collimation, heli-
cal pitch, and tube potential; the
variations across each scanning
parameter are less than 10%.

system that provides estimates of ra-
diation dose and potential cancer risk
specific to each patient and each CT ex-
amination. Knowledge of dose and risk
to each patient can inform the health
care providers of prior radiation expo-
sure history and alert them to carefully
consider the necessity and frequency
of CT examinations. Moreover, this in-
formation will offer the opportunity for
an informed discussion about individual
dose, cumulative dose, and risk, as public
interest in and awareness of radiation
from medical imaging increases. The
second goal can benefit from an under-
standing of the quantitative relationship
between patient dose and risk and vari-
ous factors affecting dose and risk, no-
tably patient size, patient age, and CT
scanning parameters.

Because of the limited designs of pe-
diatric anthropomorphic phantoms, ei-
ther physical (6) or computational (7,8)
in nature, efforts to report CT dose and
to estimate radiation risk have mainly
relied on CT dose index (CTDI) and
dose-length product (DLP) determined
in standard-sized cylindric phantoms and
their conversion coefficients to effective
dose derived for patients of standard
ages (9-12). As such, dose and risk in-
formation specific to individual patients
is not available. Similarly, studies that
examined the dependence of dose on
patient size and scanning parameters
have mainly been carried out in cylin-
dric or oval-shaped phantoms (13-16).

Implications for Patient Care

B The correlations of dose and risk
with patient size and age can be
used to estimate patient-specific
dose and risk for pediatric chest
CT patients.

B The quantitative relationships of
dose and risk with patient size,
patient age, and scanning param-
eters provide guidance to the
design and optimization of pedi-
atric chest CT protocols.

B Patient-specific dose and risk
estimation enables individualized
application of dose tracking for
medical radiation exposures.

Therefore, our knowledge of how actual
patient dose depends on body size and
scanning parameters is still less than
desirable.

The purpose of our study was to
estimate patient-specific radiation dose
and cancer risk for pediatric chest CT
and to evaluate factors affecting dose
and risk, including patient size, patient
age, and scanning parameters.

Materials and Methods

Our institutional review board approved
this study and determined that the study
was in compliance with the Health Insur-
ance Portability and Accountability Act.
Informed consent was not required.
This study was partially funded by
GE Healthcare and the National Insti-
tutes of Health. The authors who are
not employees of GE Healthcare had
complete control over the data and in-
formation submitted in this article.

Patients

The study included 30 pediatric pa-
tients (mean age, 5 years = 4 [standard
deviation|; age range, 0-16 years; mean
weight, 18 kg = 10; weight range, 2-
41 kg). There were 16 male patients
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(mean age, 2 years * 4; age range, 0—
12 years; mean weight, 20 kg = 10;
weight range, 3-33 kg) and 14 female
patients (mean age, 5 years = 4; age
range, 0-16 years; mean weight, 18 kg +
11; weight range, 2-41 kg). The pa-
tients underwent clinical chest or chest-
abdominal-pelvic CT examinations at our
institution. All examinations were per-
formed with a clinical CT scanner (Light-
Speed VCT or LightSpeed 16; GE Health-
care, Waukesha, Wis). The indications
for body CT consisted of trauma or post-
operative evaluation (15%), infectious
or inflammatory concerns (30%), di-
agnosis or follow-up for malignancy
(30%), and other conditions including
suspicion for vascular abnormality, con-
genital lesions, systemic disease, im-
mune deficiency, metabolic or syndro-
mic disorders, pre- and posttransplant
evaluation, and nonspecific symptoms
(25%). Irrespective of the known or
potential underlying disorder, all exami-
nations were reviewed by a pediatric ra-
diologist (D.P.F., with 20 years of expe-
rience) to ensure that the images were
normal or contained findings (eg, cen-
tral venous catheter placement, small
pleural fluid collection, or kidney stone)
that would not affect organ size, posi-
tion, morphology, and other factors.

Patient-specific Computer Models

A nonuniform rational B-spline-based
full-body computer model was created
for each patient on the basis of the pa-
tient’s clinical CT data (17). Large organs
and structures inside the image volume
(backbone, rib cage, lungs, heart, liver,
gallbladder, stomach, spleen, and kid-
neys) were individually segmented and
modeled; other organs were created by
transforming an existing adult male or
female full-body computer model (de-
veloped from visible human data) (18)
to match the framework defined by the
segmented organs by referencing the
organ volume and anthropometric data
in publication 89 of the International
Commission on Radiological Protection
(ICRP) (19).

The full-body model of each pa-
tient consisted of a total of 43 and 44
organs for male and female patients,
respectively, and included most of the

radiosensitive organs defined by ICRP
publication 103 (20). Because clinical
CT data of the chest were available for
all 30 patients in this study, the chest
section of each computer model closely
matched the patient anatomy, which al-
lowed reliable estimation of dose and
risk for examinations of the chest. The
nonuniform rational B-spline model of
each patient was voxelized at 0.5- or
1-mm isotropic resolution for input into
Monte Carlo simulations (21,22).

CT Scanner and Protocols

A 64-section CT system (LightSpeed
VCT, GE Healthcare) was studied. Ra-
diation dose and cancer risk associated
with eight scanning protocols enabled
by the system (Table 1) were estimated
to assess the effects of patient size, pa-
tient age, and scanning parameters. The
first four protocols were selected from
the set of size-based pediatric chest
protocols in use at our institution. Oth-
er protocols were included to allow the
effect of one scanning parameter to be
evaluated independent of others. Specif-
ically, protocols A, B, and C were used
to examine the effect of bow tie filter
choice, protocols A and D to examine
beam collimation, protocols A and E to
examine helical pitch, and protocols A,
F, G, and H to examine tube potential.
While other beam collimation and he-
lical pitch settings were also available
with the CT system, the values in Table 1
reflect the most frequently used set-
tings for routine examinations of pedi-
atric chest.

Radiation Dose and Cancer Risk
Estimations

For each patient, organ dose from each
scanning protocol was estimated by us-
ing a previously developed Monte Carlo
program (21,22). The program explic-
itly modeled the geometry of the CT
system, the three-dimensional geometry
of the bow tie filters, and the trajecto-
ries of x-ray tube motion during axial
and helical scans. The accuracy of the
simulated dose was previously validated
in a cylindric phantom and two anthro-
pomorphic phantoms for both axial
and helical scanning modes. Simulations
were found to agree with measurements

within 1%-11% on average and 5%-17%
maximum (21).

For each patient, the total scan
length was determined as the total im-
age coverage plus the overranging dis-
tance (additional scan length necessary
for data interpolation in helical recon-
struction) (23). The total image cover-
age was representative of a clinical chest
scan, extending from 1 cm above the lung
apex to 1 cm below the lung base. The
overranging distance was dependent on
beam collimation and helical pitch and
was estimated from the scanner console
parameters as

Overranging (cm) = TS - ST,

total Ci’ (1)
where TS is table speed in centimeters
per second, ST is total scan time in
seconds, and C. is image coverage in
centimeters. The start location of the
chest scan was, therefore, 1 cm plus
half of the overranging distance above
the lung apex, and the end location was
the same distance below the lung base.

The organ dose values estimated for
each patient were used to calculate ef-
fective dose by using the tissue-weighting
factors, or w,, defined in ICRP publi-
cation 103 (20). Dose to radiosensitive
organs that were not explicitly modeled
was approximated by using dose to
neighboring organs (22). In principle, ef-
fective dose calculation should use sex-
averaged organ dose values. Because the
computer model of each patient had the
reproductive organs (testes, prostate,
ovaries, uterus, cervix) of only one sex,
dose to the testes or the ovaries was
used to approximate sex-averaged dose
to the gonads, and dose to the “reminder
tissues” of one sex was used to approxi-
mate sex-averaged dose to the reminder
tissues. These approximations are rea-
sonable, considering that the reproduc-
tive organs are outside of the chest scan
coverage. Breast dose was included in
the calculation of effective dose for all
patients. The effective dose value calcu-
lated in this way represented the effec-
tive dose to a patient population (includ-
ing both sexes) that has similar anatomy
and body habitus as the patient whose
organ dose values were used in the ef-
fective dose calculation. This approach
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Table 1

CT Protocols

Overranging

Protocol* Tube Potential (kVp) Scan Field of View Bow Tie Filter Pitch Collimation (mm) CTDI,, (mGy/100 mAs)! Distance (cm)*
A 120 Pediatric body Small 1.375 40 12.19 6.40

B 120 Medium body Medium 1.375 40 6.23 6.40

C 120 Large body Large 1.375 40 6.01 6.40

D 120 Pediatric body Small 1.375 20 13.41 3.34

E 120 Pediatric body Small 0.984 40 17.04 4.72

F 80 Pediatric body Small 1.375 40 4.39 6.40

G 100 Pediatric body Small 1.375 40 7.19 6.40

H 140 Pediatric body Small 1.375 40 17.07 6.40

* Protocols A, B, and C were used to examine the effect of bow tie filter choice, protocols A and D to examine beam collimation, protocols A and E to examine helical pitch, and protocols A, F, G, and H

to examine tube potential.

1 CTDI,, = volume-weighted CT dose index. The scan field of view used in each CT protocol determines the corresponding CTDI phantom size: 32-cm-diameter phantom for protocols B and C and

16-cm-diameter phantom for other protocols.
+See Equation (1).

most reasonably implemented the ICRP
definition of effective dose.

While widely used as a surrogate for
population radiation risk, effective dose
does not reflect individual patient risk;
the tissue-weighting factors are mean val-
ues representing averages across both
sex and age (20). Therefore, to more
accurately estimate individual patient
risks, we further implemented a metric
of risk, termed risk index, defined as

discrete ages of 0, 5, 10, 15, 20, 30,
40, 50, 60, 70, and 80 years (23). Val-
ues of risk coefficient at intermediate
ages were determined by using linear
interpolation. Cancers of other radio-
sensitive organs share a collective risk
coefficient (r, ) (25). This risk coef-
ficient was applied to a weighted aver-
age dose of other radiosensitive organs,
defined as

and modulated-tube-current chest exami-
nations was found to agree to within
10% (28). These facts allowed us to
generalize our study results to other CT
scanner models and to both fixed- and
modulated-tube-current conditions. In
doing so, the organ dose from each CT
protocol was normalized by CTDI ,
and the effective dose and risk index
were normalized by DLP. The CTDI
was calculated from the technical ref-

w,H, erence manual of the LightSpeed VCT
Risk index = ) ry(sex,age)H;, (2) _ Telother organs} _ (3) scanner by using the tables of CTDI
T other wy and technique adjustment factors. The

where H, is the equivalent dose for
organ or tissue T and r, is the sex-,
age-, and tissue-specific risk coefficient
(cases per 100000 exposed to 0.1 Gy)
for lifetime attributable risk of cancer
incidence. The metric of risk index
presented here was adopted from the
recently proposed concept of effective
risk (24). We propose to use the term
risk index, as opposed to effective risk,
to reflect the inherent uncertainties as-
sociated with any risk estimation, par-
ticularly risks for individual patients,
who might have different radiosensi-
tivity due to genetic predispositions or
hormonal profiles.

Values of risk coefficient, or r,, are
tabulated in the Biological Effects of
lonizing Radiation VII report (25) for
leukemia and for cancers of eight to
nine high-risk organs of each sex at

Te{other organs}

Those organs included the heart, kidney,
gallbladder, spleen, pancreas, adrenal
glands, thymus, small intestine, salivary
glands, extrathoracic region, lymph node,
muscle, oral mucosa, bone surface, brain,
skin, testes (male only), and esophagus,
among which the reminder organs, as
defined by ICRP publication 103 (20),
were each assigned a tissue-weighting
factor of 0.01.

Normalization by CTDI , or DLP

It has been shown that when organ dose
is normalized by CTDI , the results
vary little (<8.5%) across CT scanners
(26). Similarly, when effective dose is
normalized by DLP, the dependence on
scanner model is small (<10%) (9,27).
Furthermore, when normalized by DLP,
the effective dose from fixed-tube-current

scan field of view used in each CT pro-
tocol (Table 1) determined the corre-
sponding CTDI phantom size: All proto-
cols corresponded to the 16-cm-diameter
phantom with the exception of proto-
cols B and C, which corresponded to
the 32-cm-diameter phantoms. When
calculating DLP, the total scan length in-
cluded the overranging distance (Eq [1]).
The CTDI , and DLP values calculated
in this way agreed with those from
patients’ dosimetry reports to within
about 5%.

Data Analysis

To examine the effect of patient size
alone on dose, the organ and effective
dose from each scanning protocol was
normalized by tube current-time product
per gantry rotation and was correlated
with the body size of the patient model
by using the sample Pearson correlation

Radiology: \lolume 259: Number 3—June 2011 = radiology.rsna.org
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coefficient (29). Seven indexes of body Table 2

size were initially considered (Table 2). Body Size Indexes and Their Correlations with Average Chest Diameter
Because all indexes correlated well

with average chest diameter except etz i st CogiGi

weight and total scan length (a surro- Body Size Index* Body Region with Average Chest Diameter
gate for chest height), average chest Weightt Whole body 0.93

diameter, total scan length, and weight Average chest diameter Starts at lung apex, ends at lung base 1.00

were chosen as the final body size Average abdomen diameter ~ Starts at liver top, ends at iliac crest top 0.98

indexes to correlate with organ and Average pelvis diameter Starts at iliac crest top, ends at 0.98

effective dose. For the body size in- ischium bottom

dex that most strongly correlated with Average abdomen-pelvis Starts at liver top, ends at ischium 0.98

dose estimates, nonlinear regression diameter bottom

analysis was performed to obtain organ Average trunk diameter Starts at lung apex, ends at ischium bottom ~ 0.99

and effective dose (normalized by tube Total scan length Surrogate for chest height 0.91

current-time prOdUCt) as functions of *The average diameter of a body region (chest, abdomen, pelvis, abdomen-pelvis, and trunk) was calculated as d = 2V(A/w) =
that body size index. Similar regres- 27(V/(m - H), where A is average cross-sectional area of the region, V is region volume, and H is region height.
sion analysis was performed for DLP- t Total body weight of the voxelized computer model.
normalized effective dose.
Unlike organ and effective dose,

risk index is a function of both patient

size and age (Eq [2]). Because patient 20t. AT B |
size and age are loosely correlated (30), sig

it is desirable to obtain risk index as gk e, lung thyr(()::is
. = r=-u.

a function of both body size and age. 15} g Bl

Given the small number of patients in -*'~&°3-

this study, instead of limiting each pa- + “*-*3:“-"9.@
tient to his or her actual age, we assigned 10 £
23 ages between 0 and 18 years to each
patient to generate risk index data. Non-
linear regression analysis was then per-
formed for each CT protocol and each
sex to obtain risk index (normalized by
tube current-time product) as a func-
tion of both age and the body size index
that most strongly correlated with dose
estimates. Similar regression analysis
was performed for DLP-normalized risk
index.

esophagus
r=-0.96

breast
r=-0.64

201 c ] D ]

15} liver T -
r=-0.89

oy T . bone surface

Correlation of Patient Size with Organ and ';:t'i-*. y 4 &

Effective Dose sf + ™. | B b e

Organ dose “Hf" (mGy/100mAs)

For all e'igh't, .chest scanning pr(')t'ocols, T, , r=-0.82 L { s
dose to individual organs (in nnlhg%“ays o o T 'Y

per 100 mAs) decreased exponentially ob— . . M ) A A . . . L
with increasing average chest diameter 10 12 14 16 18 20 22 24 10 12 14 16 18 20 22 24
(d (Fig 1, Tables E1-E8 [online]) as Average chest diameter “dgpest” (€M)

Figure 1:  Graphs show dose to individual organs, resultant from protocol A, as a function of average chest
H,(d,.,) =exp(a,d,., +B;). (4) diameter (d _)for, A large organs and centrally located tubular organs inside the chest scan coverage,

chest:
B, small organs inside the chest scan coverage, C, organs on the periphery or outside the chest scan

The correlation between organ dose  coverage, and, D, distributed organs. Plot points = dose to the organs (H,)of individual patients. Lines =

and average chest diameter was strong  exponential fits #,(d, . ) = exp(a, . +B,) to the data. r= Pearson sample correlation coefficient

T\ chest

for large organs and centrally located  between the natural logarithm of organ dose and average chest diameter.

Ches()
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tubular organs inside the scan coverage
(Fig 1, A) but was generally weaker for
small organs inside the scan coverage
(Fig 1, B), for organs on the periphery or
outside of the scan coverage (Fig 1, C),
and for distributed organs (Fig 1, D).
The same held true after organ dose was
normalized by CTDImI, because CTDIm]
was a constant for a given CT protocol
for all patients.

For all eight chest scanning proto-
cols, effective dose (E) before and after
normalization by DLP (in millisieverts
per 100 mAs and millisieverts per
milligray-centimeters, respectively) cor-
related strongly and decreased expo-
nentially with average chest diameter
(Fig 2, Table 3) as

E(dy,eq) = exp(otpdy,q +Be), (5a)

and

k(des) = exp (oo + Bi) (5b)
where k denotes effective dose normal-
ized by DLP. The k values were higher
by 22%-38% than the most frequently
used conversion coefficients from DLP
to effective dose reported by Shrimpton
et al (9,31) for pediatric chest CT ex-
aminations (Fig 2).

The correlations of organ and ef-
fective dose with total scan length (a
surrogate for chest height) and weight
were generally weaker than the correla-
tions with average chest diameter (Fig E1
[online]). For organ dose, the correlation
coefficients with average chest diameter,
total scan length, and weight were —0.81,
—0.72, and —0.78, respectively, when av-
eraged across organs and protocols. For
effective dose, the respective correlation
coefficients averaged across protocols
were —0.95, —0.86, and —0.89 before
normalization by DLP and —0.97, —0.95,
and —0.94 after normalization by DLP.
As such, curve fitting was not performed
for total scan length and weight.

Correlation of Patient Size and Age with
Risk Index

For all eight chest scanning protocols,
the risk index (RI) for a given sex be-
fore and after normalization by DLP
(in cases per 1000 exposed patients per

12 f———————————
E 11'\

£

S 10p .

I RN

iy 8f w' or=209

—3 TF -.Fi

o] N

S 6f e B

2 i

& g

10 12 14 16 18 20 22 24
Average chest diameter “d, " (cm)
a.

Figure 2:
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chest:
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Effective dose/DLP “&” (mSv/mGy-cm)
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(a) Graph shows effective dose (E), resultant from protocol A, as a function of average chest
). Plot points = effective dose values calculated from the organ dose of individual patients.
r= Pearson sample correlation coefficient between the natural logarithm of £and d,

wes LINE = EXpONential

)= explad,.. +B,) to the data. (b) Graph shows effective dose normalized by DLP (k), resultant

from protocol A, as a function of average chest diameter. Bl = k values calculated from the organ dose and
the total scan length of individual patients. r = Pearson sample correlation coefficient between the natural

logarithm of kand d,

hest”

Line = exponential fit k(d, ) = exp(e,d,, +B,) to the data. O = frequently used

k conversion coefficients reported by Shrimpton et al for chest examinations of pediatric patients at O (new-
born), 1, 5, and 10 years (9); these k conversion coefficients were estimated for single-section CT scanners
by using a Monte Carlo method and mathematical models of reference pediatric patients developed by Cristy
and Eckerman (7). The average chest diameters of these phantoms were estimated from their geometric

definitions.

100 mAs and cases per 1000 exposed
patients per milligray-centimeters, re-
spectively) decreased exponentially with
both patient age and average chest di-
ameter, following the functional form of

RI(d,,..age) = exp(ayd,

chest

+Bp age+ vy, (6a)
and
q(dye - age) = exp (0 ey
+B, age+vy,), (6b)

where ¢ denotes risk index normalized
by DLP. The root-mean-square residu-
als associated with fitting the risk index
data of any CT protocol to Equations
(6a) and (6b) were less than 0.3 cases
per 1000 exposed patients per 100 mAs
and less than 0.003 cases per 1000 ex-
posed patients per milligray-centimeters
for risk index and ¢, respectively (Ta-
ble 4). An example plot of risk index
is illustrated in Figure 3.

Effects of Scanning Parameters

The exponential relationships described
by Equations (4)-(6) allowed the effects
of bow tie filter, collimation, helical pitch,
and tube potential to be studied for
any dose or risk estimate. Lung dose,
large intestine dose, effective dose, and
risk index before normalization (Fig E2
[online]) and after normalization (Fig 4)
are illustrated as examples. To allow
the effects of scanning parameters to
be demonstrated, risk index is plotted
as a function of patient age only; the
risk index at each age was calculated by
using the mean chest diameter at that
age estimated as

d,.(age) = JAPuick (age)- Tuiek (age), (7)

where AP . (age) and T ., (age) are
the mean anteroposterior and trans-
verse thorax thicknesses, respectively,
published for pediatric CT patients by
Kleinman et al (30).

Before normalization by CTDI  or
DLP (Fig E2 [online]), the effects of bow
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Table 3

Exponential Relationship between Effective Dose and Average Chest Diameter hefore
and after Normalization by DLP

the exponential relationship between
mean section dose and water phantom
radius reported by Huda et al (16) and
the exponential relationship between
CTDI and acrylic phantom diameter re-
ported by Nickoloff et al (14). Our work

A: Before Normalization by DLP

Fitting Parameter

E ) B Root-Mean-Square of Residuals” represents a demonstration of such ex-
Protocol A —0.057 2.91 0.4 ponential dependences by using a popu-
Protocol B —0.051 2.93 0.4 lation of patient models with clinical
Protocol C —0.044 2.72 0.4 nonphantom anatomy.

Protocol D —0.085 2.80 04 Our study further showed that, with
Protocol E —0.057 3.19 06 pediatric chest CT, effective dose before
Protocol F —0.067 1.96 0.1 and after normalization by DLP corre-
Protocol G —0.061 &1 L lated strongly and decreased exponen-
Protocol H —0.054 3.22 0.5

B: After Normalization by DLP

Fitting Parameter

k o, (cm~7) B, Root-Mean-Square of Residuals*

Protocol A —0.093 —2.01 0.003

Protocol B —0.087 -1.31 0.006

Protocol C —0.080 —1.49 0.005

Protocol D —0.098 —1.92 0.003

Protocol E —0.098 —1.90 0.003

Protocol F —0.103 —1.94 0.002

Protocol G —0.097 —1.88 0.003

Protocol H —0.090 —2.03 0.003
Note.—Equations for effective dose before and after normalization by DLP are E(d, ) = exp(a.d, . + B,) and
k(@) = exp(a,d,.. + B,), respectively. Units for £ and k are millisieverts per 100 mAs and millisieverts per milligray-

centimeters, respectively.

* Root-mean-square of residuals represents the average discrepancy between the effective dose predicted by using the
fitting function and the effective dose calculated from the organ dose values of individual patients. It has the same unit as

Eor k.

tie filter and collimation were generally
small compared with the effects of heli-
cal pitch and tube potential, with an ex-
ception being dose to the large intestine,
an organ on the periphery or outside the
chest scan coverage, for which the ef-
fect of collimation was greater than that
of the helical pitch, likely because of the
longer overranging distances associated
with wider beam collimation and higher
helical pitch (Table 1) (23). In Table 5,
the effect of a given scanning parameter
was quantified by using the coefficient of
variation ([standard deviation X 100%]/
mean) in dose and risk across protocols
that differ only in terms of that scanning
parameter.

Figure 4 illustrates the effects of
scanning parameters on dose and risk
after normalization by CTDI , or DLP.
Except for colon dose, the effects of he-
lical pitch and tube potential reduced

to within 10%. The effect of bow tie fil-
ter, however, became more pronounced
(approximately 40%) because of the
substantially lower CTDI , values as-
sociated with protocols B and C com-

pared with protocol A (Table 1).

In this study, we reported patient-specific
radiation dose and cancer risk from pe-
diatric chest CT examinations. Patient-
specific estimations were made possible
by combining a validated Monte Carlo
program with a library of patient-specific
computer models developed from clini-
cal CT images.

Our study showed that, with pediat-
ric chest CT, organ dose (normalized by
tube current-time product) decreased
exponentially with increasing average
chest diameter. This is consistent with

tially with average chest diameter. Most
important, the DLP-normalized effec-
tive dose results can be further applied
to other CT systems and to tube-current-
modulation techniques with reasonable
accuracy (9,26,28). In addition, our in-
dependent evaluation of the effect of
overranging distance for one patient in
this study showed that DLP-normalized
effective dose varied little (<4%) across
a range of overranging distances (0-6.4
cm). Thus, the normalized results also
apply to CT systems equipped with adap-
tive collimators that minimize overrang-
ing exposure (32).

DLP-normalized effective dose re-
sults (or k conversion coefficients, as
commonly referred to in the literature)
have been reported in the literature for
limited pediatric ages (newborn and 1,
5, and 10 years) (9,31). Considering
that dose is a direct function of patient
size and patient size can vary at a given
age, it is more desirable to report the
conversion coefficient as a function of
patient size (ie, average chest diameter in
this study). When the average chest di-
ameter 1s matched, the k conversion coef-
ficients reported in our study were higher
by 22%-38% than the most frequently
used values reported by Shrimpton et al
(9,31) for pediatric chest CT exami-
nations. A similar discrepancy (37%)
was reported by Christner et al (33)
for adult chest examinations. The dis-
crepancies can be attributed to several
factors. One is the change in tissue-
weighting factors from ICRP publica-
tion 60 to ICRP publication 103; the
magnitude of this discrepancy was 14%
for adult chest examination (33) and
approximately 16% for the pediatric
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Table 4

Risk Index as a Function of Average Chest Diameter and Age before and after Normalization by DLP

A: Before Normalization by DLP

Fitting Parameter (Male)

Fitting Parameter (Female)

Root-Mean-Square of

Root-Mean-Square of

RI a, (cm™) By, Yg Residuals* a, (cm™) By v Ya Residuals*
Protocol A —0.0668 —0.0541 1.48 0.06 —0.0446 —0.0576 219 0.16
Protocol B —0.0618 —0.0538 1.50 0.06 —0.0382 —0.0571 2.21 0.18
Protocol C —0.0551 —0.0537 1.30 0.05 —0.0310 —0.0568 2.00 0.15
Protocol D —0.0615 —0.0539 1.30 0.06 —0.0497 —0.0574 2.23 0.19
Protocol E —0.0632 —0.0540 1.68 0.07 —0.0511 —0.0576 2.57 0.24
Protocol F —0.0797 —0.0537 0.55 0.02 —0.0530 —0.0573 1.22 0.06
Protocol G —0.0714 —0.0539 1.09 0.04 —0.0479 —0.0576 1.78) 0.11
Protocol H —0.0633 —0.0542 1.79 0.08 —0.0420 —0.0577 2.51 0.22
B: After Normalization by DLP

Fitting Parameter (Male) Fitting Parameter (Female)
Root-Mean-Square of Root-Mean-Square of
q a,(cm™7) B r ™) Y, Residuals* o, (cm™) B, Or ™) Y, Residuals*
Protocol A —0.1088 —0.0539 —3.34 0.0003 —0.0783 —0.0576 —2.77 0.0013
Protocol B —0.1035 —0.0536 —2.65 0.0006 —0.0721 —0.0571 —2.08 0.0029
Protocol C —0.0966 —0.0535 —2.83 0.0006 —0.0652 —0.0569 —2.25 0.0027
Protocol D —0.1120 —0.0537 —3.31 0.0003 —0.0900 —0.0574 —2.56 0.0015
Protocol E —0.1089 —0.0538 —3.33 0.0003 —0.0888 —0.0575 —2.57 0.0011
Protocol F —0.1224 —0.0535 —3.24 0.0003 —0.0861 —0.0573 —2.73 0.0013
Protocol G —0.1137 —0.0537 —3.20 0.0003 —0.0814 —0.0576 —2.65 0.0014
Protocol H —0.1052 —0.0540 —3.37 0.0003 —0.0758 —0.0577 —2.79 0.0013
Note.—Equations for risk index before and after normalization are R/(d .., age) = exp(at,, d, . + B age +v,) and q(d,, ., age) = exp(e, d, .. + B, age +y,), respectively. Units for R/and g are cases

per 1000 exposed patients per 100 mAs and cases per 1000 exposed patients per milligray-centimeters, respectively.
* Root-mean-square of the residuals represents the average discrepancy between the risk index values predicted by using the fitting function and the risk index values calculated for individual patients.

It has the same unit as A/ or g.

patients in our study (based on an inde-
pendent recalculation of effective dose
by using the tissue-weighting factor val-
ues of ICRP publication 60). Another
source of discrepancy was the different
definitions of patient anatomy. The k
conversion coefficients of Shrimpton
et al were derived from mathematical
or stylized models of reference pedi-
atric patients with organs defined by
simple geometric shapes, whereas the
k conversion coefficients in this study
were derived from patient-specific mod-
els based on tomographic images. Lee
et al (34) have shown that stylized and
tomographic models could have effec-
tive dose differences of up to 17.4% for
pediatric chest examinations. Last, the
k conversion coefficients of Shrimpton
et al represent averages across three
single-section CT scanner models from
different vendors, whereas the k conver-

sion coefficients in this study were ob-
tained from one multisection CT scan-
ner model.

At our institution, pediatric patients
are assigned to different protocol groups
on the basis of weight, body length, or
age. However, the results of this study
show that chest diameter or circum-
ference is a stronger predictor of dose
and risk than weight and body length
and should perhaps replace the other
body size indexes for the purpose of
protocol design and assignment. This
is in line with the recommendation of
Haaga et al (35) and Haaga (36), who
advocated the use of patient diameter
to determine parameters such as tube
current.

To our knowledge, this work rep-
resents a systematic study of the rela-
tionship between CT cancer risk and
the body size and age of patients. The

exponential dependence of risk index on
average chest diameter and patient age
can be used to estimate cancer risk for
any pediatric patient in the investigated
size range who undergoes chest exami-
nation. Compared with patient-generic
dose and risk estimation, patient-specific
dose and risk estimation is more ac-
curate and conducive to individualized
dose tracking and monitoring (37,38).
Information about a given patient’s ac-
cumulative dose and risk can alert the
health care providers to carefully con-
sider the necessity of CT examination
and the frequency of sequential CT
examinations. Knowledge of the risk
may also be helpful for institutional re-
view of scientific studies by using CT
examinations.

Beyond the effects of patient size and
age, it is important to understand the
effects of scanning parameters on dose
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Figure 3: Top: Risk index (R), associated with protocol A, as a function of patient age and average chest

diameter (d

chest:

Auverage chest diameter “d

chest

" (em)

10 12 14 16 18 20 22

0
2
4
6
8

Age (year)

10
12
14
16
18

Female

). Plotted risk index values were generated by using RI(d,..age) = expla,d,.. +B,a0e+v,)

with fitting parameters e, B, v, for protocol A (Table 4). Bottom: Risk index normalized by DLP (g), associ-
ated with protocol A, as a function of patient age and average chest diameter. Plotted g values were gener-

ated using q(d,

hest’

age) = exp(aqdc st +Bqage+yq) with fitting parameters a, By, for protocol A (Table 4).

The unit of cases per 1000 cases per 200 mGy - cm was chosen such that the values in the top and bottom
plots have a similar range. Dotted lines = mean chest diameter (and its 95% prediction interval [solid lines])
at each age calculated by using published thorax size data for pediatric CT patients (30). O = ages and
average chest diameters of the 30 patients in this study.

and risk. We showed that, when lung
dose is normalized by CTDI , the ef-
fects of beam collimation, helical pitch,
and tube potential are small (<7%).
This likely holds true for other centrally
located organs in the scan coverage.

Other authors have shown, for whole-
body scan, that CTDI -normalized organ
dose varies little (<8.5%) across CT
scanner models (26). Therefore, for
centrally located organs in the scan cov-
erage, CTDI -normalized organ dose is

independent of scanning parameters and
scanner models (assuming the same
CTDI phantom is used).

We further showed that, when ef-
fective dose and risk index are nor-
malized by DLP, the effects of beam
collimation, helical pitch, and tube po-
tential are also small (<10%). As men-
tioned earlier, DLP-normalized effec-
tive dose (or k conversion coefficient)
is universal among different CT sys-
tems (9,27). For examinations of an en-
tire body region (eg, chest), the effect
of tube current modulation was also
small (<10%) (28). Therefore, the DLP-
normalized effective dose for protocol
A can be considered universal for all
pediatric chest CT examinations (that
correspond to the small CTDI phantom),
independent of CT system and scan-
ning parameter, as well as whether tube
current modulation is used. While the
effect of tube current modulation on
risk index has not been specifically in-
vestigated, because risk index is also
a weighted summation of many organ
dose values based on radiosensitivity, it
is reasonable to assume that the DLP-
normalized risk index (or g conversion
coefficient) for protocol A also applies
to other pediatric chest CT examina-
tions (that correspond to the small CTDI
phantom).

To demonstrate how the data re-
ported in our study can be used to es-
timate patient-specific dose and risk,
consider a hypothetical female patient,
aged 2 years 4 months, who has an av-
erage chest diameter of 16.0 cm, de-
termined from the circumference mea-
surement made at the middle of the
chest either directly from the patient
before the chest CT examination or in-
directly from the patient’s chest CT im-
ages after the examination. The CTDI
and DLP associated with the patient’s
chest examination are 3.41 mGy and
62.12 mGy - cm, respectively, which
are based on a 16-cm-diameter CTDI
phantom. The CTDI  and DLP are
known either from the dose information
displayed on the scanner console before
the examination or from the dosimetry
report saved together with the patient’s
chest CT images after the examination.
Because the CTDI -normalized lung dose
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Figure 4:  Graphs show effects of scanning parameters (bow tie filter, collimation, helical pitch, and peak tube potential) on radiation dose and
cancer risk normalized by CTDI , or DLP by using lung dose, large intestine dose, and effective dose (top) and risk index (bottom) as examples.
Error bar on each curve = root-mean-square of the residuals associated with the exponential fit. A—H = protocols A—H.
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Table 5

Effects of Scanning Parameters on Dose and Risk, Quantified by Using Coefficient

of Variation across Protocols

Coefficient of Variation (= <5%) (%)

Variable Bow Tie Filter Collimation Helical Pitch Tube Potential
Lung dose 7 1 23 56
Colon dose 7 39 8 61
Effective dose 7 5 19 57
Male risk index 6 6 19 58
Female risk index 7 5 19 57
Lung dose normalized by CTDI,, 38 5 1 7
Colon dose normalized by CTDI,, 38 45 18 12
Effective dose normalized by DLP 38 2 3
Male risk index normalized by DLP 37 2 1 8
Female risk index normalized by DLP 38 4 3 7

Note.—Coefficient of variation = (standard deviation X 100%)/mean. The coefficients of variation represent averages across
patients. They had standard deviations across patients of less than 5%, except for the effect of collimation on colon dose, where
the average coefficient of variation had a standard deviation of 15% both before and after the colon dose was normalized by
CTDI,,. As an example, to quantify the effect of bow tie filter on the lung dose of a given patient, coefficient of variation was
calculated by using the lung dose values of that patient from protocols A, B, and C, which differed only in terms of bow tie filter

choice.

and the DLP-normalized effective dose
and risk index are independent of scan-
ning parameters (keeping CTDI phantom
size the same), we can use the fitting
parameters for protocol A (Table E1 [on-
line]; Tables 3, 4) to estimate dose and
risk. Specifically, the lung dose is esti-
mated by using the fitting parameters
in Table E1 (online) as

Cxp(u‘lungsdrlms! + Bl\mgs)

Hpe(die) = 219 -CTDI,,,
_ exp(-0.050-16.0+3.42) ,

12.19
= 3.8 mGy. (8)

By using the fitting parameters in Table 3,
the effective dose is estimated as

E = exp(oydy,.y +By) - DLP
exp(—0.093 - 16.0—-2.01) - 62.12
=1.9 mSv. 9)

Because the concept of effective dose
does not apply to individual patients,
this effective dose value should be in-
terpreted more appropriately as the
effective dose to a patient population
(including both sexes) that has similar
anatomy and body habitus as our hypo-
thetical patient.

By using the fitting parameters in
Table 4, the risk index is estimated as

RI = exp(a,d,,. + B, age+y,) - DLP
= exp(—0.0783-16.0—0.0576-
(2+4/12)-2.77) - 62.12

=1.0 cases/1000 exposed. (10)
Note that if the CTDI ; and DLP asso-
ciated with a patient’s chest examina-
tion are determined on the basis of a
32-cm-diameter CTDI phantom, then
the fitting parameters for protocol B or
C (Tables E2, E3 [online]; Tables 3, 4)
should be used instead.

One limitation of our study was
that only 30 pediatric patients were in-
cluded. Furthermore, the patients were
not evenly distributed across ages and
weight or size percentiles. Extrapola-
tion is needed to assess dose and risk
to patients with an average chest diam-
eter lower than 10 cm or higher than
23 cm. We plan a future study that will
sample the entire range of pediatric
ages and multiple weight or size percen-
tiles at each age. Another limitation of
our study was that we did not explicitly
study the effect of tube current modu-
lation on dose and risk for pediatric
patients but assumed that the finding

for adults (ie, the finding that tube cur-
rent modulation has a small effect on
DLP-normalized effective dose for a chest
examination) (28) applied equally well
to pediatric patients. Third, the CTDI -
and DLP-normalized results reported in
this study were limited to CT scanner
models with less than 64 rows of detec-
tors (or less than 40-mm beam collima-
tion). A study by Boone (39) has shown
that, beyond a beam collimation of ap-
proximately 40 mm, CTDI  is no lon-
ger effective as a dose index; errors will
likely occur when applying the CTDI -
and DLP-normalized results derived in
our study to wider beam collimations.
Future studies are needed to include CT
scanner models with wide area detec-
tors and to explore an alternative and
more effective dose index, in place of
CTDIIOO. Last, the accuracy of our risk
estimations was limited by the accu-
racy of the current cancer risk models
(25), which are largely based on the life
span studies of atomic bomb survivors
and limited number of studies on oc-
cupational exposures. Uncertainties are
further introduced when applying the
risk coefficients to individual patients,
who may have varying radiosensitivity
due to generic predispositions and hor-
monal profiles. As such, the risk index
reported in our study does not repre-
sent the true risk of an individual from
his or her CT examination but rather
our current best knowledge of the po-
tential risk to a patient from his or her
CT examination, knowing the patient’s
age and sex. Nevertheless, the risk in-
dex can serve the purpose of radiation
protection by providing reference risk
levels for common CT examinations and
by guiding the design of CT protocols
to practice the as low as reasonably
achievable principle.

In summary, in pediatric chest CT,
radiation dose and cancer risk, when
normalized by tube current-time prod-
uct, CTDIVOI, or DLP, decreased expo-
nentially with increasing patient chest
diameter. Cancer risk further decreased
exponentially with increasing patient
age. When normalized by DLP, effective
dose and cancer risk were independent
of beam collimation, helical pitch, and
tube potential. The reported correlation
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relationships can be used to estimate
patient-specific dose and risk in clinical
practice for any pediatric patient in the
investigated size range who undergoes
chest examination. Such information, if
documented in a patient’s medical re-
cord as part of radiation dose archive
and tracking, may aid in decisions for
image utilization and provide guidance
to the design and optimization of pedi-
atric CT protocols.
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