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Purpose: To estimate the radiation dose from whole-body fluorine
18 (18F)-fluorodeoxyglucose (FDG) positron emission to-
mographic (PET)/computed tomographic (CT) studies and
to evaluate the induced cancer risk to U.S. and Hong Kong
populations.

Materials and
Methods:

Fluorine 18–FDG PET/CT studies obtained by using a
64-detector CT unit and one of three CT protocols were
evaluated. CT protocol A consisted of 120 kV; rotation
time, 0.5 second; pitch, 0.984; 100–300 mA; and noise
level, 20. CT protocol B was the same as A, except for a
fixed tube current of 250 mA. CT protocol C consisted of
140 kV; rotation time, 0.5 second; pitch, 0.984; 150–350
mA; and noise level, 3.5. CT doses were measured in a
humanoid phantom equipped with thermoluminescent do-
simeters. Doses from 18F-FDG PET scanning were esti-
mated by multiplying the 18F-FDG radioactivity (370 MBq)
with dose coefficients. Effective doses were calculated ac-
cording to International Commission on Radiological Pro-
tection publication 103. Lifetime attributable risk (LAR) of
cancer incidence was estimated according to the National
Academies’ Biological Effects of Ionizing Radiation VII Re-
port.

Results: Effective doses with protocols A, B, and C, respectively,
were 13.45, 24.79, and 31.91 mSv for female patients and
13.65, 24.80, and 32.18 mSv for male patients. The LAR of
cancer incidence associated with the dose was higher in
the Hong Kong population than in the U.S. population. For
20-year-old U.S. women, LARs of cancer incidence were
between 0.231% and 0.514%, and for 20-year-old U.S.
men, LARs of cancer incidence were between 0.163% and
0.323%; LARs were 5.5%–20.9% higher for the Hong
Kong population. The induced cancer risks decreased
when age at exposure increased.

Conclusion: Whole-body PET/CT scanning is accompanied by substan-
tial radiation dose and cancer risk. Thus, examinations
should be clinically justified, and measures should be taken
to reduce the dose.
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The combination of positron emis-
sion tomographic (PET) scanners
and computed tomographic (CT)

scanners, or PET/CT scanners, provides
coregistered images of anatomic and
functional information in a single study.
The technology of CT-based attenuation
correction for the PET images greatly re-
duces scanning time compared with scan-
ning time for conventional PET scanners,
for which gamma-ray sources (such as
germanium 68) have been used for atten-
uation correction (1), although the latter
method has the advantage of increased
accuracy owing to emission of the same
gamma-ray energy and therefore the

same attenuation coefficient map (� map)
as the emission scan (2).

The clinical applications of PET/CT
have been expanding, mainly in oncologic
diagnosis and management, as well as for
other clinical indications, such as the in-
vestigation of fever of unknown origin,
leading to the increasing demand for
PET/CT studies and more combined
PET/CT scanners being installed in hospi-
tals and clinics worldwide (3).

However, PET/CT examinations, es-
pecially those that include diagnostic CT,
result in increased patient radiation expo-
sure compared with stand-alone CT or
PET examinations, as the effective dose is
a combination of the dose from PET and
the dose from CT. It is well known that
cancer risk is induced from radiation
(4,5). Results of studies evaluating cancer
risk associated with medical imaging mo-
dalities, including coronary CT angiogra-
phy (6), mammography (7), and scintig-
raphy (8), have been reported.

To date, to our knowledge, no studies
have been performed to estimate the can-
cer risk associated with PET/CT scan-
ning. Therefore, we aimed to (a) estimate
the radiation exposure of patients under-
going whole-body PET/CT examinations
and (b) evaluate, for U.S. and Hong Kong
patients, the cancer risk induced by the
radiation exposure.

Materials and Methods

Whole-body PET/CT studies obtained by
using a 64-detector CT system (Discovery
PET/CT; GE Healthcare, Milwaukee,
Wis) were evaluated. Scan coverage was
from the base of the skull to the upper
thighs. Direct dose measurements were
performed for CT scanning, while the
dose coefficients recommended by Inter-
national Commission on Radiological Pro-
tection (ICRP) publication 80 (9) were

applied to estimate the dose of PET scan-
ning. Effective doses were calculated ac-
cording to organ doses and weighting fac-
tors recommended in ICRP publication
103 (10). The effective dose has been
used to calculate the whole-body dose
arising from nonuniform dose irradiation
and provides the possibility of comparing
radiologic detriments from different radi-
ation exposures. Cancer risk caused by
radiation dose was estimated according
to the National Academies’ Biological Ef-
fects of Ionizing Radiation (BEIR) VII Re-
port (5).

Organ-specific CT Dose Measurement and
Simulation
The dose from CT scanning was mea-
sured with an Alderson-Rando phantom
(Alderson Research Laboratories, Long
Island City, NY) equipped with thermolu-
minescent dosimeters (TLDs) (TLD-100;
Harshaw, Solon, Ohio). This phantom
represents a 163-cm and 54-kg female fig-
ure and was converted to a male phantom
by removing the breast attachments. The
variation of TLD response to uniform ra-
diation was measured to be �5%. The
TLDs were calibrated by using the CT
scanner and an ion chamber (10X5-3CT;
Radical, Monrovia, Calif). The chamber
with the TLD chips attached was irradi-
ated by the CT scanner (120 or 140 kV;
100–500 mA; pitch, 1), and linear regres-

Published online before print
10.1148/radiol.2511081300

Radiology 2009; 251:166–174

Abbreviations:
BEIR � Biological Effects of Ionizing Radiation
FDG � fluorodeoxyglucose
ICRP � International Commission on Radiological

Protection
LAR � lifetime attributable risk
TLD � thermoluminescent dosimeter

Author contributions:
Guarantors of integrity of entire study, all authors; study
concepts/study design or data acquisition or data analy-
sis/interpretation, all authors; manuscript drafting or
manuscript revision for important intellectual content, all
authors; manuscript final version approval, all authors;
literature research, all authors; experimental studies, B.H.,
M.W.M.L.; statistical analysis, B.H., M.W.M.L.; and manu-
script editing, all authors

Authors stated no financial relationship to disclose.

Advances in Knowledge

� The effective doses from whole-
body fluorine 18 fluorodeoxyglu-
cose (FDG) PET/CT studies per-
formed with a 64-detector CT
scanner, an administered FDG
activity of 370 MBq, and three
diagnostic CT protocols were esti-
mated to be 13.45, 24.79, and
31.91 mSv for female patients and
13.65, 24.80, and 32.18 mSv for
male patients, respectively, with
the CT component contributing
between 54% and 81% of the to-
tal combined dose.

� Using tables created for estimat-
ing the lifetime attributable risk of
cancer incidence according to the
principles of the National Acade-
mies’ Biological Effects of Ionizing
Radiation VII Report, the cancer
risk induced was calculated to be
between 0.231% and 0.514% for
20-year-old U.S. women and be-
tween 0.163% and 0.323% for
20-year-old U.S. men; risk de-
creased when age at exposure
increased.

� The induced cancer risks were
estimated to be 5.5%–20.9%
higher in the Hong Kong popula-
tion than in the U.S. population
for 20-year-old individuals; this is
attributed to a longer life expect-
ancy and higher baseline cancer
incidence in the organs sensitive
to radiation in the Hong Kong
population.

Implication for Patient Care

� It is suggested that risk-benefit
ratios should be carefully weighed
prior to every PET/CT study, es-
pecially when clinical utility is less
well established or is anecdotally
based and when PET/CT is used
in younger patients.
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sion analysis of the chamber and TLD
chip readings was performed.

Before being inserted into the phan-
tom, the TLDs were annealed in an oven
(PTW-Freiburg, Freiburg, Germany).
Twenty-four hours after irradiation by the
CT scanner, the TLDs were read by a
reader (model QS5500; Harshaw). The
readings were then converted to expo-
sures (in milliroentgens) by using factors
acquired from the TLD calibration. Dose
results were expressed in millisieverts on
the basis of transfer factors from milli-
roentgens to millisieverts (in air, 0.0087
mSv per milliroentgen) (11).

A total of 270 TLDs were distrib-
uted in the Rando phantom, and six
TLDs were used as controls (Table 1).
At least two chips were used for each
organ to lower the uncertainty and pre-
vent possible damage to the TLDs. The
TLD readings in specific organs were
averaged to calculate the organ dose.
Dose to the lens of the eye was also
measured as it may be the deterministic
effect in cataractogenesis.

In addition, organ doses from CT
scanning were simulated by using a
spreadsheet (ImPACT [12]). Scanner
type and protocol parameters were en-
tered into the spreadsheet. Because
ImPACT requires input of fixed values,
for protocols involving use of the
AutomA technique with the GE scan-
ner, the upper and lower limits were
entered. Because ImPACT is not able to
determine the tube current for each
specific body region, inputting limits
would provide a dose range. Effective
dose was also computed in ImPACT by
using the weighting factors from ICRP
publication 60 (4). We then recalcu-
lated effective dose by using tissue
weighting factors from ICRP publication
103 (10), which is more updated, and to
maintain consistency with other effec-
tive dose calculations in our study.

Three protocols for whole-body CT
scanning (A, B, and C) were studied (Table
2). Protocols A and B were identical except
that tube current was set with the AutomA
technique in protocol A. Protocol C had
higher tube potential and tube current and
also involved the AutomA technique. With
the AutomA technique, tube current is ad-
justed according to patient anatomy to a

user-selected noise level. This reduces radi-
ation dose because the tube current is re-
duced for smaller anatomic regions. Proto-
col A is the most frequently used protocol
in our unit, and protocol C is used for
patients with larger body habitus. Proto-
col B is not used in our unit but was stud-
ied for comparison with protocols A and
C, which used the AutomA technique for
tube current modulation, and for compar-
ison with published results that were ob-
tained without the AutomA technique.

Organ-specific PET Dose Calculation
Whole-body fluorine 18 (18F)-fluorode-
oxyglucose (FDG) PET scanning with the
same transverse coverage as the CT study
was performed with a 2-minute 45-sec-
ond acquisition per bed position, with the
scanner operating in the three-dimen-
sional mode. Normally, scans of five bed
positions were obtained, and the total
scanning time lasted about 20 minutes.
PET doses to the lens of the eye were not
calculated because there is no dose coeffi-
cient in ICRP publication 80 for the lens.

The average activity of 18F-FDG ad-
ministered was assumed to be 370 MBq
for adults (men and women). The organ
doses can be calculated with the follow-
ing equation:

DT
PET � A � �T

FDG,

where T is a specific organ or tissue,
DT

PET is organ dose from the PET scan, A
is 18F-FDG activity, and �T

FDG is the co-
efficient recommended in ICRP publica-
tion 80 (9), which is an average value
for men and women.

Lifetime Attributable Risk of Cancer
Incidence
The method introduced in the BEIR VII re-
port (5) was applied to estimate the radia-
tion-induced cancer risk in the form of life-
time attributable risk (LAR) (Appendix E1,
http://radiology.rsnajnls.org/cgi/content
/full/2511081300/DC1).

Cancer Risk Estimation for U.S. and Hong
Kong Populations
To calculate the LAR for the U.S. popu-
lation, the table in the BEIR VII report
was updated by using the U.S. Cancer
Statistics for 2001–2005 (13), the U.S.

Life Table 2005 (14), and the principles
described above. The same method was
applied for calculating a LAR table for
the Hong Kong population by using the
Hong Kong Cancer Statistics 2005 (15)
and the Hong Kong Life Table 2005
(16). The weights for the Hong Kong
population were chosen to be the same
as those used in the BEIR VII report, as
no weights were suggested for other
populations in the BEIR VII report.

According to the updated tables for
U.S. and Hong Kong populations, the
organ-specific LARs were calculated
from organ doses by means of the linear
no-threshold assumption, and these
were summed to calculate the whole-
body LAR. Although male breasts re-
ceive doses of radiation, the cancer risk
to male breasts was not considered.

Results

TLD Calibration
The TLD calibration result is given with
the formula E � ƒ � C, where E is the

Table 1

TLD Distribution

Organ or Location No. of TLDs

Background 6
Brain 14
Esophagus 10
Thyroid 5
Lung 61
Thymus 2
Heart 8
Stomach 15
Liver 24
Spleen 7
Adrenal gland 2
Pancreas 4
Kidney 12
Colon 13
Bone marrow 15
Large intestines 9
Small intestines 11
Testicle 2
Prostate 4
Bladder 12
Muscle 12
Skin 24
Lens of eye 4

Total 276
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radiation exposure in air (in milliroent-
gens) measured in the ion chamber, C is
the reading of the TLD chips (in nano-
coulombs), and ƒ is the calibration fac-
tor. For tube potentials of 120 and 140
kV, the calibration factors were com-

puted to be 13.3 and 13.0 mR/nC, re-
spectively, with an error of 1%.

Radiation Doses
The CT effective doses for protocol B
calculated with ImPACT were 16.10 and

16.40 mSv for female and male patients,
respectively. For protocol A with 100
and 300 mA, respectively, the effective
doses to female patients were calculated
to be 6.40 and 19.10 mSv, and the effec-
tive doses to male patients were calcu-
lated to be 6.60 and 19.70 mSv.

The measured organ doses and effec-
tive doses from CT scanning are summa-
rized in Table 3. The effective doses of the
three CT protocols A, B, and C, respec-
tively, were 7.22, 18.56, and 25.68 mSv
for female patients and 7.42, 18.57, and
25.95 mSv for male patients. The radia-
tion doses to the lens of the eye from CT
scanning with the three protocols A, B,
and C, respectively, were measured to be
8.1, 18.4, and 27.2 mSv for female pa-
tients and 8.3, 18.6, and 27.3 mSv for
male patients.

The effective dose from PET scanning
was 6.23 mSv (Table 4). Doses from PET
scanning to the gonads, uterus, and blad-
der were higher than to the other organs
and were 5.0, 7.8, and 59.2 mSv, respec-
tively. This is because of the final accumu-
lation of 18F in the bladder. Other organ
doses ranged from 2.5 to 4.8 mSv.

The total effective doses of the com-
bined PET/CT studies, calculated by sum-
ming the effective doses of CT and PET
scanning, were 13.45, 24.79, and 31.91
mSv for female patients and 13.65, 24.80,
and 32.18 mSv for male patients for pro-
tocols A, B, and C, respectively. The CT
component contributed 54%–81% of the
total combined dose.

LAR of Cancer Incidence Estimated for
U.S. and Hong Kong Populations
The LAR table of cancer incidence for the
U.S. and Hong Kong populations demon-
strated that excess risks for female pa-
tients were higher than those for male
patients, except for the colon and bladder
(Table 5). The estimated LARs of cancer
incidence were particularly high in
younger ages and decreased with increas-
ing age (Figure). For example, LARs were
up to 0.514% and 0.323% for 20-year-old
U.S. women and men, respectively.
These risks for the Hong Kong popula-
tion were higher than for the U.S. popu-
lation for both sexes and all ages (Fig-
ure). For example, at age 20 years, the
LARs of cancer incidence in the Hong

Table 2

Parameters of the Three CT Protocols

CT Protocol
Tube Potential
(kV)

Rotation Time
(sec)

Section Thickness
(mm) Pitch

Tube Current
(mA) Noise Level*

A 120 0.5 0.625 0.984 100–300 20
B 120 0.5 0.625 0.984 250 . . .
C 140 0.5 0.625 0.984 150–350 3.5

* With use of AutomA.

Table 3

CT Dose for Male and Female Patients with Protocols A, B, and C

Organ
Tissue Weighting
Factor*

Protocol A Protocol B Protocol C
Female
Patients

Male
Patients

Female
Patients

Male
Patients

Female
Patients

Male
Patients

Gonad 0.08 8.8 8.4 19.0 20.4 27.0 27.4
Colon 0.12 7.8 8.4 22.1 18.6 31.0 29.3
Stomach 0.12 7.4 7.6 19.4 19.2 26.0 26.2
Lung 0.12 6.7 6.8 17.3 16.6 25.2 24.8
Bone marrow 0.12 6.0 6.0 17.4 17.5 21.1 21.2
Breast 0.12 5.7 7.3 13.9 19.0 19.1 25.3
Thyroid 0.04 10.6 10.1 27.3 27.1 37.5 36.4
Liver 0.04 8.5 8.0 20.9 19.8 29.9 28.3
Esophagus 0.04 7.6 7.5 19.8 18.7 28.3 27.2
Bladder 0.04 6.4 6.2 15.3 14.3 21.9 20.8
Skin 0.01 7.0 6.9 17.7 18.0 25.3 25.3
Bone surface 0.01 6.0 6.0 14.1 17.4 19.1 21.2
Brain 0.01 7.7 8.4 20.3 20.0 29.0 29.9
Kidney 0.013 8.0 7.9 20.2 19.5 28.1 27.4
Spleen 0.013 6.9 7.6 19.4 19.6 25.5 26.7
Adrenal gland 0.013 8.0 7.1 19.3 18.1 30.8 28.2
Uterus or prostate 0.013 7.3 7.4 19.3 17.4 27.1 25.9
Pancreas 0.013 7.2 7.1 19.0 17.7 27.1 25.8
Small intestines 0.013 7.3 6.5 17.2 14.8 25.6 22.2
Large intestines 0.013 7.5 6.8 17.4 15.5 25.4 22.9
Thymus 0.013 7.5 7.2 17.3 18.5 24.0 24.2
Muscle 0.013 6.4 6.7 15.6 14.3 21.2 20.8
Heart 0.013 7.0 7.9 18.4 20.2 25.3 28.1
Lens . . . 8.1 8.3 18.4 18.6 27.2 27.3
Effective dose† . . . 7.22 7.42 18.56 18.57 25.68 25.95

Note.—Unless otherwise specified, data are in millisieverts.

* As recommended in ICRP publication 103 (10), in which no weighting factor is defined for the lens of the eye.
† Sum of organ doses weighted by tissue weighting factor.
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Kong population were 5.5%–20.9%
higher than those for the U.S. popula-
tion, and at age 80 years, the LARs of
cancer incidence were 6.5%–47.9%
higher. The difference in risks between
these two populations was larger for fe-
male patients than for male patients, at
older ages, and with higher-dose CT
protocols. To explain the cause of the
higher LAR in the Hong Kong popula-
tion compared with the U.S. population,
we referred to the life expectancy and
cancer statistics data of the most fre-
quent five cancers among the Hong
Kong and U.S. populations (Table 6).
We found the explanation to be related
to the differences in life table and can-
cer statistics data between the two pop-
ulations. First, Hong Kong residents
have a longer life expectancy than
Americans in which to develop cancer
after radiation exposure. Second, the
baseline cancer incidences of the organs
more sensitive to radiation are higher in
Hong Kong than in the United States.
For example, the most prevalent cancer
in Hong Kong is in the lung, which is
given a high tissue weighting factor of
0.12 (10), while in the United States, it
is in the prostate, with a tissue weight-
ing factor of 0.013.

Discussion

One important aspect in evaluating the
use of PET/CT scanning in medical
practice is the potential risk from radia-
tion exposure, and this should be quan-
tified and understood so that risk-bene-
fit ratios can be assessed. In our study,
the effective dose from 18F-FDG
PET/CT scanning with a diagnostic CT
protocol and an administered FDG ac-
tivity of 370 MBq was calculated to be
up to 32.18 mSv, and the associated
lifetime cancer incidence was estimated
to be up to 0.514% for the U.S. popula-
tion and up to 0.622% for the Hong
Kong population (for patients 20 years
of age). The results are important from
both an individual and a public health
perspective.

The total effective dose from each
PET/CT study was about five to 13 times
the worldwide average effective dose
from background radiation over 1 year,

which is estimated to be about 2.4 mSv
(17). Generally, higher tube current
and potential and lower noise levels
provide better-quality CT images but
impart a higher radiation dose and, con-
sequently, a higher cancer risk. This un-
derscores the fact that a balance be-
tween image quality and radiation dose
should be achieved in PET/CT scanning
protocols.

Compared with the measured CT
doses, the effective doses calculated by
using ImPACT for protocol B were
12%–13% lower. For protocol A with
the AutomA technique, the measured
doses (about 7 mSv) were within the
range of the doses calculated by using
ImPACT but were at the low end be-
cause a high noise level of 20 was se-
lected for the scanning. Because it has
been reported that ImPACT underesti-
mates CT radiation dose by about 18%
(18), we conclude that the results from
ImPACT were in good accordance with
the TLD measurements. Nevertheless,

we suggest that the ImPACT software
should be updated for dose calculation.

The results of our research are com-
parable with the PET/CT radiation
doses reported in the literature (using
the same FDG activity of 370 MBq).
Some variability exists because of the
differences in CT protocols, PET dose
estimating methods, and PET/CT scan-
ners. The total effective dose of a whole-
body PET/CT study has been estimated
to be between 6.34 and 9.48 mSv for
the average Japanese individual (19).
This lower dose was due to the use of a
screening CT protocol that applied
lower tube current and potential. Our
results were in good accordance with
those of Brix et al (20), who measured
the effective doses of PET/CT examina-
tions with four diagnostic CT protocols
and found them to range from 23.7 to
26.4 mSv. Brix et al used the same CT
and PET dose-estimating method we
did, but their CT scanners were two-,
four-, or 16-detector scanners. In an-

Table 4

PET Dose

Organ Dose Coefficient (�Sv/MBq)* Organ Dose (mSv) Tissue Weighting Factor†

Gonads 13.5 5.0 0.08
Lung 10 3.7 0.12
Stomach 11 4.1 0.12
Colon 13 4.8 0.12
Bone marrow 11 4.1 0.12
Esophagus 11 4.1 0.04
Thyroid 10 3.7 0.04
Liver 11 4.1 0.04
Bladder 160 59.2 0.04
Breast 6.8 2.5 0.12
Bone surface 11 4.1 0.01
Skin 8 3.0 0.01
Brain 11 4.1 0.01
Thymus 11 4.1 0.013
Spleen 11 4.1 0.013
Adrenal gland 11 4.1 0.013
Pancreas 11 4.1 0.013
Kidney 11 4.1 0.013
Large intestines 11 4.1 0.013
Small intestines 11 4.1 0.013
Uterus 21 7.8 0.013
Muscle 11 4.1 0.013
Heart 11 4.1 0.013

Note.—The overall effective dose (the sum of organ doses weighted by the tissue weighting factor) was 6.23 mSv.

* As recommended in ICRP publication 80 (9).
† As recommended in ICRP publication 103 (10).
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other study, Wu et al (21) reported
effective dose at diagnostic CT (140
kV; 80 mA; 0.8 second; pitch, 3) to be
18.97 mSv and PET effective dose to
be 10.72 mSv by using a coefficient of
2.9 � 10�2 mSv/MBq for calculating
the PET effective dose.

We measured specifically the dose
imparted to the lens of the eye by CT
scanning, although this is not relevant to
effective dose calculation because the
main risk from dose to the lens is the
deterministic effect of cataractogenesis
rather than the stochastic effect (cancer
risk) (4,10). The dose to the lens is
much lower than the dose threshold
(around 500–2000 mGy) for this deter-
ministic effect (4).

Cancer risks induced by other diag-
nostic imaging modalities have been re-
ported in the literature (6,22–26). Ein-
stein et al (6) reported that the LAR of
cancer incidence associated with coro-
nary CT angiography was 0.7% for 20-
year-old women, which is the highest

cancer risk induced from the various
diagnostic radiology examinations re-
ported, and this reported risk is higher
than our results.

There were inherent errors and lim-
itations in our study. At TLD measure-
ment, there was 5% error from the
readings of the TLDs, 2% directionality
error associated with the edge and sur-
face of the TLDs (27), and an estimated
1% error in the TLD calibration proce-
dure. Also, although we used as many
TLDs as possible and averaged the TLD
readings, dose uncertainty was unavoid-
able because radiation exposure varies
with positions. Uncertainties in PET dose
were produced from inherent errors of
the coefficients used for PET dose estima-
tion, which were calculated on the basis
of approximation of FDG accumulated in
the human body and physics simulation of
18F-FDG radioactivity transportation.
There are several uncertainties in esti-
mating LAR by using the method in the
BEIR VII report, such as the excess rela-

tive dose and excess absolute dose mod-
els themselves, the dose and dose rate
effectiveness factor, and the radiation-in-
duced risk transport from the Japanese to
the U.S. population. Moreover, in our
study, there was additional uncertainty
from the use of the same weights for the
risk transport between the Japanese and
Hong Kong populations, as they may dif-
fer from between the Japanese and U.S.
populations. Our study was limited by the
fact that the risk transport analysis, which
was based on complex analyses, including
comparisons of the factors that increase
cancer rate and the effect of radiation on
these factors in both populations, has not
been studied for the Hong Kong popula-
tion. Finally, we estimated the cancer risk
induced from the PET dose by using the
BEIR VII method based on external radia-
tion exposure. Although there are no con-
clusive data to show that the risk from
internal exposure would differ from that
for external exposure, there is additional
uncertainty (5).

Table 5

LARs of Cancer Incidence for U.S. and Hong Kong Populations

Sex and Cancer Site

Age at Exposure (y)
0 10 20 30 40 50 60 70 80

United
States

Hong
Kong

United
States

Hong
Kong

United
States

Hong
Kong

United
States

Hong
Kong

United
States

Hong
Kong

United
States

Hong
Kong

United
States

Hong
Kong

United
States

Hong
Kong

United
States

Hong
Kong

Male patients
Stomach 66 139 48 100 35 72 24 51 23 49 22 44 17 36 12 25 6 12
Colon 309 384 222 275 159 197 115 140 112 135 104 124 86 103 60 68 28 29
Liver 71 229 50 163 35 116 26 82 24 77 22 66 16 48 9 29 3 13
Lung 308 405 212 279 146 191 103 131 102 130 99 125 87 110 64 82 33 46
Prostate 89 39 64 28 46 20 34 14 34 14 32 14 25 12 13 8 5 4
Bladder 217 177 156 127 112 91 82 65 82 64 79 62 69 55 49 41 24 21
Other solid organ 1112 1609 498 533 309 341 196 223 170 196 139 160 97 116 56 68 23 28
Thyroid 147 125 64 54 27 23 12 9 4 8 1 7 0 4 0 3 0 0

Female patients
Stomach 90 203 64 146 46 104 32 74 31 69 28 59 24 46 17 25 10 8
Colon 207 165 149 117 107 83 77 59 74 54 69 48 58 38 42 22 22 8
Liver 31 243 22 173 16 122 11 87 11 76 10 60 8 41 6 19 2 6
Lung 777 831 534 567 367 389 257 267 254 258 244 244 213 220 156 167 82 95
Breast 1089 1351 662 813 399 487 235 288 131 274 65 237 29 180 11 118 4 59
Uterus 47 6 33 5 24 3 17 2 15 2 12 2 8 1 5 0 2 0
Ovary 82 57 58 40 40 28 27 20 24 16 20 12 14 8 9 5 4 2
Bladder 218 204 157 141 112 101 81 73 80 72 76 71 66 65 48 53 25 33
Other solid organ 1312 1869 513 822 317 547 203 369 177 312 145 246 107 196 67 148 29 79
Thyroid 856 736 371 319 153 133 55 54 19 44 5 33 1 22 0 12 0 2

Note.—Data are numbers of cancer cases in the lifetimes of 100 000 persons exposed to a radiation dose of 100 mSv. LARs were calculated as described in Appendix E1 (http://radiology
.rsnajnls.org/cgi/content/full/2511081300/DC1) and by applying the Hong Kong Cancer Statistics 2005 (15) and Hong Kong Life Table 2005 (16).

MEDICAL PHYSICS: Radiation Dose and Cancer Risk at Whole-Body PET/CT Huang et al

Radiology: Volume 251: Number 1—April 2009 ▪ radiology.rsnajnls.org 171



Although some other methods have
been recommended for estimating radi-
ation-induced cancer risks (4,5,28–31),
we used the method of the BEIR VII
report because it is based on review
of current research. However, this
method is controversial in that it may
overestimate risk. To calculate LAR,
this method sums the risks from the age
at 5 years after exposure to the age of
100 years, which is above the average
natural life span. Controversy also arises
from the assumptions for risk from low-
dose (or low–dose rate) radiation expo-
sure. First, whether cancer is a risk of
low-dose radiation is still unproven, as
there have not been any epidemiologic
studies to date to support this (23,32).
However, there are direct epidemio-
logic data in 30 000 atom bomb survi-
vors who were on the peripheries of
Hiroshima and Nagasaki and who were
exposed to the same low-dose range as
CT scanning (5–100 mSv) that show a
small but statistically significant in-
crease in cancer risk (33). Second,
there are no experimental data to sup-

port the linear no-threshold extrapola-
tion for low-dose risk estimation. How-
ever, the majority of organizations have
advised that the linear no-threshold as-

sumption best fits the data (5,28,34),
and therefore, linear extrapolation of
cancer risk from low doses should be
the most appropriate method (35).

(a–c) Graphs show excess cancer incidence risks estimated to be associated with
radiation from a single whole-body 18F-FDG PET/CT examination at a given age.
PET/CT was performed with three CT protocols (A, B, and C), as shown in
(a), (b), and (c), respectively.

Table 6

Top Five Cancer Sites in U.S. and Hong Kong Populations

Population and Rank Site Relative Frequency (%)* Tissue Weighting Factor†

Hong Kong
1 Lung 18.20 0.12
2 Colon and/or rectum 16.30 0.12
3 Breast 10.20 0.12
4 Liver 7.70 0.04
5 Stomach 4.50 0.12

United States
1 Prostate 15.40 0.013
2 Breast 14.66 0.12
3 Lung 13.67 0.12
4 Colon and/or rectum 10.83 0.12
5 Bladder 4.54 0.04

Note.—Hong Kong data are from Hong Kong Cancer Statistics 2005 (15), and U.S. data are from the National Cancer Institute
(13). As shown, the leading cancer sites in Hong Kong have higher tissue weighting factors—that is, they are more sensitive
to radiation dose—than the leading cancer sites in the United States.

* Number of cases in a given site divided by number of all cancer cases.
† As recommended in ICRP publication 103.
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As whole-body PET/CT scanning is
accompanied by substantial radiation
dose and cancer risk, risk-benefit ratios
should be carefully weighed prior to ev-
ery study. This is especially important
when clinical utility is less well estab-
lished or is based on anecdotal evidence
and when PET/CT is used in younger
patients. In the evaluation of patients
known to have cancer, although cancer
risks from radiation may be of less im-
pact, the information is still of interest
and relevant to patient education.
Moreover, patients with cancer often
undergo multiple PET/CT examinations
for response assessment and treatment
monitoring, and survival rates are
markedly improved nowadays. Cur-
rently, common indications for PET/CT
are for cancer staging and restaging, re-
sponse assessment, and detection of un-
known primary cancers. Less common
indications are for fever of unknown or-
igin and to evaluate the extent of sys-
temic infection. Clinicians should famil-
iarize themselves with the current liter-
ature of the recommendations on the
use of FDG PET in oncology (36,37),
and more work should be done to eval-
uate the evidence of the clinical utility of
PET/CT in large-scale prospective stud-
ies. In our institution, a tertiary referral
center serving the general population on
Hong Kong Island, PET/CT studies for
patients younger than 20 years are rela-
tively infrequent, comprising less than
3% of the total number of studies. Sev-
enty percent of the studies are per-
formed in adults older than 50 years.
This reflects the low incidence of cancer
in the young age groups in the popula-
tion. From a public viewpoint, the dose
of up to 32 mSv per study adding to the
background radiation is nonnegligible.
Therefore, PET/CT scanning protocols
should be optimized for reducing dose
and its associated cancer risk.

Acknowledgments: We thank Ms. Li Sau-
Ching for her assistance in TLD processing and
all staff members at the PET/CT Unit of the Uni-
versity of Hong Kong for their technical help.
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