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Abstract

Objective The aim of this study was to estimate radiation
exposure and evaluate the risks and benefits of 18F-fluo-
rodeoxyglucose positron emission tomography (FDG-PET)
in cancer screening.

Methods A nationwide survey of FDG-PET cancer
screening was conducted in 2006, and the results were
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analyzed with a common index, “extension/shortening of
the average life expectancy.”

Results The average estimated effective dose was
4.4 mSv (male 4.7 mSv; female 4.0 mSv) for dedicated
PET and 13.5 mSv (male 14.2 mSv; female 12.8 mSv) for
PET/computed tomography (CT). The risk—benefit break-
even age from the viewpoint of radiation exposure was in
the 40s for men and 30s for women for dedicated PET and
in the 50s for men and 50s (variable injection dose) or 60s
(constant injection dose) for women for PET/CT.
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Conclusions FDG-PET cancer screening is beneficial for
examinees above the break-even ages. The risks and ben-
efits should be explained to examinees because of the lar-
ger radiation used in cancer FDG-PET screening compared
with other X-ray tests.

Keywords Cancer screening - Positron emission
tomography - Radiation exposure - Risk - Benefit

Introduction

In Japan, cancer screening that uses 18F-fluorodeoxyglucose
(FDG) positron emission tomography [PET; including pos-
itron emission tomography and computed tomography (PET/
CT)] is widespread. Cancer screening is performed for an
asymptomatic population and is beneficial for undetected
cancer patients. However, the detection rate is extremely low
from an epidemiologic standpoint because a vast majority of
screening subjects does not have cancer. The benefit of
cancer screening may be extremely small for the healthy
population relative to the risk of radiation exposure that
accompanies the screening. Therefore, the benefits and risks
should be quantitatively evaluated. To date, the results of
some types of cancer screening have been analyzed to esti-
mate the benefits and risks of radiation exposure using
extension/shortening of the average life expectancy as an
index [1-4]. However, no evaluation has been conducted
based on the field research of FDG-PET cancer screening.
When dedicated PET is used, external radiation exposure
attributable to FDG-PET cancer screening with a 68 Ge-Ga
transmission source is very small, and most of the radiation
exposure is internal exposure by FDG. However, when PET/
CT is used, the exposure dose is larger than the other cancer
screenings that use X-rays, such as CT lung cancer screening
and mammography, because external exposure increases
with the use of CT. Therefore, a risk—benefit evaluation of
radiation exposure in FDG-PET cancer screening is essential
to judge the effectiveness of this cancer-screening method.
The Japanese Society of Nuclear Medicine and Clinical
PET Promoting Committee published the “Guidelines of
FDG-PET Cancer Screening” [5] in 2004, with the aim of
evaluating the effectiveness of FDG-PET cancer screening
and maintaining test quality. This guideline requests that
institutions with PET installed be field surveyed and that
the results of FDG-PET cancer screening at each institution
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be reported every year. The cancer-screening methods,
such as the CT scanning parameters, are included in this
yearly investigation. The effectiveness of FDG-PET for
cancer screening can be evaluated using a risk—benefit
analysis of radiation exposure based on the field data
obtained from these PET-installed institutions.

Therefore, the aims of this study were to demonstrate
the actual status of radiation exposure in FDG-PET
screening on the basis of the field survey data and further
evaluate the risk of radiation exposure in FDG-PET cancer
screening and the benefit of cancer detection using exten-
sion/shortening of the average life expectancy as an index.

Materials and methods
Subject for investigation

Questionnaires regarding the actual situations and results of
FDG-PET cancer screening were sent to 156 PET-installed
facilities that registered at the PET Summer Seminar Meeting
in 2006. Questions regarding radiation exposure included the
name of the PET or PET/CT scanner, FDG injection method
(constant or variable by weight), FDG injection radioactivity
(MBq or MBg/kg), and CT scanning parameters (kV, mAs as
product of X-ray tube current and rotation time, pitch factor,
CTDI,,;, and scan range). The estimated radiation exposure
doses were calculated on the basis of these data.

Calculation of radiation exposure

Values from the International Commission on Radiological
Protection (ICRP), Publication 80 [6] (Table 1), were used
to calculate the internal radiation exposure dose by FDG. A
68 Ge-Ga source used for transmission scan by a dedicated
PET emits slight radiation equivalent to approximately
0.01 mSv of external exposure per scan. This radiation
dose is extremely small compared with internal exposure to
FDG; therefore, it was not taken into account in the present
study. External exposure in a CT scan was calculated using
ImPACT simulation software [7, 8]. Radiation exposure
may vary depending on the physique of each subject
because the radioactivity of FDG injected may vary by
weight, and the CT tube current can be controlled using
CT-auto exposure control (CT-AEC). Therefore, the radi-
ation exposure dose was calculated similarly to the dose
assessment model (men 170 cm, 70 kg; women 160 cm,
55 kg) prescribed in ICRP Publication 23 [9].

Risk—benefit analysis

A risk—benefit analysis was performed using radiation
exposure dose data obtained from the questionnaires. The
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:fag};é (fr?g;?;/} Brg()ilatlon dose Organ mGy/MBq

Adult 15 years 10 years 5 years 1 year

Adrenals 0.012 0.015 0.024 0.038 0.072
Bladder 0.160 0.210 0.280 0.320 0.590
Bone surface 0.011 0.014 0.022 0.035 0.066
Brain 0.028 0.028 0.030 0.034 0.048
Breast 0.009 0.011 0.018 0.029 0.056
Gall bladder 0.012 0.015 0.023 0.035 0.066
Stomach 0.011 0.014 0.022 0.036 0.068
Colon 0.013 0.017 0.027 0.040 0.074
Kidneys 0.021 0.025 0.036 0.054 0.096
Liver 0.011 0.014 0.022 0.037 0.070
Lungs 0.010 0.014 0.021 0.034 0.065
Muscles 0.011 0.014 0.021 0.034 0.065
Oesophagus 0.011 0.015 0.022 0.035 0.068
Ovaries 0.015 0.020 0.030 0.044 0.082
Pancreas 0.012 0.016 0.025 0.040 0.076
Red marrow 0.011 0.014 0.022 0.032 0.061
Skin 0.008 0.010 0.016 0.027 0.052
Spleen 0.011 0.014 0.022 0.036 0.069
Testes 0.012 0.016 0.026 0.038 0.073
Thymus 0.011 0.015 0.022 0.035 0.068
Thyroid 0.010 0.013 0.021 0.035 0.068
Uterus 0.021 0.026 0.039 0.055 0.100
Remaining organs 0.011 0.014 0.022 0.034 0.063
Effective dose 0.019 0.025 0.036 0.050 0.095

ICRP Publication 80 [3]

mean value of each index was used for evaluation because
variations in radiation exposure dose differ by facility. The
risk—benefit analysis of FDG-PET cancer screening fol-
lowed the Murano method [4]. ICRP calculation software
was used [10] for risk calculation. The shortened period
Si(ug) from the average life expectancy of a structure
(organ/tissue) (i) due to exposure to the equivalent dose Dy
at age ug was calculated, and Si(u) values for all structures
exposed to radiation were added to obtain the total short-
ened period S(uo) of the average life expectancy. The
formulas are shown below:

(g) = P(u) x W(u) X Bi(u) X ryi (1) x Dy/d (1)
rad,i

Si(uo) = / (%) » T (u)du 2)
S(uo) = ZSi(uo) )

(d—’;) is defined as the excess mortality from cancer
rad,i

in structure i due to radiation exposure per age group (per
100000 individuals). P(u) is the population size per age

group (of 100000 individuals). W(u) is the survival rate at
age u (per 100000 individuals). Bi(u) is cancer mortality in
structure i at age u (per 100 thousand individuals). r,,;(«u) is
the excess relative risk factor of annual cancer mortality
per age group in structure i (per mSv). Dy is the equivalent
dose (mSv); d is the dose and dose rate effectiveness factor
(=2); o is the latency period before the development of
cancer due to radiation exposure (leukemia 2 years; solid
cancer 10 years). T(u) is the average life expectancy at age
u (years). Si(up) is the shortening of the average life
expectancy due to cancer in structure i at age of exposure
uy (years per 100000 individuals).

W(u) was obtained from the 20th complete life tables
(2005) [11]. Bi(u) was obtained from Cancer Statistics [12],
and r,,(u) was obtained from the report by Pierce et al.
[13]. Figure 1 shows r,,(u) as reported by Pierce et al. [13].
According to this report, the latency period prior to the
development of cancer because of radiation exposure is
different between leukemias and solid cancers; leukemia is
2 years, and solid cancer is 10 years. Therefore, risk was
calculated separately for leukemia and solid tumors, con-
sidering the latency periods, and the resulting risk values
were added. Administered FDG spreads throughout the
entire body, leading to internal exposure in all structures.
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100 1 1 | Table 2 5-year relative survival and FDG-PET screening sensitivity
—-o-— Leukemia (male)
= Solid cancer (male) Relative 5-year survival Scre.epir}g
---%--- Leukemia (female) sensitivity
\ —a— Solid cancer (female) Screening (W) All (W,) PET PET-CT
10 B8 [15, 16] [12] [14]  [14]
5 -
g IS - B . Sl i, dedet. St el Thyroid NA NA 0.806 1
& AN Colon 0.9110 0.7327  0.902 0.902
1 - \ Lung 0.4613 0.3468 0590 1
Breast 0.9124 0.8613  0.923 0.923
NN Prostate 0.9980 0.8778  0.310 0.516
e e Stomach 0.7477 0.6456  0.239 0.352
01 Malignant lymphoma NA NA NA NA
0 10 20 30 40 50 60 70 80 90 Kidney NA NA NA NA
Age Oesophagus 03781 03791 NA NA

Fig. 1 Excess relative risk factor of annual cancer mortality by
radiation exposure (/mSv) per age group (graph based on the data by
Pierce et al. [13])

Similarly, the CT exposure range is from the head to the
pelvis, resulting in external exposure that covers most
structures. Therefore, the risk of radiation exposure was
evaluated for each structure in the entire body.

The benefit of FDG-PET cancer screening is the pro-
longed life expectancy due to early detection and treatment
of cancer by screening compared with the life expectancy
of patients who do not undergo screening. Therefore, the
difference in the 5-year survival rate (W, — W,) was
defined as the benefit, and W; is the 5-year survival rate
after cancer detection and treatment owing to FDG-PET
cancer screening. W, is the 5-year survival rate after
treatment following detection at a hospital visit for symp-
toms. The benefit was calculated using the following
equations suggested by linuma [1-3]:

N =PxDxSx(W;—W,) (4)
N=>N (5)
NT =N xT (6)

N’ is defined as the survival rate for each structure (per
100000 individuals). P is the population size per age group
(of 100000 individuals). D is the morbidity of cancer per
age group in each structure (per 100000 individuals). S is
the sensitivity of FDG-PET cancer screening. W is the
S5-year survival rate in a screening group (per 100000
individuals). W, is the 5-year survival rate in a non-
screening group (per 100000 individuals). N is the survival
rate of all cancers (per 100000 individuals). NT is the
surviving person-years (years per 100000 individuals). T is
the average life expectancy (years).

D was obtained from Cancer Statistics [12]. Although
FDG-PET cancer screening has the benefit that all struc-
tures in the body are screened for cancer at the same time,

@ Springer

Uterus 0.8871 0.7636 NA NA
Ovaries NA NA NA NA

Pancreas 0.1438 0.0781 NA NA
Head and Neck 0.9332 0.8365 NA NA
Average 0.8075 0.6348 0.745 0.853

NA not available

its efficacy has never been confirmed scientifically. Mina-
mimoto et al. [14] reported in an investigation based on a
national survey that the thyroid, colon, lung, prostate,
breast, stomach, lymph, kidney, uterus, liver, pancreas,
ovary, and cervix were the structures for which screening is
effective. Therefore, we selected these structures to cal-
culate the benefit. The NTs for all screened structures were
added because the parameters varied by structure. The
sensitivity of FDG-PET cancer screening (S) was the
probability of the correct detection of cancer and was
calculated as reported by Minamimoto et al. [14]. The PET
and PET/CT results were evaluated separately because the
sensitivity of cancer screening was different between the
two modalities. W, was obtained from the Cancer Statistics
[12]. W (the 5-year survival rate of the FDG-PET cancer-
screening group) was not determined. However, the report
by Minamimoto et al. [14] showed that cancers up to stage
2 are often detected. Therefore, in this study, the 5-year
survival rates in the screening group (W;) were assumed to
be equivalent to those of stage 2 cancers [15, 16]. For the
structures for which the 5-year survival rates by stage were
not determined, the average 5-year survival rate of stage 2
cancer for all structures was used. Table 2 shows the
sensitivity of FDG-PET cancer screening (S) and the rel-
ative 5-year survival rates of the screening and non-
screening (all) groups. The average life expectancy of each
age was obtained from the 20th complete life table
(2005) [11].

The benefit/risk ratio (w) was calculated using the fol-
lowing equation, in which the surviving person-year NT
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(benefit) is divided by the shortened period S(u) of the
average life expectancy (risk):

_NT

A benefit/risk ratio w < 1 indicates that the risk exceeds
the benefit, indicating that the screening technique is not
effective. Meanwhile, w > 1 indicates that the benefit
exceeds the risk, indicating that the screening technique is
effective. In this study, the effectiveness of screening was
determined by evaluating w.

Statistical analysis

All of the data were stored in a database (Microsoft Excel
2003). The standard deviation (SD) for the data is reported
as needed. The Wilcoxon-Signed-Rank Test was used to
compare the benefit/risk ratio between PET and PET/CT. A
p value <0.05 was considered statistically significant.

Results

Ninety-eight institutions responded to the questionnaires out
of the 156 PET-installed facilities that registered at the PET
Summer Seminar Meeting in 2006. Sixty-seven facilities
among 98 performed FDG-PET cancer screening and pro-
vided information regarding their screening situation.

Of the 67 facilities that performed FDG-PET cancer
screening, 22 owned dedicated PET systems, and 51 owned
PET/CT systems. The total number of dedicated PET
systems in 22 facilities was 25. The total number of PET/
CT systems in 51 facilities was 63. The details are shown
in Table 3.

Most facilities covered the scan range from the top of
the head to the thigh. Some facilities scanned from the head
to the pelvis. The detailed scan range data are shown in
Table 4.

The results of the FDG injection method and radioactivity
were analyzed separately for the PET and PET/CT facilities.
The mean injection radioactivity was first obtained for each
institution. The mean values were then averaged for all of the
corresponding facilities. Of the 22 PET facilities, the FDG
injection radioactivity was constant in 6 facilities and varied
by subject weight in 16 facilities. Of the six facilities with a
constant injection radioactivity, five synthesized FDG with
cyclotron, and one facility procured FDG from a pharma-
ceutical company. The mean injection radioactivity was
216.8 MBq (range 111-370 MBq). The 16 facilities that
injected FDG in a radioactivity that varied by weight
synthesized FDG with a cyclotron. The mean injection
radioactivity was 3.7 MBq/kg (range 2.65-5 MBg/kg).
This radioactivity was equivalent to 261 MBq (range

Table 3 Description and number of PET and PET/CT systems in 67
PET centers

PET PET-CT
Scanner Number  Scanner Number
GE GE
Advance Nxi 11 Discovery LS 4DAS 1
PHILIPS Discovery LS 8DAS 8
Allegro 3 Discovery ST 4DAS 1
SIEMENS Discovery ST 8DAS 3
EXACT Discovery ST 16DAS 16
ECAT 3 Discovery ST Elite 8DAS 3
ACCEL
SHIMADZU Discovery ST Elite 16DAS 5
Eminence PHILIPS
Other 2 GEMINI GXL 6DAS
GEMINI GXL 16DAS
SIEMENS
Biograph 2DAS 6
Biograph 6DAS
Biograph 16DAS 4
SHIMADZU
Eminence SHOPHIA 2
TOSHIBA
Aquiduo 5
Total 25 63

Table 4 Scan ranges of FDG-PET cancer screening and number of
PET-installed facilities

Number
of facilities

Scan range

Parietal region—femoral region 5
Parietal region—pubic bones interior

Parietal region—anus

Orbit—femoral region

External acoustic foramen—femoral region

Upper nose—femoral region

Frontal sinus—femoral region

Skull base—femoral region

Skull base—groin

G U G T iy

Middle of the forehead—pubic bones interior
Total

(o)
~

182-390 MBq) for the reference man model. For the refer-
ence woman model, the mean radioactivity was 205 MBq
(range 143-275 MBq).

Of the 52 facilities that owned PET/CT machines, the
FDG injection radioactivity was constant in 12 facilities and
varied by weight in 40 facilities. Of the 12 facilities with
constant injection radioactivity, FDG was synthesized with a
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cyclotron in 2 facilities; 10 facilities procured FDG from a
pharmaceutical company. The injection radioactivity was
185 MBq in 12 facilities. Of the 40 facilities that used a
variable-by-weight injection radioactivity, 38 synthesized
FDG with a cyclotron, and 2 procured FDG from a phar-
maceutical company. The mean injection radioactivity was
3.6 MBg/kg (range 2.6—4.5 MBq/kg). This radioactivity is
equivalent to 252 MBq (range 182-315 MBq) for the ref-
erence man model. For the reference woman model, the
mean radioactivity was 198 MBq (range 143-248 MBq).
Table 5 shows the injection radioactivity in detail.
Regarding the CT parameters, the number of machines
with each parameter was counted because some facilities
owned plural systems, and the parameters varied by system.
Twenty-five systems had a tube current of 120 kV, six had a
tube current of 130 kV; twenty-four had a tube current of
140 kV, and eight had an unknown tube current. Fourteen
systems had a fixed tube current, 43 varied, and six were
unknown. The mean fixed tube current was 85.2 mAs (range
20-220 mAs). The mean pitch factor was 1.11 (range
0.75-1.75), with the exception of 11 systems with unknown
parameters. Table 6 shows the collected CT parameters.

Radiation exposure calculation

The mean radiation exposure dose for dedicated PET
cancer screening that was calculated on the basis of the

Table 5 Injection radioactivity of FDG in PET and PET/CT

collected questionnaire data was 4.7 mSv in men (range
2.1-7.0 mSv) and 4.0 mSv in women (range 2.1-7.0 mSv).
The mean internal exposure dose for PET/CT cancer
screening was 4.5 mSv in men (range 3.1-6.0 mSv) and
3.7 mSv in women (range 2.7-4.7 mSv). The mean
external exposure dose of a CT scan integrated in PET/CT
scanners was 10.1 mSv in men (range 2.1-28.0 mSv) and
9.7 mSv in women (range 2.1-27.0 mSv). The mean total
radiation exposure dose in PET/CT cancer screening was
14.2 mSv in men (range 5.7-32.9 mSv) and 12.8 mSv in
women (range 5.6-30.6 mSv). Table 7 shows the calcu-
lated effective dose of PET, and Table 8 shows the cal-
culated effective dose for PET/CT.

Risk—-benefit analysis

The risk—benefit analysis using the mean value of radiation
exposure dose in FDG-PET cancer screening demonstrated
a benefit/risk ratio (w) > 1 in men aged between 40 and
49 years and women aged between 30 and 39 years for
dedicated PET, in men aged between 50 and 59 years
regardless of the FDG injection method, and in women
aged between 60 and 69 years with a constant-dose injec-
tion and between 50 and 59 years with a varied-dose
injection for PET/CT. Tables 9, 10, 11, and 12 show the
calculated o with regard to the PET system and FDG
injection method.

PET PET/CT
Fixed Variable by weight Fixed Variable by weight
Radioactivity Number Radioactivity Number Radioactivity Number Radioactivity of Number
of FDG (MBq) of FDG of FDG FDG (MBq/kg)
(MBg/kg) (MBq)
111 1 2.60 1 185 12 2.60 1
150 1 2.64 1 2.64 1
185 2 3.00 2 3.00 5
300 1 3.70 7 3.10 2
370 1 4.00 1 3.33 3
4.43 1 3.70 16
4.44 1 3.75 2
4.63 1 4.00 3
5.00 1 4.40 2
443 2
4.44 1
4.50 1
Unknown 1
Mean (MBq) £+ SD Mean (MBg/kg) &+ SD Mean (MBg/kg) &+ SD
216.80 £ 89.51 3.70 £ 0.62 3.60 + 6.93

SD standard deviation

@ Springer
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Table 6 CT scanning Tube voltage Number Tube current Number Fixed of tube Number Pitch Number
parameters in PET/CT systems kV) (mAs) current (mAs)
120 25 Uniformity 14 20 2 0.75 1
130 6 Variable 43 24 1 0.80 3
140 24 Unknown 6 25 3 0.90 3
Unknown 8 40 2 0.94 7
100 1 1.00 2
150 2 1.15 3
175 1 1.25 1
180 1 1.30 1
220 1 1.35 2
1.38 1
1.50 9
1.68 12
1.75 7
Unknown 11
Mean + SD Mean + SD
85.2 + 102.06 1.11 £ 0.30
Total 63 Total 63 Total 14 Total 63

SD standard deviation

Table 7 Calculated effective dose in FDG-PET cancer screening
(mSv)

Effective dose (mSv) Number of PET centers

Male Female

2-3 2 3

34 5 12

4-5 8 4

5-6 4 2

67 2 0

7-8 1 1

Mean dose £ SD (mSv) 4.7 + 1.19 4.0 £ 1.04

SD standard deviation

Discussion

In the present investigation, PET/CT systems accounted for
approximately 70% of the overall systems used for FDG-
PET cancer screening. The dominance of PET/CT is
explained by the higher diagnostic ability of PET/CT com-
pared with dedicated PET because PET/CT allows reference
to CT images and fusion images to reach a correct diagnosis.
Therefore, newly established facilities preferably purchase
PET/CT, and facilities with dedicated PET machines intro-
duce PET/CT machines when they update their equipment.

In terms of the scanning ranges, most facilities scanned
from the top of the head to the thigh, including the main
structures. However, some facilities shorten the scan time
by omitting the scan of the brain where physiological
uptake is important.

The injection radioactivity tended to be larger with PET
than with PET/CT. Facilities with a dedicated PET scanner
may try to improve image quality by increasing the
injection radioactivity and raising the count rate to com-
pensate for the lack of information that could be obtained
from CT images. However, most facilities that vary the
dose by weight are likely to refer to the recommendation of
a 3.7 MBg/kg injection dose by the Guideline of FDG-PET
Cancer Screening [5] to set their dose standards.

With regard to the method used to obtain FDG, the
facilities that used a constant injection radioactivity pro-
cure FDG from a pharmaceutical company. Most facilities
that vary the injection dose by weight synthesize FDG with
a cyclotron within the facility. The facilities that procure
FDG from the outside face difficulties in varying the
injection radioactivity by weight because procured FDG is
prepackaged in syringes at 185 MBq.

The internal exposure dose of FDG was 3.7-4.5 mSv in
both men and women. The internal exposure can be
reduced if the injected FDG dose is reduced. However, an
extended acquisition time is required to ensure image
quality because otherwise the count rate during scanning
would be smaller, compromising image quality [17].

In terms of the CT parameters, numerous facilities used
CT-AEC to vary the tube current. CT-AEC is a technique
that successively alters the tube current in a helical scan
because the radiation dose required for image acquisition
differs depending on the body region. The reduction in
radiation exposure dose is expected in this technique by
using a low tube current in body regions where a high tube
current is unnecessary. Additionally, CT-AEC can be
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Table 8 Calculated effective dose in FDG-PET/CT cancer screening (mSv)

Total CT

PET

Effective dose Number of PET centers Effective dose

Number of PET centers

Effective dose Number of PET centers

(mSv) (mSv) (mSv)
Male Female Male Female Male Female

5-10 15 16 0-5 13 14 1-2 0 0
10-15 16 16 5-10 19 17 2-3 0 3
15-20 5 4 10-15 5 5 34 20 38
20-25 4 4 15-20 2 2 4-5 21 9
25-30 0 2 20-25 1 3 5-6 9 0
30~ 4 2 25-30 5 4 6~ 0 0
Unknown 9 9 Unknown 8 8 Unknown 1 1
Mean 142 +7.17 12.8 £ 6.76 Mean 10.1 £7.58 9.7 £ 7.34 Mean 45+0.84 3.74+048

(mSv) + SD (mSv) + SD (mSv) + SD

SD standard deviation

Table 9 Surviving person-year (NT), shortened life period [S(u)],
and benefit/risk ratio () of FDG-PET cancer screening by age group
and sex (constant dose)

Table 10 Surviving person-year (NT), shortened life period [S(u)],
and benefit/risk ratio (o) of FDG-PET cancer screening by age group
and sex (injection dose variable by weight)

Age NT S(u) w** Age NT S(u) W*FF

Male Male
20-29 32.87 £ 4.05 152.91 4+ 0.00 0.21 £ 0.03 20-29 32.87 £4.05 192.94 £+ 0.00 0.17 £ 0.02
30-39 112.65 £ 27.81 151.46 £+ 0.00 0.74 £ 0.18 30-39 112.65 £+ 27.81 191.15 4+ 0.00 0.59 £ 0.15
40-49 348.38 £ 84.50 199.43 4+ 0.00 1.75 £ 0.42 40-49 348.38 £ 84.50 244.64 £+ 0.00 1.42 +0.35
50-59 844.84 £ 113.13 177.47 £+ 0.00 476 £ 0.64 50-59 844.84 + 113.13 217.69 £+ 0.00 3.88 + 0.52
60—-69 1433.64 + 170.60 136.88 £ 0.00 1047 £ 1.25 60-69 1433.64 + 170.60 167.54 4+ 0.00 8.56 + 1.02
70-79 1713.02 £+ 144.75 73.64 £ 0.00 23.26 £ 1.97 70-79 1713.02 + 144.75 90.30 £ 0.00 18.97 £ 1.60
80-89 1043.74 + 149.93 16.69 + 0.00 62.52 + 8.98 80-89 1043.74 £+ 149.93 20.47 £ 0.00 50.99 + 7.32
90 ~ 484.47 + 14241 1.64 £ 0.00  294.76 + 86.65 90~ 484.47 £+ 14241 1.93 £ 0.00  250.54 + 73.65

Female Female
20-29 148.97 £ 49.29 369.50 £ 0.00 0.40 £ 0.13 20-29 148.97 £ 49.29 356.26 £+ 0.00 042 £ 0.14
30-39 502.96 £+ 71.45 363.47 £ 0.00 1.38 + 0.20 30-39 502.96 £+ 71.45 350.43 £+ 0.00 1.44 + 0.20
40-49 799.69 £+ 102.44  408.12 £ 0.00 1.96 + 0.25 40-49 799.69 £+ 102.44  393.38 £+ 0.00 2.03 £ 0.26
50-59 1028.49 + 43.04 366.49 £ 0.00 2.81 £ 0.12 50-59 1028.49 + 43.04 353.00 £ 0.00 291 £ 0.12
60-69 1108.17 + 62.39 292.28 £+ 0.00 3.79 + 0.21 60-69 1108.17 + 62.39 281.48 £ 0.00 3.94 + 0.22
70-79 1080.25 + 91.71 183.12 £+ 0.00 5.90 + 0.50 70-79 1080.25 + 91.71 176.47 £+ 0.00 6.12 + 0.52
80-89 741.96 + 91.66 47.15 £ 0.00 1573 £ 1.94 80-89 741.96 £ 91.66 45.44 £ 0.00 16.33 £ 2.02
90 ~ 335.11 £ 112.04 3.60 + 0.00 93.13 £+ 31.14 90~ 335.11 £ 112.04 6.70 + 0.00 50.00 £ 16.72

** Significant difference from PET/CT (p < 0.05)

adjusted to achieve image quality that is optimal for
diagnosis. When a reference CT scan is performed using
CT-AEC with a setting for typical PET/CT cancer
screening, the highest tube current is approximately
100 mAs. Even the facilities that use a fixed tube current
are probably trying to reduce the exposure by setting the
tube current to less than 100 mAs.

The Guidelines of FDG-PET Cancer Screening [5]
classify the CT radiation exposure dose into three levels:
(1) the radiation exposure dose is less than 2 mSv, and CT
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**% Significant difference from PET/CT (p < 0.05)

is used only for attenuation correction (extremely low
dose), (2) the radiation exposure dose is 2—12 mSv, and CT
is used for reference and fusion images (low dose to middle
dose), and (3) the radiation exposure dose is greater than
12 mSv, and clinical CT is used for diagnosis (high dose).
In the present investigation, 31 facilities could be classified
as level 2, and 14 facilities could be classified as level 3.
This result suggests that all facilities used a combination of
CT and PET images for diagnosis. From the viewpoint of
radiation exposure, the Guidelines of FDG-PET Cancer
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Table 11 Surviving person-year (NT), shortened life period [S(u)],
and benefit/risk ratio (w) of FDG-PET/CT cancer screening by age

group and sex (constant injection dose)

Age NT S(u) [0}

Male
20-29 38.00 £ 4.90 717.92 £+ 0.00 0.05 £ 0.01
30-39 129.66 £ 32.00 711.85 £ 0.00 0.18 £ 0.04
40-49 405.31 £+ 100.11 724.78 £+ 0.00 0.56 £+ 0.14
50-59 995.02 £+ 136.67 636.51 £ 0.00 1.56 £+ 0.21
60-69  1724.77 4+ 222.32 473.56 £+ 0.00 3.64 + 047
70-79  2160.59 £+ 176.71 237.35 £ 0.00 9.10 + 0.74
80-89  1340.79 £ 195.97 52.44 £ 0.00 25.57 £ 3.74
90 ~ 620.02 £+ 182.26 5.86 £ 0.00  105.72 £ 31.08

Female
20-29 171.56 £ 55.42 1292.39 + 0.00 0.13 + 0.04
30-39 568.10 + 77.50 1234.30 + 0.00 0.46 £ 0.06
40-49 891.92 £ 110.00  1330.35 £ 0.00 0.67 £ 0.08
50-59  1142.22 + 45.81 1168.30 + 0.00 0.98 £ 0.04
60-69  1259.39 + 72.03 884.71 £ 0.00 1.42 + 0.08
70-79 124521 4+ 104.12 503.28 £+ 0.00 247 + 0.21
80-89 862.69 £+ 105.92 173.11 £ 0.00 4.98 + 0.61
90 ~ 390.17 £ 130.45 10.19 £ 0.00 38.31 £ 12.81

Table 12 Surviving person-year (NT), shortened life period [S(u)],
and benefit/risk ratio (@) of FDG-PET/CT cancer screening by age
group and sex (injection dose variable by weight)

Age NT S(u) [0}

Male
20-29 38.00 £ 4.90 765.02 £+ 0.00 0.05 £ 0.01
30-39 129.66 £ 32.00 773.42 £+ 0.00 0.17 £ 0.04
40-49 405.31 £+ 100.11 786.43 £+ 0.00 0.52 £+ 0.13
50-59 995.02 £+ 136.67 691.37 £ 0.00 1.44 £ 0.20
60-69 1724.77 + 222.32 513.06 £+ 0.00 3.36 + 043
70-79  2160.59 £+ 176.71 260.12 £ 0.00 8.31 £ 0.68
80-89 1340.79 + 195.97 57.60 £ 0.00  23.28 + 3.40
90 ~ 620.02 £+ 182.26 6.37 £ 0.00 97.32 £ 28.61

Female
20-29 171.56 £ 55.42 1314.59 + 0.00 0.13 £ 0.04
30-39 568.10 + 77.50 1009.57 + 0.00 0.56 £ 0.08
40-49 891.92 £+ 110.00 1081.39 4+ 0.00 0.82 £ 0.10
50-59 1142.22 + 45.81 871.01 £ 0.00 1.31 £ 0.05
60-69 1259.39 £+ 72.03 902.27 £+ 0.00 1.40 + 0.08
70-79 1245.21 + 104.12 514.31 £ 0.00 242 4+ 0.20
80-89 862.69 £+ 105.92 128.62 £ 0.00 6.71 + 0.82
90 ~ 390.17 £ 130.45 1047 £0.00 37.26 £ 12.46

Screening [5] recommend level 1 or 2. Level 3 may have a
greater risk of high radiation exposure relative to the
benefit that may not always keep pace.

The mean total radiation exposure dose of PET/CT
cancer screening was 14.2 mSv in men and 12.8 mSv in
women. PET/CT cancer screening has a higher radiation
exposure dose than other X-ray examinations; therefore, it
should be performed only after the subjects understand the
risks and benefits of FDG-PET cancer screening. Because
the target of cancer screening is an asymptomatic popula-
tion, the facilities should follow guidance on the adequate
radiation exposure dose to avoid using an injection radio-
activity of FDG that is too high or a CT tube current that is
too large.

In the risk—benefit analysis of FDG-PET cancer
screening, o exceeded 1 in a lower age group of dedicated
PET than PET-CT. This suggests that dedicated PET
screening is more effective for a lower age group than
PET/CT. In terms of w, dedicated PET obtained signifi-
cantly larger values than PET/CT regardless of the injection
method of FDG (p < 0.05). From the viewpoint of radiation
exposure risk, PET cancer screening is recommended for
people in their 40s or older, and PET/CT cancer screening is
recommended for people in their 50s or older. According to
Minamimoto et al. [14], most people who undergo FDG-
PET cancer screening in their 50s or older (70.8%) may
potentially enjoy the benefits of such screening. In PET
without CT, physicians cannot refer to fusion or CT images
for diagnosis. Therefore, dedicated PET detectability of
cancer is inferior to that of PET/CT, and the benefit
decreases. In this study, « was used to evaluate the risk—
benefit by considering the difference in detectability
between dedicated PET and PET/CT. Dedicated PET, in
which radiation is derived only from internal exposure and
thus is lower, showed a more important risk decrease than
benefit decrease and thus proved more pertinent for a lower
age group than PET/CT.

This study has the following drawbacks. First, FDG-
PET cancer screening is usually combined with other
cancer-screening tests [5]. The FDG-PET cancer-screening
sensitivity used in the benefit calculations in this study was
obtained by combining the sensitivity of FDG-PET (PET/
CT) examination and the sensitivity of other cancer-
screening methods. FDG-PET cancer-screening sensitivity
varied depending on the facility because the other cancer-
screening methods and their accuracy are substantially
different between facilities [5, 18, 19]. This study used the
mean sensitivity for FDG-PET cancer screening in all of
the relevant facilities for evaluation; thus, the study design
has a general nature. The data should be reanalyzed to
evaluate individual facilities. Presently, many facilities
combine various X-ray examinations, such as lung cancer
CT and mammography, with FDG-PET cancer screening.
Radiation from these combined examinations should also
be considered in risk—benefit analyses. A more broad view
may also be required to evaluate the effectiveness of an
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examination, considering not only the radiation viewpoint
but also adverse effects and other risks that possibly arise
from the test. For example, compared with endoscopy,
which is considered to be invasive because of the risk of
perforating the gastrointestinal tract, FDG-PET cancer
screening is less invasive because only FDG is adminis-
tered intravenously to the subject.

Second, in this study, a risk—benefit analysis was per-
formed by assuming that the subjects underwent FDG-PET
cancer screening only once. No evaluation was made
regarding the subjects who underwent FDG-PET cancer
screening twice or more often during the past years. When
subjects undergo repeated FDG-PET cancer screenings, a
risk—benefit analysis should be performed using different
parameters (e.g., sensitivity of screening, 5-year survival
rate of the screening group) other than those used for first-
time screening. Moreover, when subjects undergo repeated
FDG-PET cancer screening, the radiation exposure dose is
cumulative. The method of evaluation of oncologic risk
due to repeated radiation exposure is currently under
investigation.

The FDG-PET cancer-screening situation in Japan was
revealed from the investigation of radiation exposure
requested by the guidelines. By encouraging the facilities
to refer to the results to review their screening protocols, a
reduction in radiation exposure is expected, and the
screening is expected to be further standardized from the
viewpoint of radiation exposure.

Conclusions

The actual situation of radiation exposure of FDG-PET
cancer screening was studied, and a risk—benefit analysis
was conducted on the basis of the field investigation. The
average estimated effective dose was 4.4 mSv (male
4.7 mSv; female 4.0 mSv) for dedicated PET and
13.5 mSv (male 14.2 mSv; female 12.8 mSv) for PET/CT.
As a result, the risk/benefit break-even age from the
viewpoint of radiation exposure was in the 40s for men and
30s for women for dedicated PET and in the 50s for men
(regardless of the injection method) and 50s (for variable
dose) or 60s (for constant dose) for women for PET/CT.
FDG-PET cancer screening is beneficial for examinees, but
this benefit depends on age, gender, and type of examina-
tion (PET or PET/CT). The benefit/risk ratio can be
improved if the radiation exposure dose is reduced and the
subsequent risk is also reduced.
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