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Abstract Clinical studies have demonstrated that hybrid sin-
gle photon emission computed tomography (SPECT)/CT for
various diagnostic issues has an added value as compared to
SPECTalone. However, the combined acquisition of function-
al and anatomical images can substantially increase radiation
exposure to patients, in particular when using a hybrid system
with diagnostic CT capabilities. It is, therefore, essential to
carefully balance the diagnostic needs and radiation protection
requirements. To this end, the evidence on health effects in-
duced by ionizing radiation is outlined. In addition, the essen-
tial concepts for estimating radiation doses and lifetime attrib-
utable cancer risks associated with SPECT/CT examinations
are presented taking into account both the new recommenda-
tions of the International Commission on Radiological
Protection (ICRP) as well as the most recent radiation risk
models. Representative values of effective dose and lifetime
attributable risk are reported for ten frequently used SPECT
radiopharmaceuticals and five fully diagnostic partial-body
CT examinations. A diagnostic CT scan acquired as part of

examination unless an emission scan has been indicated, the
issue on justification comes down to the question of whether it
is necessary to additionally acquire a low-dose CT for atten-
uation correction and anatomical localization of tracer uptake
or even a fully diagnostic CT. In any case, SPECT/CT studies
have to be optimized, e.g. by adapting dose reduction mea-
sures from state-of-the-art CT practice, and exposure levels
should not exceed the national diagnostic reference levels for
standard situations.

Keywords Hybrid imaging . Radiation exposure . Radiation
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Introduction

Medical imaging using ionizing radiation always poses some
risk of adverse health effects to the persons examined—espe-
cially radiation-related cancer. This particularly applies to
patient studies using hybrid positron emission tomography
(PET)/CT or single photon emission computed tomography
(SPECT)/CT devices that combine two imaging modalities,
both of which can expose patients to relatively high radiation
doses: a positron or single photon emission tomograph for
functional imaging and a CT system for anatomical imaging
[1, 2]. The particular roles and perspectives of both these
hybrid imaging technologies for health care are still a matter
of debate [3].

According to a recent international survey [4], the majority
of SPECT/CT centres do not fully utilize the diagnostic po-
tential of the CT component of dual-modality systems. This is
basically due to the high fraction of first-generation SPECT/
CTs currently in clinical operation that are equipped only with
a lower-quality CT component designed for attenuation cor-
rection of the emission data and anatomical localization of
radiotracer uptake. However, most recent second-generation
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a combined SPECT/CT examination contributes consider-
ably to, and for some applications even dominates, the total
patient exposure. For the common SPECT and CT exami-
nations considered in this study, the lifetime attributable
risk of developing a radiation-related cancer is less than
0.27 %/0.37 % for men/women older than 16 years, respec-
tively, and decreases markedly with increasing age at expo-
sure. Since there is no clinical indication for a SPECT/CT



SPECT/CTs are equipped with state-of-the-art CT technology
providing a high-output X-ray tube and an axially extended
detector system. This technical progress will not only improve
the clinical flexibility and diagnostic confidence in hybrid
SPECT/CT imaging but it will also increase radiation expo-
sure to patients substantially. It is, therefore, essential to care-
fully balance the diagnostic needs and radiation protection
requirements.

From a radiation protection point of view, SPECT/CT is
actually more challenging and methodologically complex
than PET/CT for several reasons:

– As compared to PET, there is a much larger number of
approved and, due to the availability of commercial
kits, clinically accessible radiopharmaceuticals for
SPECT, some of which may subject patients to consid-
erable levels of radiation due to the long half-life of the
gamma emitters used for radiolabelling in cases of a
non-critical use.

– Except for brain and cardiac examinations, SPECT/CT
studies are usually performed after conventional planar
scintigraphy and generally focus on a specific body
region requiring more detailed evaluation using the hy-
brid tomographic imaging technology. Accordingly, X-
ray dosimetry has to be adapted to the particular scan
region in SPECT/CT, which is not necessary for the
majority of PET/CT studies carried out as whole-body
scans.

– PET/CT is being used predominantly for imaging elderly
cancer patients with a reduced radiation susceptibility and
life expectancy, whereas SPECT/CT examinations are
more often carried out in younger patients suffering from
benign diseases (see below).

The aim of this review article is to outline the evidence on
health effects induced by ionizing radiation, to present the
essential concepts for estimating radiation doses and risks
associated with SPECT and CT examinations as well repre-
sentative results, and to discuss various aspects that have to be
considered in the process of justification and optimization of
SPECT/CT studies, in particular when using a hybrid system
with diagnostic CT capabilities.

Evidence of health hazards from ionizing radiation
and principles of radiation protection

Radiation exposure of patients undergoing a SPECT/CT ex-
amination may lead to stochastic health effects, the most
significant being the induction of cancer. Cancers caused by
ionizing radiation occur after a latency period of several years
to decades after the time of exposure. They do not differ in
clinical appearance from cancers caused by other factors.

Radiation-induced cancers can thus not be recognized as such,
and it is only by means of epidemiological studies that in-
creases in the cancer incidence of irradiated groups can be
detected.

Increased cancer rates have been demonstrated in humans
through various radio-epidemiological studies at moderate or
high doses. The so-called Life Span Study (LSS) of the survi-
vors of the atomic bombings in Hiroshima and Nagasaki is the
most important one of these studies [5]. The follow-up of the
atomic bomb survivors has provided detailed knowledge of the
relationships between radiation risk and a variety of factors,
such as the absorbed dose, the age at exposure, the age at
diagnosis and other parameters. The data are largely supported
by a multitude of smaller studies, mostly on groups of individ-
uals exposed for medical reasons, both in diagnostics and
therapy [6].

Until now, there is considerable controversy regarding the
risk of low levels of radiation (< 100 mSv), typical of diag-
nostic radiation exposures, since radiation risks evaluated at
low dose levels are not based on experimental and epidemio-
logical evidence [7–9]. Given this lack of evidence, estimates
on risk, derived from high doses, have been extrapolated
down to low dose levels by various scientific bodies, includ-
ing the International Commission on Radiological Protection
(ICRP, [10]), the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR, [11]), and the
Biological Effects on Ionizing Radiation Committee (BEIR,
[6]). Estimates on risk per unit of dose have been derived
using the so-called linear, no-threshold (LNT) hypothesis,
which is based on the assumptions that (1) any radiation
dose—no matter how small—may cause an increase in risk
and (2) the probability of this increase is proportional to the
dose absorbed in the tissue. Although the risk evaluated at low
dose levels is thus hypothetical, it is prudent to assume that it
exists and that the LNT model represents an upper bound for
it. It is for this reason that current radiation protection stan-
dards as well as risk assessments are based on the LNT
hypothesis [10].

In line with this philosophy, current radiation protection
recommendations and directives [e.g. 12–14] require that

– all new types of radiodiagnostic procedures shall be jus-
tified in advance before being generally adopted;

– all individual medical exposures shall be justified in
advance taking into account the specific objectives of
the exposure and the characteristics of the individual
involved;

– all procedures shall be optimized to keep doses as low as
reasonably achievable (ALARA principle) consistent
with obtaining the required diagnostic information;

– diagnostic reference levels (DRLs ) shall be established
and used both for common and for dose-intensive types
of radiodiagnostic procedures.
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Estimation of radiation doses and risks to patients
in SPECT/CT

Fundamental dose quantities

It is generally assumed that the probability of detrimental
radiation effects depends on the energy deposited by ionizing
radiation in a specified organ or tissue, T. Therefore, the fun-
damental physical dose quantity is the absorbed doseDT (given
in the unit gray, 1 Gy=1 J/kg), which is defined as the radiation
energy absorbed in a small volume element of matter divided
by its mass. For radiological protection purposes, the absorbed
dose is averaged over an organ or tissue and weighted by a
dimensionless radiation-weighting factor, wR, to reflect the
difference in biological effectiveness of radiation with a low
and high linear energy transfer (LET). The resulting weighted
dose is designated as the organ equivalent dose HT=wR DT

(given in the unit sievert, Sv=1 J/kg). For low LET radiation,
such as X-rays and gamma radiation, wR is equal to 1.

Tissues and organs are not equally sensitive to the effects of
ionizing radiation. For this reason, tissue-weighting factors,
wT, are provided by the ICRP for a reference population of
equal numbers of both sexes, covering a wide range of ages
[10]. These factors indicate the relative proportion of each
organ or tissue in total health detriment resulting from uniform
irradiation of the whole body. If the body is exposed in a non-
uniform manner, as for example in a patient undergoing a
SPECT/CT examination, the sum of the products of the
sex-averaged organ doses and the corresponding tissue-
weighting factors determined for each of the various organs
or tissues exposed has to be computed according to the fol-
lowing equation:

E ¼
X
T

wT ⋅HT with
X
T

wT ¼ 1 ð1Þ

The resulting quantity is denoted as effective dose E (in Sv).
Based on this dose quantity, it is possible to compare and add
the probability of stochastic radiation effects resulting from
different radiation exposures—as for example a SPECTor CT
examination yielding a different pattern of dose distribution in
the body. It should be noted, however, that the concept of
effective dose facilitates only a generic assessment of stochas-
tic radiation risks since the age and sex of exposed individuals
are not taken into account. Nevertheless, it provides a rational
framework for the justification and optimization of radiolog-
ical imaging procedures.

Based on the latest available scientific information, the
tissue-weighting factors, wT, were modified in 2007 by the
ICRP [10]. The most significant changes from the previously
held values [15] relate to breast (0.05→ 0.12), gonads (0.2→
0.08) and the remainder tissues (0.05 → 0.12 using a simpli-
fied additive system).

Measurable dose-related quantities

In practice, neither organ doses nor effective doses can be
measured directly. In order to overcome this difficulty, dose-
related quantities are defined for radiodiagnostic procedures,
which can easily be measured and documented for each
patient examination. Examples are the activity (A ) of a spe-
cific radiopharmaceutical administered for nuclear medicine
diagnostics or the computed tomography dose index (CTDI)
and the dose-length product (DLP) in CT. These quantities are
not only used to compare different SPECT and CT protocols
but they also form the basis for estimating organ and effective
doses.

The weighted CTDI (CTDIw given in mGy) indicates the
average dose inside an irradiated slice that would result if the
axial dose profile was entirely concentrated in a rectangular
profile of width equal to the nominal slice thickness. It is
measured using a standardized CT dosimetry phantom, thus
taking into account the effect of both scan parameters (e.g.
tube voltage, current-time product) and system-specific fac-
tors (e.g. beam filtration, geometry, overbeaming). Whenever
an extended axial body region is scanned continuously instead
of acquiring data from only a single slice, as is usually the case
in spiral CT, the dose for a particular slice may be increased or
reduced depending on the table feed. In this case, the average
dose is given by the volume CTDI

CTDIvol ¼ CTDIw
p

ð2Þ

with p being the pitch factor that characterizes the degree of
packing of the slice profiles. For p <1 the slices overlap,
resulting in an increase of local dose. Besides this dose quan-
tity, the length (L ) of the scan region is the second important
parameter that determines radiation exposure of a patient
undergoing a CT procedure. Therefore, the DLP

DLP ¼ CTDIvol ⋅ L ð3Þ

(given in mGy cm) is used as an additional dose descriptor to
characterize the integral dose delivered to the patient. Both the
CTDIvol and DLP value of a CT scan have to be displayed at
the operator’s console of the device.

For ten radiopharmaceuticals frequently used for SPECT
examinations in Germany, typical activities administered to
adult patients are given in Table 1. Representative values of
CTDI vol, DLP and L are summarized in Table 2 for fully
diagnostic CT scans of five body regions. The median
values and interquartile intervals of the measurable dose-
related quantities given in both tables are based on the evalu-
ation of a large number of SPECT and CT examinations
carried out in a wide range of hospitals and private prac-
tices in Germany. The variation of the considered quantities
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Table 1 Representative administered activities and dose values for ten radiopharmaceuticals frequently used in Germany for SPECT examinations of
adult patients

Organ/body
region

Radiopharmaceutical hE (μSv/MB)a Test/specification No. of sites/
examinations

A (MBq)b E (mSv)c

Median Interquartile
interval

Brain 123I-ioflupane (FP-CIT) 40 Dopamine transporter
distribution

21/818 180 176–188 7.2

Parathyroid 99mTc-methoxyisobutyl
isonitrile (MIBI)

6.8 Hyperparathyroidism 32/845 535 438–688 3.6

Myocardium 99mTc-MIBI/99mTc-tetrofosmin Rest, 6.8/6.2 Perfusion, vitality

Stress, 5.9/5.8 –1-day protocol
–2-day protocol

23/2,213
32/6,231

970d

738e
922–1,048d

636–976e
6.0/5.7
4.7/4.4

201TI-chloride 120 Perfusion, vitality 15/537 74 70–94 8.9
99mTc-red blood cells 11 Ventriculography 8/611 700 688 – 721 7.7

Lung 99mTc-macroaggregated
albumin (MAA)

13 Perfusion 46/1,740 160 114–190 2.1

99mTc-diethylenetriaminepentaacetic
acid (DTPA)

3.4 Ventilation 14/370 950f 855–1,045f 0.13

99mTc- technegas 17 Ventilation 14/776 390g 327–545g 0.66

Skeleton 99mTc-bisphosphonates 4.0 Underlying disease

–Benign
–Malignant

46/23,088
43/36,275

510
661

486–553
602–700

2.2
2.6

Whole body 111In-octreotide 59 Somatostatin receptor-
expressing tumours

25/528 167 144–180 9.9

The data are based on an evaluation of SPECT examinations carried out in 48 hospitals and private practices in 2007/2008
a hE dose coefficient for the effective dose estimated using the new tissue-weighting factors given in [10] and voxel phantoms for reference persons
described in [27]. Since the new AF(rt @ rs) values for voxel phantoms are not yet finally published by the ICRP, the given data are preliminary and may
still change slightly
bA administered activity
cE effective dose estimated for the given median activity values
d Total activity for the stress (about 30 %) and the subsequent rest (about 70 %) examination
e Total activity for the rest (about 50 %) and stress (about 50 %) examination
f Activity in nebulizer, assumed uptake 4 %
gActivity in nebulizer, assumed uptake 10 %

Table 2 Measurable dose-related quantities and effective doses for fully diagnostic single-phase CT scans of adults performed using conventional
multislice CT systems in Germany in 2011

Organ/body
region

No. of sites/
examinations

CTDIvol (mGy)a DLP (mGy cm)a L (cm)a E (mSv)b

Median Interquartile
interval

Median Interquartile
interval

Median Interquartile
interval

Brain 214/3,254 57.5 52.4–60.7 697 512–880 13.5 9.3–15.1 1.4

Chest 224/3,341 9.9 7.0–12.0 314 252–407 33.8 28.2–37.8 5.7

Upper abdomen 76/1,175 11.2 7.8–13.4 319 258–504 25.7 22.7–33.6 5.8

Abdomen 209/3,231 13.0 9.6–18.4 604 448–847 50.2 38.2–58.0 9.7

Pelvis 97/1,323 11.8 9.0–15.0 320 266–413 26.8 23.2–32.2 4.2

aCTDIvol volume CT dose index, DLP dose-length product, L scan length
bE effective dose estimated for the given median values of CTDIvol and DLP with the dosimetry program CT-Expo (version 2.1) using the tissue-
weighting factors given in [10]
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(described as deviation of the quartiles from the median) is
somewhat greater for the CT scans (CTDIvol < 42 %, DLP <
58 %) than for the activities applied for SPECT examinations
(< 32 %).

Estimation of organ and effective doses

Organ doses from the intake of radiolabelled compounds,
such as SPECT radiopharmaceuticals, cannot be measured;
they can only be estimated on the basis of biokinetic and
dosimetricmodels [16]. Biokinetic models describe the uptake
and retention of incorporated radionuclides in source regions
of the body where they accumulate as well as their excretion
from the body. They are used to calculate the numbers of
nuclear transformations in the source regions which are need-
ed to calculate the dose to target tissues by dosimetric models.
In general, biokinetic models are formulated as compartment
models. If the tracer is intravenously injected, the starting
compartment represents the blood pool from where the radio-
pharmaceutical is transported by active or passive processes to
other tissue compartments, representing the source regions
where it accumulates, and is excreted (mainly) via urine and
faeces. In general, the retention in a compartment can be
described by a biological half-life, i.e. by a period of time
within which half of the material is removed from the com-
partment. Dosimetric models are used to calculate the dose to
a target tissue due to a nuclear transformation in the consid-
ered source regions. For this purpose, absorbed fractions
AF(rT←rS) are determined, i.e. the fraction of the energy
emitted in a source region rS which is absorbed in a target
tissue rT. For penetrating gamma radiation, absorbed fractions
are calculated by Monte Carlo methods based on anthropo-
morphic body phantoms which describe the position and the
form of the source regions and target tissues. Combining the
results from both biokinetic and dosimetric models, dose
coefficients h (rT) (in μSv/MBq) are computed that give the
equivalent dose HT to an organ T per unit activity intake.
Once these dose coefficients are available, organ equivalent
doses and the effective dose can simply be estimated for a
particular SPECT examination from the administered activity
by

HT ¼ A⋅h rTð Þ and E ¼ A
X

T
wT ⋅ h rTð Þ ¼ A⋅hE; ð4Þ

respectively. In this equation, hE is the dose coefficient for the
effective dose.

The preliminary hE values summarized in Table 1 for ten
SPECT tracers are computed by means of the biokinetic
models developed by the ICRP [17–19] assuming a bladder
voiding interval of 3.5 h. It should be noted that the given dose
coefficients differ by between −30 % (99mTc-DTPA, 99mTc-
bisphosphonates) and +60 % (99mTc-red blood cells) from the
data given in the three mentioned ICRP publications due to the

use of the new body reference phantoms (see below) and
tissue-weighting factors specified in ICRP Publication 103
[10]. For the considered SPECT tracers, the calculated hE

values vary between about 3 and 120 μSv/MBq. As the
physical half-life of the nuclide used for radiolabelling is a
major determinant of patient exposure, the dose coefficients
estimated for the 99mTc-labelled radiopharmaceuticals are
markedly lower (hE<17 μSv/MBq) than for the compounds
labelled with 111In, 201Tl and 123I (hE>40 μSv/MBq).

Monte Carlo methods based on anthropomorphic body
phantoms can in principle also be used to compute organ
doses for any CT scan from the measured dose-related param-
eters CTDIvol and DLP. However, this time-consuming ap-
proach is not practicable given the large variety of CTsystems
and the variability of scan parameters applied in routine clin-
ical practice. Therefore, organ and effective doses computed
for only a few CTsystems and parameter settings are used and
corrected properly to be applicable to other CT systems and
protocols [20]. This task is supported by easy-to-handle soft-
ware programs [e.g. 21–23]. Alternatively, effective doses can
be very roughly estimated from the DLP by

E ¼ KE ⋅DLP ð5Þ

withKE being a body region-specific conversion factor. In the
European Guidelines for Multislice Computed Tomography
[24] conversion factors are given (in mSv/mGy/cm) for the
head (0.0023), neck (0.0054), chest (0.019), abdomen (0.017),
pelvis (0.017) and legs (0.0008). However, these values were
derived by using the old tissue-weighting factors given in
ICRP Publication 60 [15]. When an automatic exposure con-
trol is used, the effective CTDIvol or DLP indicated by the
system after the scan can be used as surrogate parameter to
take the variation of the tube current into account approxi-
mately [25].

For a long time, mathematical phantoms have been used for
dose computations describing organs and tissues in the human
body by simple geometric objects. They are now being re-
placed by much more realistic voxel phantoms derived from
MRI or CT images of real persons. For purposes of radiation
protection, voxel phantoms are adjusted to the dimensions of
the ICRP reference persons [26]. Reference voxel phantoms for
an adult man (body weight 74 kg, body mass index 24 kg/m2)
and woman (60 kg, 23 kg/m2) are published in ICRP
Publication 110 [27] and should be used for the estimation of
organ and effective doses.

Independent of the particular biokinetic and dosimetric
model used for dose estimation, the resulting dose values
always hold for a reference person. Since the particular stat-
ure, anatomy, physiology and metabolism of individual pa-
tients are not taken into account, dose estimates are generic
rather than patient specific.
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For the ten SPECT and five fully diagnostic single-phase CT
examinations listed in Tables 1 and 2, respectively, effective
doses have been calculated from the median values of the
corresponding measurable dose-related quantities. Effective
doses for SPECT tracers that are intravenously injected (i.e. not
inhaled) are between about 2 and 10 mSv, thus varying much
less than the corresponding dose coefficients, hE. The
higher doses per activity when imaging compounds la-
belled with the longer-lived isotopes 111In, 201Tl and 123I
are thus compensated by lower activities administered to the
patients. CT scans of the brain yield the highest local dose
levels (CTDIvol) but only relatively low effective doses be-
cause the irradiated tissues have a low tissue-weighting factor.
In contrast, examinations of the abdomen result in much lower
local doses but in high effective doses due to both an extended
scan range and higher tissue-weighting factors of the exposed
tissues.

The average values of the effective dose determined in
this study for patient examinations performed in a large
number of hospitals and private practices using convention-
al SPECTand CT devices are compared in Table 3 with data
obtained in two recent single-centre studies [28, 29] for
patient examinations carried out using second-generation
hybrid SPECT/CT systems. The results agree reasonably
well taking into account the differences in study design and
dosimetry (multi-centre evaluation of a large number of
scans, solely diagnostic CTs, dosimetric concepts of ICRP
Publication 103 versus single-centre evaluations of a limited
number of scans, both low-dose and diagnostic CTs, dosimet-
ric concepts of ICRP Publication 60).

The effective dose from a combined SPECT/CT examina-
tion is, of course, the sum of the effective doses arising from
all scan components. According to the values given in
Tables 1 and 2 for the effective dose associated with

representative SPECT and CT examinations, respectively, di-
agnostic CT scans acquired as part of a combined SPECT/CT
examination contribute considerably to, and for some appli-
cations even dominate, total patient exposure.

Assessment of radiation risks to patients in SPECT/CT

The effective dose is neither recommended for epidemiolog-
ical evaluations nor should it be used for detailed specific
retrospective investigations of individual radiation risks [10].
For the estimation of the potential consequences of a radiation
exposure to individual patients, it is necessary to use specific
data characterizing the exposed individual.

The standard approaches to generate age-, sex- and organ-
specific risk estimates are based on excess relative risk (ERR)
or excess absolute risk (EAR) models. The ERR model as-
sumes that the excess risk is proportional to the baseline risk,
i.e. the risk for a person to develop a specific cancer in the
absence of radiation. The EAR model expresses the risk in
terms of differences between the total risk and the baseline
risk. Both approaches are used to model the organ-specific
absolute rate arT

arT e; a; s;DTð Þ ¼ ro;T a; sð Þ ⋅ 1 þ errT e; a; s;DTð Þ½ � ð6aÞ
arT e; a; s;DTð Þ ¼ ro;T a; sð Þ þ earT e; a; s;DTð Þ ð6bÞ

that gives the total absolute risk of a person of sex s , after
exposure to an absorbed organ dose DT, at age e , to develop
cancer at age a . In these equations, ro,T, errT and earT are the
baseline rate, the excess relative rate and the excess absolute
rate, respectively. For example, an err =1 means that the
additional, radiation-related cancer risk is as high as the nor-
mal cancer risk. Estimates of excess risk for specific organs

Table 3 Comparison of effective doses (mean±SD) determined in this
study for patient examinations performed using a large number of con-
ventional SPECTand CT devices with data reported in two recent single-

centre studies for patient examinations carried out in routine clinical
practice using second-generation SPECT/CT systems

Study Present Larkin et al. [28] Sharma et al. [29]

No. of scans Ea (mSv) No. of scans Eb (mSv) No. of scans Eb (mSv)

CT

Brain 3,254 1.3±0.5 10 0.7±0.5 111 0.9±0.6

Chest 3,341 6.9±2.6 40 7.4±2.7 76 3.9±2.3

Abdomen 3,231 10.6±5.0 41 8.6±4.6 74 4.6±2.5

Pelvis 1,323 4.9±3.6 67 6.1±2.0 43 4.8±2.7

SPECT
99mTc-bisphosphonates 59,363 2.4±0.3 17 3.8±3.9 164 4.1±1.7
99mTc-methoxyisobutyl

isonitrile, parathyroid
845 3.8±1.1 78 5.4±1.7 30 6.4±0.7

a Effective dose estimated using voxel models for reference persons and tissue-weighting factors given in ICRP Publication 103 [10]
b Effective dose estimated using mathematical models for reference persons and tissue-weighting factors given in ICRP Publication 60 [15].
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are usually derived from cancer incidence data of the LSS,
where linear dose dependence is commonly assumed for solid
tumours, while a linear-quadratic approach provides better
results for leukaemia. The most recent models are summarized
in the BEIRVII report [6].

The organ-specific excess absolute lifetime risk or lifetime
attributable risk, LAR , is calculated by summing up all
earT(e,a,s,DT) values between e+Δt (with Δt being the
minimum latency period) and the age of, e.g. 85 years, com-
monly used for lifetime risk estimates. The ear should be
corrected for competing risks by the conditional probability
P(e,a ), i.e. the probability that a person of age e survives
beyond the age a

LART e; s;DTð Þ ¼
Z

a¼eþΔt

85

earT e; a; s;DTð Þ ⋅ P e; að Þ da ð7Þ

with earT=ro,T errT in the case of the ERR model. The
minimum latency period Δt is the time during which
radiation-induced cancer typically does not show clinical
symptoms. A Δt of about 5 years for solid cancer and about
2 years for leukaemia is widely applied for incidence data. To
determine the total LAR , all organ-specific LART estimates
have to be summed up.

For many cancer sites, there are substantial differences in the
baseline risks between Japanese and Western populations and,
consequently, also between organ-specific risks estimated by an
ERR or EAR model. The approach used in the present study to
deal with this problem is described in detail in reference [30]. A
detailed discussion of the uncertainties associated with the esti-
mation of radiation risks can be found in recent reviews [7, 8].

Using the presented approach for risk estimation as well as
German disease and life table data [31, 32], total LARs were
estimated (with a dose and dose-rate effectiveness factor of 1)
for the SPECT and CT examinations considered in detail in
this paper based on organ doses calculated for representative
values of the measurable dose-related quantities. The esti-
mates are plotted in Figs. 1 and 2 for both sexes and different
ages at exposure. The risk related to a specific SPECT/CT
examination is the sum of the LARs determined for the separate
SPECT and CT scan(s). As a general result, the figures reveal
that the LAR decreases markedly for all examinations with
increasing age at exposure and is—in particular at younger
ages—markedly higher for women than for men (even though
the differences in the plots may be overestimated to a small
extent, since the risks were estimated using sex-averaged and
not sex-adapted measurable dose-related quantities). The esti-
mated risks can be compared with the lifetime baseline cancer
risk, i.e. the ‘normal’ risk of developing cancer during the
remaining lifetime from, e.g. from age 20 years. In Germany,
the lifetime baseline cancer risk for all cancers (excluding skin
cancer) is about 39 % for women and about 47% for men [32].

For different SPECTexaminations frequently performed in
Germany in routine clinical practice, the age distribution of the
respective patients is characterized in Fig. 3. The plot reveals
that between 53% (parathyroid imaging usingMIBI) and 70%
(lung ventilation studies using DTPA) of the patients are older
than 60 years and thus run only a marginal risk of developing
an examination-related cancer in their remaining life. The vast
majority (78 %) of heart studies is performed in patients aged
between 46 and 75 years. In patients with lung dysfunctions
this percentage is markedly lower (61%). SPECTexaminations
of the lungs are performed to a considerable fraction not only in
older (24 %) but in particular also in younger (15 %) patients.
The highest percentage of very young patients (16–30 years)
occurs in cases of lung ventilation studies using technegas
(6.4 %).

The following two concrete examples demonstrate how the
presented data are used to estimate radiation risks of combined
SPECT/CT examinations:

– A ventilation and perfusion (V/Q) SPECT using 99mTc-
labelled technegas (400 MBq, 10 % lung uptake) and
MAA (160 MBq), respectively, in combination with a
diagnostic CT of the chest in a 25-year-old male/female
patient with lung dysfunction yield a total effective dose
of about 8.5 mSv and a total LAR of 0.10 %/0.24 %. This
corresponds to 1 excess cancer in approximately 1,000/
420 examined men/women.

– Tumour imaging in a 65-year-old male/female patient
with a suspected neuroendocrine tumour by means of
111In-labelled octreotide SPECT (170 MBq) and a diag-
nostic CT of the abdomen results in a total effective dose
of 19.7 mSv and a total LAR of 0.15 %/0.20 %, which
corresponds to 1 excess cancer in approximately 670/500
examined men/women.

In the given examples, the diagnostic CT scan contributes with
67 and 49 % to the total effective dose of the lung and cancer
study, respectively. Whereas the total effective dose of the lung
study is markedly lower compared to the tumour study, expo-
sure results in a higher radiation risk to the young female
patient, thus requiring a particularly strict medical justification
(regarding the need for a CT scan in V/Q imaging see [33]).

Justification and optimization of SPECT/CT
examinations

Generic and individual justification

A strong indication for the generic justification of SPECT/CT
for various diagnostic issues is given by the growing number
of studies demonstrating an added diagnostic benefit when
using the hybrid imaging technology as compared to SPECT
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alone [34] and the usually acceptable (although not complete-
ly negligible) procedure-related radiation risk. Generally
speaking, the possible spectrum of clinical indications for
SPECT/CT—having a major impact on the age distribution
of the patients and, in turn, on the examination-related radia-
tion risk—is defined by the nuclear medicine imaging meth-
od. Nevertheless, questions remain regarding the broad appli-
cability of SPECT/CT to all traditional SPECT applications
[28]. It is, therefore, essential to carefully justify any individ-
ual SPECT/CT examination by considering the benefits and
risks associated with adding CT to a SPECT scan.

Since there is no clinical indication for a SPECT/CT ex-
amination unless a SPECT scan has been indicated, the issue
on justification comes basically down to the question of
whether it is really necessary to additionally acquire a low-

dose CT for anatomical localization of tracer uptake or even a
fully diagnostic CT. In many cases, it may be sufficient to
acquire a low-dose CT scan (E , 1–4 mSv depending on the
axial field of view [34, 35]) as part of the combined SPECT/
CT. This holds particularly true when a separate high-quality
CT (or MRI) has been performed during the clinical work-up
of the patient. By using a low-dose CT protocol, overall
patient exposure is in most situations dominated by internal
radiation from the emission scan and is—at least in cases of
partial-body CTs—not extensively increased as compared to a
conventional SPECT study. In this context it also has to be
considered that (low-dose) CT data are necessary for attenuation
and scatter correction of the acquired emission data, allowing
superior quantification of radiotracer uptake. Nevertheless, any
additional exposure has to be justified.

Males FemalesFig. 1 Values of lifetime
attributable risks (LAR) resulting
from administration of some
SPECT radiopharmaceuticals to
adult male (left column) and
female (right column) patients at
different ages. 99mTc-labelled
compounds (upper row): MIBI
(800 MBq, rest), tetrofosmin
(800 MBq, rest), bisphosphonates
(600 MBq), MAA (160 MBq),
technegas (400 MBq, 10 % lung
uptake) and DTPA (950 MBq,
4 % lung uptake). Non-99mTc-
labelled compounds (lower row):
111In-octreotide (170 MBq),
201Tl-chloride (75 MBq) and 123I-
FP-CIT (180 MBq). Risks were
estimated from absorbed organ
doses computed for reference
voxel phantoms using BEIRVII
models as well as German life
tables and cancer incidence rates.
If the amount of activity
administered to a patient is
deviant from the value given
above, the corresponding LAR
can simply be derived by
assuming a linear relationship
between risk and activity
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Generally, SPECTexaminations should not be performed in
pregnant women. In the rare instance that a SPECT examina-
tion is still clinically indicated, it is essential to keep activity as
low as possible without compromising the image quality. If at
all possible, a CT should not be added or at least limited to
body regions far away from the shielded uterine region. In the
case of a SPECT/CT examination performed in a female
patient unknowingly pregnant, an individual risk assessment
is mandatory. In situations involving the administration of
radiopharmaceuticals to women who are lactating, an interrup-
tion of breastfeeding is advised for some of the SPECT tracers
listed in Table 1 (99mTc-MAA and 99mTc-red blood cells, 12 h;
201Tl-chloride, 48 h; 123I-ioflupane, 3 weeks) [19].

Technique- and technology-related measures for dose
reduction

There are a number of effective measures to optimize radiation
protection of patients undergoing SPECT/CT examinations.

With respect to an intended SPECT examination, the follow-
ing technique-related aspects must be considered:

– 99mTc-Labelled radiopharmaceuticals should be preferred
if available and clinically applicable due to the favourable
physical properties of the radionuclide. Its physical half-
life of about 6 h is sufficiently long to allow for the
radiochemistry as well as for physiological uptake and
distribution but short enough to limit radiation exposure
after the study is completed.

– When applying radiopharmaceuticals labelled with
longer-lived gamma emitters, generally resulting in a
higher effective dose to patients per unit of administered
activity, hE, the activity injected in patients has to be
reduced accepting a loss in image quality (noise, spatial
resolution) and, as the case may be, a longer acquisition
time.

– The amount of activity administered has to be adjusted to
the patient’s size, particularly in the case of children [36].

Males FemalesFig. 2 Lifetime attributable risks
(LAR) for fully diagnostic single-
phase CT examinations of the
brain, chest, upper abdomen,
abdomen and pelvis performed at
different ages in adult male (left)
and female (right) patients. Risks
were estimated for the median
CTDIvol andDLP values given in
Table 2 using BEIRVII models as
well as German life tables and
cancer incidence rates

Fig. 3 Age distribution of
patients for 11 frequently
performed nuclear medicine
studies (cf. Table 1). Data were
evaluated on the basis of nearly
140,000 procedures carried out in
48 hospitals and private practices
in Germany in 2007/2008

Eur J Nucl Med Mol Imaging (2014) 41 (Suppl 1):S125–S136 S133



– To reduce the biological half-life of an applied radiophar-
maceutical, urinary or faecal excretion should be forced
by oral hydration with water or, when indicated, by
administration of a diuretic or laxative.

CT protocols need to be carefully tailored to the clinical
situation to balance radiation exposure and diagnostic needs.
The most important technique-specific strategies for dose
reduction are [37–40]:

– Limiting the body region to be scanned by CT to findings
on the planar scintigram or tomographic emission images,
in particular in follow-up studies. However, SPECT-guided
CT requires that emission images can be reconstructed and
analysed prior to the CT, whichmay not be possible with all
SPECT/CT systems on the market [28, 29].

– Using a pitch greater than 1 in cases of spiral CTscanning
where it is clinically appropriate.

– Acceptance of a higher noise level when using a narrow
slice collimation. Detailed contrast of small lesions is
enhanced with narrow slice collimation due to the reduc-
tion of partial volume effects in the axial direction, where-
by the contrast to noise ratio is considerably improved
even in the presence of an increased noise level.

– Shielding of radiation-sensitive organs.

Optimization of SPECT/CT scans can be further facilitated
by technology-related measures. Up to now, however, innova-
tive SPECT system and image reconstruction technologies
[41–43] have been put into clinical practice primarily to reduce
the acquisition times, since fast imaging provides immediate
benefits in terms of patient throughput and comfort [41]. But
whenever clinically possible, technological advances should be
used, at least in part, to reduce patient exposure by decreasing
the tracer activity to be injected. All CT manufacturers have
meanwhile developed systems for automatic exposure control,
which allow reducing the dose to patients by between 20 and
50 % (depending on the imaged body region) without sacrific-
ing image quality [44]. The principal idea of this approach is to
adapt the tube current to the changing anatomy of the patient
both in the transverse plane and axial direction. Further CT
solutions are under development or clinical evaluation—such
as adaptive collimation [45], scatter reduction, adaptive post-
processing image filtration [46] and, most promising, iterative
image reconstruction [47].

Diagnostic reference levels

In its publication on Radiological protection in medicine [12]
the ICRP recommends the use of DRLs for patient examina-
tions as a measure of optimization of radiation protection. As a
form of investigation level, DRLs apply to dose-related quan-
tities that can easily be measured (CT: CTDIvol and DLP ;

SPECT: A ) and are intended for use as a simple test for
evaluating whether patient exposure is unusually high for a
particular imaging procedure. It should be noted that reference
levels do not apply to individual patients but rather to the
mean value of the measurable dose-related quantities deter-
mined in practice for a suitable reference group (comprising at
least ten patients) to compensate for differences in body
stature. If the measurable dose-related quantities associated
with a specific procedure are consistently exceeding the cor-
responding DRL , the procedures and equipment should be
subject to a local review (clinical audit). Actions aimed at the
reduction of dose levels should be taken, if necessary.

According to the Guidance on diagnostic reference levels
for medical exposures issued by the European Commission
[48],DRLs are applied differently in diagnostic radiology and
nuclear medicine. For nuclear medicine procedures, reference
levels are ‘optimum’ values necessary to obtain the diagnostic
information in standard situations based on the experience of
professional groups. Nevertheless, practitioners are encour-
aged to reach the same good outcome using lower adminis-
tered activities, e.g. by using new equipment with higher
detection efficiency. For CT examinations, reference levels
are defined on the basis of data from surveys performed in
hospitals and private practices in a particular region or state.
Generally, the third quartile of the mean dose levels evaluated
in these facilities for a particular X-ray procedure becomes the
corresponding reference level. It is expected that these levels
are not exceeded on average and that the dose in standard
situations is well below.

SpecificDRLs for combined SPECT/CTexaminations have
not yet been established. Instead, nationalDRLs established for
conventional SPECT and CT scans should be applied to the
components of a combined SPECT/CT examination. The ac-
tual German reference levels for SPECTare close to themedian
activities given in Table 1 and for fully diagnostic single-phase
CT to the third quartile of theDLP values given in Table 2. The
fraction of the amount of a SPECT radiopharmaceutical to an
adult to be administered in paediatrics can be calculated from
the child’s body weight according to the dosage card published
by the European Association of Nuclear Medicine [36]. Age-
or weight-adapted DRLs have also been established in most
states for relevant paediatric CT examinations.

Conclusion

Combined SPECT/CT studies entail increased radiation expo-
sure and risk to patients compared to SPECT alone. It is,
therefore, indispensable to balance the diagnostic needs and
radiation protection requirements by applying the principles
of justification and optimization. Since the choice of an ap-
propriate examination technology and technique depends on
the individual clinical situation, the diagnostic physician plays
a pivotal role in the process of justification and optimization.
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In any case, SPECT/CT studies have to be optimized, e.g. by
adapting dose reduction measures from state-of-the-art CT
practice, and should for standard situations not exceed the
national DRLs .
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