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Introduction

Positron emission tomography (PET), after having
spent 20 years or more being developed within the re-
search environment, has now emerged as a clinical di-
agnostic tool. This means that PET facilities are now
being located in imaging departments of nuclear medi-
cine and radiology within the hospital environment. In
most cases, these facilities were not designed for the
higher-energy annihilation radiation of PET tracers. In
addition, many of the approaches already employed in
the nuclear medicine departments to reduce radiation
exposure need to be re-thought to implement with PET,
again due to the higher-energy nature of the radiation.

This chapter will discuss many of the radiation
safety issues that have arisen from the transition of
PET from the research/university environment into the
clinical environment.

Impact of PET Radionuclide Decay
Schemes

The short half-lives of clinical PET radionuclides limit
the internal radiation dose to patients and the external
radiation dose to persons who come in contact with
the patient some time after the PET scan. However,
they confer no particular benefit on PET staff who
must contend with high dose rates from patients and
many patients to be scanned each day. The various
aspects of “exposure to radiation” need to be described
in specific dosimetric terms.

The radiation absorbed dose, D, is the energy de-
posited per unit mass of an absorbing material, includ-
ing biological tissue. In SI units, absorbed dose is
expressed in grays (Gy): 1 Gy is 1 joule per kilogram.
Absorbed doses from natural background radiation are
of the order of 2 mGy per year, absorbed doses in med-
icine typically range up to a few tens of mGy from di-
agnostic procedures and tens of Gy to tissues targeted
in therapeutic applications. Two derived dose quanti-
ties are invoked to regulate the exposure of persons at
work and the public at large [1]: equivalent dose, H,
and effective dose, E, both of which are expressed in
sieverts (Sv). Equivalent dose is absorbed dose
weighted for the type of radiation and averaged over
the whole organ or tissue (except in the case of skin).
Fortunately, for simplicity in most medical applica-
tions, the radiation weighting factor for electrons,
positrons, X- and gamma rays is one and therefore the
equivalent dose in Sv is numerically equal to the ab-
sorbed dose in Gy. Effective dose is also a mathematical
construct: a weighted sum of the equivalent doses to
the individual organs and tissues of the body. The
tissue weighting factors take account of the relative
susceptibility of different tissues to radiation damage.
Effective dose represents the long-term risk of harm
from low-level exposure, essentially the risk of radi-
ogenic cancer.

Most countries have adopted the dose limits recom-
mended by the International Commission on
Radiological Protection (ICRP) as shown in Table 12.1.
Medical exposures are not included in the system of
recommended limits. The limit on effective dose for
occupational exposure is associated with an acceptable
long-term risk compared to most other occupational
hazards; the limit for members of the public is consid-
ered to be acceptable because it is comparable to varia-
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tions in natural background radiation [1]. The effective
dose limits are supplemented by limits on the equiva-
lent dose to the tissues most likely to receive a high ex-
posure at work – the skin, eyes and the hands and feet
(“extremities”) – to avoid damage to skin and forma-
tion of cataracts in the lens of the eye. For the purposes
of monitoring a person’s exposure to an external
source of radiation, the ambient dose equivalent at a
depth of 10 mm in tissue, H*(10), also called the deep
dose equivalent (DDE), may be taken as the effective
dose from a uniform whole-body exposure. The direc-
tional dose equivalent at a depth of 0.07 mm in tissue,
H’(0.07), also called the shallow dose equivalent (SDE),
can be taken as the equivalent dose at the average
depth – 70 μm–of the basal cell layer in skin [2].

In terms of energy deposition in tissue, PET ra-
dionuclides have more in common with the radionu-
clides used for therapy than those used for diagnostic
imaging. The amount of energy deposited locally or at
a distance from disintegrating atoms in an infinite
medium is indicated by the equilibrium absorbed dose
constant, Δ, as shown in Table 12.2 for a selection of ra-
dionuclides used for diagnosis and therapy [3, 4].
Positrons, being non-penetrating charged particles,
deposit their energy locally and account for most of the
dose to the organs and tissues of PET patients. The an-
nihilation photons are penetrating and account for the
exposure of persons nearby. The influence of half-life
on the energy available from the total decay of a source
is also evident in Table 12.2.

External exposure is the most significant pathway for
occupational exposure in PET facilities. The high dose
rates from PET radionuclides relative to other radionu-
clides used for diagnostic imaging are due to their high
photon energy (511 keV) and abundance (197–200%
for the PET radionuclides shown in Table 12.2 as there

are two photons for each positron emitted). Other po-
tential pathways are

(i) a skin dose from surface contamination,
(ii) a deep dose from bremsstrahlung generated in

lead or other shielding material of high atomic
number,

(iii) a superficial dose from positrons emitted from the
surface of uncovered sources,

(iv) an immersion and inhalation dose from a release
of radioactive gas into the room air.

The starting point when planning protection against
external exposure from a radioactive source is a
knowledge of the dose rate from the radionuclide in
question. However, it is not always a straightforward
exercise to find the appropriate value from published
data. Variables include the physical quantity and ab-
sorbing medium (for example, exposure, absorbed
dose, kerma in air; kerma or equivalent dose in tissue),
distance from the source (for example, 1 cm, 30 cm,
1 meter), source configurations (for example, point
source, vial), lower bound on photon energy (for
example, 10 keV, 20 keV) and, of course, units (SI or old
system).

Dose rates in air were traditionally calculated using
the specific gamma ray constant (m2 R mCi–1 h–1 in old
units) for the exposure rate at 1 meter from the nuclide
in question. The conversion factor from exposure in air
(roentgens, R) to absorbed dose in tissue was close to
unity and was generally ignored.1 With the introduc-
tion of SI units, the International Commission on
Radiation Units and Measurements (ICRU) recom-
mended that the specific gamma ray dose constant
should be phased out and replaced by the air kerma
rate constant [5].2 The conversion factor from air
kerma to ambient dose equivalent is not close to unity.
It takes account of scattering and attenuation in tissue
and depends on the photon energy [6]. The dose rates
in air and tissue at a distance of 1 meter from a 1GBq
“point” source of commonly used radionuclides are
given in Table 12.3 [6, 7].

There is good agreement between the data in Table
12.3 for the ambient and deep dose equivalent rates
from photon emissions. The rate constants can be used
to check the response of survey meters, whether dis-
played in air kerma or ambient dose equivalent, to a
reference source of known activity. Dose rates from
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1 For an approximate conversion of exposure in roentgens to absorbed dose in rads, multiply by 0.87 for air, or 0.97 for tissue.
2 “Kerma” stands for kinetic energy released in unit mass and is expressed in the same units as absorbed dose. It is the sum of the
initial kinetic energies of all the charged particles produced by photons incident on the unit mass. The kerma value may be slightly
lower than the absorbed dose if some of the charged particle energy is deposited elsewhere (for example, after conversion to
bremsstrahlung) [47].

Table 112.1. Dose limits recommended by the ICRP [1]

Occupational Public

Effective dose 20 mSv y-1, averaged over 5 y 1 mSv y–1

and not more than 50 mSv 
in any 1 y

Equivalent dose
Lens of the eye 150 mSv y–1 15 mSv y–1

Skin 500 mSv y–1 50 mSv y–1

Hands and feet 500 mSv y–1
–



small-volume sources such as vials, syringes, or cap-
sules containing typical “unit dosage” activities admin-
istered to a patient are illustrated in Fig. 12.1.

The superficial dose rates given for betas and elec-
trons only do not allow for absorption in the source
and walls of the container, and may substantially over-
estimate actual dose rates, however, they do indicate
that skin and eye doses from open PET sources could
be reduced significantly by interposing a barrier as
thick as the maximum beta range (see Table 12.4).

Medical Exposures: Internal
Dosimetry

Despite the high energy of the annihilation photons,
the radiation dose to patients from PET procedures is
comparable with many diagnostic nuclear medicine

procedures utilizing radionuclides with single photon
emissions. The absorbed dose is limited by a short
physical half-life. The dose may also be limited by the
maximum amount of activity that can be administered
to the patient without taxing the response of the detec-
tor. For example, the maximum amount of [18F]-FDG
administered to a “standard” 70 kg adult patient for a
whole-body oncology study with a sodium iodide
(NaI) coincidence gamma camera is about 200 MBq.
For a whole-body study with a bismuth germanate
(BGO) camera in 3D mode, the administered activity
should be less than 500 MBq. The count rate capability
of newer cameras with fast LSO detectors is not as
restrictive.

Organ and Tissue Dosimetry

Dose estimates for diagnostic nuclear medicine proce-
dures are usually generic rather than patient specific,
and are calculated using the methodology developed
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Table 112.2. Energy available from the decay of nuclear medicine radionuclides

Equilibrium absorbed dose constant, Δ a T 1–2 Energy from total 
g Gy MBq–1 h–1 decay of 1MBq
Non-penetrating Penetrating Total μJ
Δn–p Δp Δ

11C 0.227 0.588 0.815 20.3 m 397
13N 0.281 0.589 0.870 10.0 m 209
15O 0.415 0.589 1.004 2.07 m 50
18F 0.139 0.570 0.709 1.83 h 1868
90Y 0.539 – 0.539 2.7 d 50295
99mTc 0.010 0.072 0.082 6.0 h 708
131I 0.109 0.219 0.328 8.05 d 91250

a derived from data in [3, 4]. The unit g is mass in grams.

Table 112.3. External dose rates from radionuclides used for diagnostic imaging

Air kerma Ambient dose equivalent H*(10) Deep tissue dose rate at 1m b Superficial tissue dose rate at 1m c

rate constant a rate constant a 1GBq point source 1GBq point source
m2 μGy GBq–1 h–1 m2 μSv GBq–1 h–1 μSv h–1 μSv h–1

11C 140 170 170 11,700
13N 140 170 170 10,800
15O 140 170 170 10,800
18F 140 170 160 10,800
67Ga 19 27 25 0
99mTc 14 21 23 0
111In 75 88 89 8
123I 36 44 47 0
131I 53 66 66 7,700
201Tl 10 17 18 0

a photons >20 keV [6], b photons, and c electrons, derived from data in [7]



by the Medical Internal Radiation Dose (MIRD)
Committee of the Society of Nuclear Medicine [8] and
software is available for this purpose [9]. The MIRD
method requires an estimate of the spatial and tem-
poral distribution of radioactivity in the body. The
dose to a “target” organ from radioactivity in a
“source” organ (Dst) is calculated as the product of
two factors:

Dst = Ãs x Sst (1)

Ãs is the cumulated activity in a source organ. It repre-
sents the total number of disintegrations which occur
in the source organ and therefore depends on the phys-
iological behavior of the radiopharmaceutical. The cu-
mulated activity per unit-administered activity, Ãs/A0,
is called the residence time (τ) for the radioactivity in
the organ. Ãs is obtained from biokinetic data, being
the area under the activity–time curve for the organ.
For example, the cumulated activity in an organ which

has an initial rapid uptake of a fraction Fs of an admin-
istered activity A0 (MBq), followed by an inverse expo-
nential clearance with an effective half-life of t1/2 (eff)
(hours), would be

Ãs = Fs × A0 × 1.44 × t 1–2
(eff) (MBq h) (2)

The effective half-life combines biological clearance
and radioactive decay, in this simple case as

1/t1–2
(eff) = 1/t1–2

(biol) + 1/t 1–2
(phys) (3)

Standard biokinetic models developed by the ICRP are
used for the movement of activity through complex
anatomical and physiological compartments including
the gastrointestinal tract, the cerebrospinal fluid space
and the kidneys and bladder.

Sst is the S factor, the absorbed dose in a target organ
per unit cumulated activity in the source organ (for
example, in mGy MBq–1 h–1). The S factor is deter-
mined by the physical properties of the radionuclide;
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Figure 12.1. Equivalent dose rates in tissue at a distance of one
meter in air from small-volume sources. Derived from data in [7].

Table 12.4. Positron characteristics relevant to radiation protection

β+ Range in Range in % of incident β+ energy Skin dose rate: 1 
Emax glass a plastic a converted to bremsstrahlung kBq in 0.05 mL droplet a

MeV mm mm in lead in tungsten mSv h–1

11C 0.960 1.6 3.0 2.8 2.5 1.1
13N 1.199 2.1 4.0 3.4 3.1 1.2
15O 1.732 3.4 6.4 5.0 4.5 1.4
18F 0.634 0.9 1.7 1.8 1.6 0.8

a [7]



tabulated S values for pairs of standardized source and
target organs are available for many radionuclides [10].
The total dose to a particular target organ or tissue is
then obtained by summing the contributions from all
the identified source organs:

Dt = {Ãs × Sst} (mGy) (4)

alternatively

Dt = {τs × Sst} (mGy per MBq administered)
(5)

Absorbed doses to selected organs and tissues for
many radiopharmaceuticals have been compiled by
the ICRP [11]. The ICRP has noted the difficulties of
applying conventional dosimetry methods to very
short-lived PET tracers [12]. For example, the ra-
dioactivity may not last long enough to allow true
equilibration of the tracer in body compartments, or
the highest dose may be received by organs or tissues
– such as the trachea or walls of major blood vessels –
which are not included in ICRP-listed sources and
targets. The ICRP foreshadowed the development of
novel ad hoc methods of dose estimation. The dose
estimates for injected [15O]-water and inhaled [15O]-
gases are cases in point, as are the estimates of
reduced bladder dose for 18F compounds by strategies
such as hydration and frequent voiding [13–17].
Absorbed doses to maximally exposed organs or tissues
and the gonads and uterus are shown in Table 12.5 for
selected PET radiopharmaceuticals.

The Lactating Patient

PET studies with [18F]-FDG for oncology or epilepsy
investigations are infrequently requested for a woman
who is breast feeding an infant. Avid uptake of [18F]-
FDG in lactating breast tissue has been reported in a
small series of patients [18]. The uptake of [18F]-FDG
appears to be mediated by the GLUT-1 transporter,
which is activated by suckling, not by prolactin. By
imaging the breast before and after the expression of
milk and counting the activity in milk samples, it was
confirmed that [18F]-FDG, being metabolically inert, is
not secreted in milk to any significant amount but is
retained in glandular tissue. The dose to glandular
tissue will be higher than the value for the non-lactat-
ing breast, which is 0.0117 mGy per MBq injected [19].
The 18F concentration in milk, measured in samples
from one patient, was approximately 10 Bq mL–1 at one
hour and 5 Bq mL–1 at three hours after injection. It
was postulated that the 18F activity was associated with
the cellular elements in milk, mainly lymphocytes.

Using the standard model of breast feeding with the
first feed at three hours after injection [20], it was esti-
mated that the dose to the infant from ingested milk
would not exceed 85 μSv following an injection of up to
160 MBq of [18F]-FDG. In addition, the infant would
receive an external dose while being held while feeding
from the breast or bottle. The dose rate against the
chest was about 60 μSv h–1, 2.5 hours after injection of
160 MBq of [18F]-FDG. Breast feeding and cuddling of
the infant should be postponed for several hours after
an [18F]-FDG study, particularly if a large amount of
activity has been administered, if the infant’s dose is to
be kept below a dose constraint of 0.3 mSv for a single
event.

The Pregnant Patient

The exposure of an embryo or fetus will depend on
the biodistribution of the radiopharmaceutical. In
the earliest stages of pregnancy, it is usual to take the
dose to the embryo as being the same as the dose to
the uterus. After about 12 weeks, when trophoblastic
nutrition has been replaced by placental nutrition,
the fetal dose will depend on whether the radiophar-
maceutical or any of its metabolites accumulates in
or is transferred across the placenta as well as on the
distribution of activity in the mother. Where placen-
tal transfer of radioactivity occurs, the activity is
generally assumed for dosimetry purposes to be dis-
tributed uniformly in the fetus. Fetal dose at various
stages of gestation has been calculated for a range of
radiopharmaceuticals using the MIRD methodology
and an anatomical model of a pregnant female at
three, six, and nine months’ gestation [21]. In the
absence of documented evidence of placental uptake
or transfer of a particular radiopharmaceutical, the
fetal dose was calculated from the maternal radio-
activity only, which was the case for the three PET
tracers in the report as shown in Table 12.6. For
example, the fetal dose estimate following the admin-
istration of 500 MBq of [18F]-FDG to the mother
would range from 13.5 mSv in early pregnancy to 
4 mSv at term. However, the second and third trimester
doses may have been underestimated. Fetal uptake of
[18F]-FDG in early pregnancy has subsequently been
demonstrated on a PET scan [22]. Iodide is also
known to cross the placenta. The fetal thyroid begins
to concentrate iodine from about the 13th week of
pregnancy and reaches a maximum concentration at
about the 5th to 6th month [23]. Fetal thyroid dose
estimates for [124I]-NaI are included in Table 12.6.
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Table 112.5. Radiation dose estimates for selected PET radiopharmaceuticals

Absorbed Dose Effective Dose
mGy MBq–1 mSv MBq–1

[Ref.] Organ (1) Organ (2) Organ (3) Uterus

[11C]-CO single inhale, 20” hold* 11, 12 0.02 0.014 0.013 0.0023 0.0048
heart lungs spleen

[11C]-CO2 single inhale, 20” hold* 11, 12 0.0024 0.0018 0.0017 0.0016 0.0016
lungs adrenals intestine

[11C]-diprenorphine ¶ 0.015 0.012 0.0097 0.0034 0.009
testes sm.intestine kidney

[11C]-methionine 52 0.027 0.019 0.018 – 0.0052
bladder pancreas liver

[11C]-methyl-thymidine 11 0.032 0.031 0.0055 0.0015 0.0035
liver kidneys gall bladder

[11C]-raclopride 53, ¶ 0.011 0.0083 0.0063 – 0.0053
ovaries kidneys liver (EDE)

[11C]-spiperone 11 0.0038 0.0035 0.0031 0.0022 0.0053
adrenals pancreas kidneys

[11C]-thymidine 11 0.011 0.0052 0.0034 0.0024 0.0027
kidneys liver heart

[13N]-ammonia 11,12 0.0081 0.0046 0.0042 0.0019 0.002
bladder kidneys brain

[15O]-O2 single inhale, 20” hold* 11, 12 0.0024 0.00033 0.00022 0.000057 0.00037
lungs heart spleen

[15O]-water 11 0.0019 0.0017 0.0016 0.00035 0.00093
heart kidney liver, lung

[15O]-butanol 54 0.0015 0.0011 0.0011 0.00036 0.00036
liver kidney spleen

[15O]-CO single inhale, 20” hold* 11,12 0.0034 0.0033 0.0021 0.0003 0.00081
lungs heart spleen

[15O]-CO2 single inhale, 20” hold* 11,12 0.0012 0.00049 0.00048 0.00043 0.00051
lungs adrenals breast

[18F]-FDG 11 0.16 0.062 0.028 0.021 0.019
bladder heart brain

[18F]–FDOPA 17 0.16 0.011 0.010 0.016 0.018
bladder intestine gonads

[18F]–FDOPA 55 0.15 0.027 0.02 0.019 0.02
carbidopa pre-dose bladder kidneys pancreas

[18Fluoride] 11,12 0.22 0.04 0.04 0.019 0.024
bladder bone marrow

[18F]-5-fluorouracil (5FU) ¶ 0.12 0.06 0.041 0.025 0.022
bladder kidneys thyroid

[18F]-FMISO 56 0.021 0.0185 0.0183 0.0183 0.0139
bladder heart wall liver

[18F]-fluorethyl-flumazenil † 0.0187 0.0046 0.0036 0.0213 0.07
bladder thyroid gall bladder

¶ Page BC, Medical Research Council (UK) Cyclotron Unit, Hammersmith Hospital (Personal communication).
† Bartenstein P, Klinik und Poliklinik für Nuklearmedizin, Klinikum der Johannes Gutenberg-Univesität, Mainz, DE (Personal communication).
* [11] also contains dose estimates for continuous, as opposed to single, inhalation.



Effective Dose

Of more general interest for diagnostic medical proce-
dures is the concept of effective dose, which allows a
comparison of the relative risk of non-uniform expo-
sures [1]. Effective dose in adult patients from a PET
scan can be estimated from the effective dose
coefficients in Table 12.5. Values are generally in the
range of 5–10 mSv, which is comparable to the dose
from many nuclear medicine procedures, and also to
the dose from CT examinations for similar diagnostic
purposes [26].

PET procedures often include a transmission scan
for attenuation correction of image data. The transmis-
sion scan is usually obtained with a coincidence source
of germanium-68/gallium-68 or a single photon source
of caesium-137. The short duration of the exposure
and the collimation of the transmission source are
such that the dose to the patient is insignificant [24]. A
recent development in PET technology is the incorpo-
ration of a CT X-ray unit in the PET camera to facili-
tate the fusion of functional and anatomical image
information. The additional radiation dose would be
similar to that for the equivalent CT scan conducted
separately from the PET study, assuming that the scan
parameters are the same. The CT component of the
hybrid scanner may be a multi-slice unit. It has been
estimated that the average effective dose from CT with
a multi-slice scanner increased by 30% for a scan of the
head and 150% for scans of the chest and abdomen, to
1.2, 10.5 and 7.7 mSv respectively, compared to a con-
ventional single-section scanner [25].

The activity of a radiopharmaceutical administered
for pediatric studies is usually calculated by scaling
down the adult dosage by the child’s body weight or
surface area, subject to a minimum acceptable amount
for very small children and infants [27]. The effective
dose as a function of age for oncologic imaging is
illustrated in Fig. 12.2 for both scaling methods applied
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Table 112.6. Fetal absorbed dose (excluding contribution from any ra-
dioactivity which crosses the placenta) from PET radiopharmaceuticals
administered to the mother

Fetal absorbed dose per unit activity administered 
to mother mGy MBq–1

Early 3 months 6 months 9 months

[18F]-FDG a 0.027 0.017 0.0094 0.0081
[18F]-NaF a 0.022 0.017 0.0075 0.0068
[124I]-NaI a 0.14 0.1 0.059 0.046
“ fetal – 130 680 300
thyroid b

a [19], b [23]

Figure 112.2. Dosimetry of radionuclide imaging in 
pediatric oncology: Administered activity scaled according
to body weight or surface area between a minimum and
maximum activity of 30–300 MBq of [67Ga]-citrate,
20–120 MBq of [201Tl]-chloride, and 50–200 MBq of 
[18F]-FDG.
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to an activity range of 50–200 MBq of [18F]-FDG,
20–120 MBq of [201Tl]-chloride, and 30–300 MBq of
[67Ga]-citrate [28]. Although the radiation dose from
diagnostic imaging is not a prime concern for these
patients, [18F]-FDG dosimetry is lower, particularly
when repeated studies are required.

One area in which the effective dose should be con-
sidered is the recruitment of volunteers to participate
in research studies. Regulatory authorities in many
countries have adopted the recommendations of the
ICRP [29]:

(i) an exposure for research purposes is treated on
the same basis as a medical exposure – and is
therefore not subject to a specific dose limit,

(ii) the dose should be commensurate with the poten-
tial benefit of the research findings,

(iii) the study protocol should be approved by a prop-
erly constituted ethics committee.

A dose constraint may apply where the participant is
not expected to benefit from the exposure, as in the ex-
posure of “normal” subjects or patients enrolled in a
clinical trial which involves additional or different ex-
posures to what would be considered necessary for
clinical management. There is limited scope for many
PET studies to meet such dose constraints, for example,
in determining the maximum number of injections of
[15O]-water for studies of cognitive function.

Occupational and Public Exposures

Healthcare Workers Within and Outside
the PET Facility

The radiation dose to a technologist performing a PET
study is generally higher than for conventional nuclear
medicine imaging [30–32]. Comparison of staff doses
between PET facilities is not very informative because
of the variability in clinical workload and scan proce-
dures. With attention to shielding and protocols, it
should be possible to maintain occupational exposure
below approximately 6 mSv y–1 in most circumstances
[33]. Hand doses may also be higher but are very vari-
able because the radiation fields when manipulating
partially shielded syringes and vials are highly direc-
tional. Substantial shielding of syringes, vials, trans-
mission and quality control sources is standard
practice in PET facilities. With inanimate sources effec-
tively shielded, attention has turned to minimizing the

exposure to staff from patients. Education of staff on
the importance of distance and time is a key factor in
dose control [33–36].

Dose rates near the [18F]-FDG patient have been
measured in a number of studies, at different orienta-
tions to the patient and at different times after injec-
tion [31–33, 35–38]. Representative values are shown in
Table 12.8. The data could be adapted for other PET
nuclides after correcting for the branching ratio and
radioactive decay.

High dose rates require close attention to strategies
that shorten, eliminate, or postpone close contact with
the patient. Task-specific monitoring can be used to
identify actions that contribute most to staff exposure
and to suggest areas for improvement [39–42]. The
dose from individual events, for example, dispensing
and injecting [18F]-FDG, or positioning and scanning
the patient, typically ranges from 1 to 4 μSv as shown
in Fig. 12.3. One of the most important factors is the
duration of close contact with the patient. As vials and
syringes can be shielded but dose rates within 0.5 m of
the patient can be of the order of 4 to 8 μSv min–1 fol-
lowing an injection of [18F]-FDG, this is to be expected.

The quantitative measurement of cerebral glucose
metabolism originally required a number of blood
samples to be taken over a period of 30–40 minutes fol-
lowing the injection of [18F]-FDG, resulting in
significant operator exposure [39]. A two-sample
method has been developed which allows an 84%
reduction in staff dose, from approximately 10 μSv to
1.5 μSv per study [43]. Other strategies to reduce staff
exposure include setting up an intravenous line and a
urinary catheter (if required) prior to administering
the dose, postponing the removal of lines and catheters
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Table 112.8. Dose rate measurements near [18F]-FDG patients: 
95th percentiles

Patient position, Distance m Normalized dose rate
measurement μSv h–1 per MBq injected
location

Post 2 h post 
injection a injection b

Standing, 
at anterior chest 0.5 0.60 0.20

2.0 0.10 0.03
Supine, at side 0.5 0.85 –

2.0 0.11 –
Supine, at head 0.5 0.36 –

2.0 0.075 –
Supine, at feet 0.5 0.078 –

2.0 0.023 –

a [33], b [38]



until the conclusion of scanning, using a tourniquet or
asking the patient to maintain pressure on the punc-
ture site after removal of a line, using a wheelchair to
move frail patients to and from the scanner as quickly
as possible, and enlisting other persons to assist with
patient handling. Nurses working within hospital PET
facilities which scan many high-dependency patients
may be the “critical group” as far as staff exposure is
concerned.

The duties and previous personal dosimetry history
of a staff member who declares that she is pregnant
and wishes to continue at work during the pregnancy
should be reviewed. The ICRP recommends that the
equivalent dose to the surface of the mother’s abdomen
should not exceed 2 mSv for the remainder of the preg-
nancy [1]. It also notes that the use of source-related
dose constraints – i.e., shielding and/or isolation of
sources – will usually provide an adequate guarantee
of compliance with this guideline without the need for

specific restrictions on the employment of pregnant
women. However, restrictions may need to be placed
on the number or duration of close contacts a pregnant
staff member should have with PET patients.

Following a PET scan, the patient may come into
close contact with other health professionals. Dose rate
measurements at various distances from the patient on
leaving the PET facility, combined with modeling of
potential patterns of close contact, indicated that
nurses on a ward that regularly sends patients for PET
scans are unlikely to receive more than 24 μSv per day
[38]. The exposure rate to a sonographer working at 
0.5 m from a patient who had received 400 MBq of
[18F]-FDG two hours previously would be about 40 μSv
h–1 [44]. In circumstances where a staff member may
have frequent contact with PET patients, for example,
nursing staff or porters of an oncology ward, personal
dosimeters can be used to establish the level of expo-
sure for informed guidance on policies and procedures.
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Figure 112.3. Daily pattern of exposure to PET technologist: personal dosimeter readings in six-minute intervals (Eurisys Dosicard). Peaks (1–4 μSv) correspond
to dispensing and injecting multiple [18F]-FDG doses, fitting a head mask and taking blood samples for neurological studies, escorting patients to and from the
scanner for whole-body and neurological studies. Note low background at all other times.



Family Members, Carers and Members of
the Public

A dose limit of 1 mSv y–1 for members of the public is
recommended by the ICRP and has been widely
adopted [1]. This limit is accepted as a criterion when
discharging radionuclide therapy patients from hospi-
tal, although a dose constraint of 0.3 mSv from any
single event has subsequently been proposed (by the
European Union) to allow for several exposures occur-
ring during the course of a year [45]. As with the expo-
sure of staff, the dose to persons near the patient will
depend on the activity in the patient and excretion (if
any), and the pattern of close contact effectively within
a distance of about two meters or less. Only 18F sources
need be considered. Based on measured dose rates at
various close-contact distances and times of leaving
the PET facility (Table 12.7), the dose to persons near a
patient has been modeled for a number of scenarios
[38]. Results show that there is no need to restrict the
activities of patients for the remainder of the day of
their PET scan in order to satisfy a dose constraint of
0.3 mSv per event for a member of the public.

Persons “knowingly and willingly assisting with the
support…of the patient” are regarded by the ICRP as
carers, and are not subject to the dose limit for
members of the public [1]. A dose constraint of 5 mSv
per event has been proposed for carers [45]. Other
family members – especially children – should be

subject to the same dose constraint as members of the
public, as it is quite possible that the patient will
undergo more than one radionuclide imaging proce-
dure within a year. Not all the accompanying persons
in a common waiting area of a PET facility may qualify
as “carers”. For them, the 0.3 mSv dose constraint may
be exceeded if they are seated next to one or more pa-
tients who have been injected with [18F]-FDG and are
waiting to be scanned. Patients should be advised at
the time of booking that they should not be accompa-
nied by pregnant women, infants, or children when at-
tending for the scan. If this cannot be arranged,
patients should remain in a single room or dedicated
post-injection waiting area during the [18F]-FDG
uptake phase.

Facilities and Equipment

Instrumentation

The dose calibrator used in general nuclear medicine
applications is adequate for PET in a clinical setting,
whereas in a PET production laboratory a high-
ranging chamber may be required if measuring very
high activities. The chamber should be provided with
additional shielding, up to 50 mm of lead, to protect
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Table 112.7. Effective dose values in adult patients for PET and comparable diagnostic imaging procedures

Application Protocol Effective dose mSv

Oncology [18F]-FDG 370 MBq 7.0
[11C]-methionine 400 MBq 2.1
[67Ga]-citrate 400 MBq 40.0
[201Tl]-chloride 120 MBq 26.4
[99mTc]-mibi 1 GBq, resting 9.0

Brain [15O]-water 1 GBq 0.93
[18F]-FDG 250 MBq 4.8
[99mTc]-HMPAO 800 MBq 7.4

Myocardium [13N]-ammonia 550 MBq 1.1
[18F]-FDG 250 MBq 4.8
[99mTc]-mibi 1.3 GBq; 1 day rest/stress protocol 10.6
[201Tl]-chloride 140 MBq; stress/reinjection protocol 30.8

Bone [18F]-NaF 250 MBq 6.0
[99mTc]-MDP 800 MBq 4.6

CT a head average 1.63 scans per examination 2.6
chest average 1.40 scans per examination 10.4
abdomen average 1.72 scans per examination 16.7
pelvis average 1.50 scans per examination 11.0

a National survey of CT practice in Australia, 1994–1995 [26]



the operator during PET nuclide measurements. At
511 keV, no corrections should be required for the
geometry of the source container (for example,
syringe, vial) or volume, with the manufacturer’s
settings possibly overestimating the activity of 18F by
3–6% depending on the geometry [46].

Radiation instrumentation should include a survey
meter, preferably a dual-purpose instrument for mea-
surement of dose rate and surface contamination.
Geiger-Mueller (GM) detectors have good sensitivity to
PET radiations, and their energy response is fairly
uniform over the photon energy range of a few
hundred keV. No energy response correction should be
necessary for a GM meter which has been calibrated at
660 keV with a 137Cs source. An electronic personal
dosimeter is a valuable means of monitoring staff who
are in training or performing specific tasks where dose
rates are high or there is prolonged close contact with a
source.

Shielding

With the advent of commercial PET scanners in
nuclear medicine departments more than a decade
ago, it rapidly became apparent that the shields for the
nuclides used in conventional gamma camera imaging
were inadequate at 511 keV. PET radionuclides present
more of a challenge because of their higher photon
energy and hence smaller cross section for photoelec-
tric absorption. Adequate shielding of small sources at
all times is essential. The major component of the dose
to PET staff now comes from close contact with pa-
tients.

The aim of shielding design is to achieve a desired
transmission, K, the ratio of dose rates – or doses inte-
grated over a specified interval – with and without the
shield in place. Containers for sources in the workplace
or during transport should attenuate the maximum ex-
pected intensity (I0) to an acceptable value (I), for
example, 10 μSv h–1, at a specified close distance.
Barriers such as walls or floors between a source and
an occupied area should attenuate the dose (D0) for the
maximum anticipated workload during a specified in-
terval, for example, one week, to an acceptable value (D,
the design limit).

K = I/I0 or K = D/D0 (6)

Dose rates in the vicinity of unshielded PET sources
can be calculated using the dose rate constants given
in Table 12.3. Vials and syringes can be treated as point
sources, with the dose rate being inversely related to
the square of the distance from the source. The dose

rate near a line, planar, or cylindrical source can be cal-
culated by the appropriate formula [47]. The dose rate
near an [18F]-FDG patient has been measured at
various distances and intervals after injection [33, 38,
48]. Not surprisingly, given the biodistribution of FDG,
the dose rate is higher at the head than the feet, a fact
which can be employed to advantage when siting a
camera and operator console [37]. A very conservative
approach is to treat the activity in the patient as a point
source located at the midpoint of the trunk with no
self-attenuation or excretion losses (which would over-
estimate the dose rate by about 40% at two meters and
30% at five meters [48]), and disregard attenuation in
the scanner gantry or other hardware. The determina-
tion of K also requires an estimation of the maximum
anticipated workload at each source location for the
specified design interval, say in GBq h in one week. The
highest such source term is likely to be in the room set
aside for an [18F]-FDG patient in the uptake phase after
injection, when the activity is maximal, the room is
fully utilized and the room dimensions – and possibly
distance to the nearest occupied areas – are small.

The value of D depends on who has access to the
area in question, and for how long. Regulatory authori-
ties should be consulted for local requirements. The
design limit for areas to which the public has access
[32] may be 20 μSv per week or a lower dose constraint,
with an adjustment for partial occupancy where ap-
propriate. The design limit for areas used by occupa-
tionally exposed persons only is taken to be less than
the occupational dose limit pro rata for the specified
interval, for example, 100 μSv per week compared to
400 μSv per week, although generally greater than the
design limit for areas to which the public has access
[32]. Full-time occupancy is assumed if not known.
This approach is adequate if the source is a type which
can be turned off or retracted into shielding before the
operator enters the room, but may not be sufficiently
conservative when the source is a radioactive patient
with whom intermittent close contact without a barrier
is unavoidable. One survey has found that the average
time spent by the technologist at a distance of one
meter or less from the patient was 32 minutes per day
[33]. For the remaining seven hours or so of the
working day, the technologist is usually at the PET
console. If distance does not provide sufficient protec-
tion, barriers between the PET console or control room
and “hot” patients should be designed to reduce the
dose to a low level (for example,. 20 μSv per week) to
optimize staff protection (see Fig. 12.2). Depending on
the layout, the construction materials and the dimen-
sions of the facility, supplementary shielding in walls,
or a mobile barrier may be required [37, 48].

Radiation Dosimetry and Protection in PET 261



Under narrow-beam conditions, with scatter ex-
cluded by collimating the source and detector, the at-
tenuation of a beam of radiation through an absorbing
medium is described by

I = I0 e–μx (7)

where I and I0 are the dose rates at the same location
with and without the shield in place and μ is the linear
attenuation coefficient of the shielding material. The
thickness, x, of the shield can readily be determined
from tabulated values of μ or of the total mass attenua-
tion coefficient μ/ρ and the density ρ [47, 49]. However,
the effect of broad-beam geometry should be consid-
ered when shielding extended sources of energy more
than a few hundred keV with material of low atomic
number, in which Compton scattering is the predomi-
nant interaction. Under broad-beam conditions, the

equation with the narrow beam μ value can be
modified to

I = I0 B e–μx (8)

where B is a build-up factor to account for transmitted
radiation which has been scattered within the barrier.
An iterative approach can be used to determine shield
thickness for the desired K using tabulated values of B
for the number of relaxation lengths (μx) in various
materials [47, 49]. Attenuation of 511 keV photons
under broad-beam conditions can also be estimated
using point kernel modeling software [50], as shown in
Fig. 12.4. Values obtained with this method suggest that
narrow-beam analysis may underestimate the trans-
mission of 511 keV photons through 10 cm of concrete
by about 40% and through 20 cm by about 15% (JC
Courtney, 2001, personal communication). In practice,
tabulated Half Value Layers (HVL, K = 0.5) and Tenth
Value Layers (TVL, K = 0.1) under broad-beam condi-
tions, as shown in Table 12.9, are convenient for simple
shielding assessments [7, 50, 51].

Typical thicknesses of lead are 50 mm for bench
shields and storage caves for waste and PET camera
quality control sources, 30 mm for vial containers
located behind a bench shield, and 15 mm for syringe
shields. Vial and syringe shields of these dimensions are
too heavy to manipulate with safety, hence mechanical
supports are desirable when dispensing and injecting
PET radiopharmaceuticals. Tungsten may be prefer-
able to lead for small PET source containers. For
example, a cylindrical pot which achieves 1% trans-
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Table 112.9. Attenuation of 511 keV photons under broad beam geometry

Atomic Density ρ HVL TVL a

number g cm–3 cm cm
Z

concrete – 2.2 11a 24 a

6.4c 22 c

iron 26 7.87 1.6 c 5.5 c

tungsten 74 19.30 0.32 c 1.1 c

lead 82 11.35 0.5a 1.6 a

0.6 b 1.7 b

0.56 c 2.0 c

Derived from data in: a [47], b [7], c [51]

Figure 112.4. Transmission factors for some common materials
used for shielding at 511 keV.

0.01

0.10

1.00

0 10 20 30 40

cm (gypsum, concrete) / mm (lead)

Transmission K

K (gypsum)

K (concrete)

K (lead)



mission (thickness 2TVL) around a source cavity 5 cm
high and 2 cm in diameter would be approximately
25% heavier and 30% wider if fabricated in lead rather
than tungsten. Similarly, cost factors apart, lead has the
advantage over concrete for walls because it requires
less space and reduces the floor loading by roughly
half.

Perspex or plastic liners may be used within lead or
tungsten vial and syringe shields to absorb all
positrons, although most positrons from 18F would be
absorbed in the vial or syringe wall. 15O positrons, if
absorbed directly in lead with negligible loss in the
walls of the vial or syringe, could generate
bremsstrahlung (X-ray) photons up to their maximum
energy of 1.7 MeV. However, the amount of energy
converted to bremsstrahlung radiation, being a small
fraction of the average positron energy incident on the
shield as shown in Table 12.4, is trivial compared to
the 1.02 MeV of the two annihilation photons. The
main practical value of perspex syringe shield inserts is
to increase the distance of the fingers from the source
and possibly screen the fingers from longer range
positrons.

When installing a PET scanner that incorporates a
CT unit, no additional shielding in the walls, floor, or
ceiling should be necessary beyond what would be re-
quired to shield the annihilation photons. The primary
X-ray beam is tightly collimated and mostly absorbed
in the patient and scanner. The secondary radiation
(leakage from the X-ray tube housing and scattered ra-
diation, mainly from the patient) is of short duration
and substantially lower energy than 511 keV.

Other Design Considerations

Spills are an uncommon event and usually result from
mishaps with intravenous lines or urinary catheters.
Strategically located glove dispensers can facilitate the
use of disposable gloves when dealing with doses, pa-
tients, and waste. The importance of personal protec-
tive equipment can be seen from the dose rates for skin
contamination in Table 12.4: a droplet from an [18F]-
FDG solution with a concentration of 100 MBq/mL
could deliver 500 mSv, the annual dose limit for the
skin, in six minutes.

A separate waiting area should be provided for
patients during the “uptake phase” after the injection
of [18F]-FDG. Care needs to be taken at the design stage
to avoid situations that prolong the period of close
contact by staff with frail patients who require support
or assistance, for example, in escorting to and from the
scanner, toileting, or dressing. Toilets, change cubicles,

and injection rooms should be generously sized with
ready access to the scanner room. The PET scanner
design and location should allow a patient to get on
and off the scanner bed easily, with minimal assistance
from staff.

In facilities located near a cyclotron, PET gas tracers
may be used. The gas supply and return lines from the
radiochemistry laboratory to the scanner room will
require shielding. In occupied areas and the PET
scanner room itself, a thickness of 20–25 mm of lead
around the lines may be sufficient. A mask over the
patient’s head should effectively contain the adminis-
tered gas and scavenge the exhaled gas for venting via
a stack to the atmosphere. The air of the PET scanner
room should be continuously monitored during a gas
study. Because of the high background radiation level
in the room, an air sampler is required to pass the air
through a sensitive detector in a remote low-back-
ground area. The scanner room should be kept at nega-
tive pressure to the adjacent areas. The room air should
not be recirculated, but vented direct to atmosphere.

Given the high costs of construction and possible
space limitations when planning or modifying space
for a clinical PET facility, the impact of the layout and
the projected workload on radiation safety needs to be
kept under review. In most facilities, it is unlikely that
administered doses of 18F or longer-lived PET nuclides
will exceed 800 MBq. However, in those facilities fortu-
nate enough to acquire cameras with fast detector
systems, both the administered activity and the
number of patients scanned in a day may increase in
the future.
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