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Abstract

Biokinetic and dosimetric models for a number of clinically used
radiopharmaceuticals, for which information on the radiation dosimetry is
scarce, have been produced.

On patients undergoing investigations with inIn-DTPA-D-Phe'-
octreotide (for diagnosis of neuroendocrine tumours) and "Tc-MIBI (for
myocardial perfusion imaging), whole body gamma camera scanning was
performed several times after administration of the radiopharmaceutical. Total
body and organ activity content was determined using the geometric mean of
the number of counts in two 180° opposed planar images. A thorough
investigation of sources influencing the accuracy of the quantification of
activity was carried out, showing an overall uncertainty varying from ±10% to
± 30% for organs with a significant uptake and ± 5% for the whole body. The
activity in blood and urine was also measured.
luIn-octreotide was predominantly excreted via the kidney-bladder system and a
typical investigation with 110 MBq resulted in an effective dose of 8.4 mSv
(0.076 mSv/MBq). 99nTc-MIBI was to a great extent excreted via the
gastrointestinal tract and an investigation with 1200 MBq resulted in an
effective dose of 13 mSv (0.011 mSv/MBq).

Accelerator mass spectrometry (AMS) was used to investigate the
possibility to measure ultra-low activity concentrations of 14CO2 in exhaled air
from patients undergoing 14C-breath tests, with special application to l4C-
triolein (for study of fat malabsorption). AMS was proven to be a useful
technique for long-term retention studies of 14C, and was used together with
liquid scintillation counting (LSC) in an investigation of the biokinetics of I4C-
urea in adult and paediatric patients (for diagnosis of Helicobacter pylori
infection in the upper gastrointestinal tract).

The effective dose for 14C-urea was 0.019 mSv/MBq for adults and
from 0.041 to 0.019 mSv/MBq for seven to fourteen -year-old children,
resulting in an effective dose of 0.002 mSv per investigation for adults as well
as children down to the age of seven.
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INTRODUCTION

Diagnostic nuclear medicine provides a unique and widespread technique to
describe the function of organs and tissues and to demonstrate malfunction and
pathological processes in the human body. It has also a great potential in
medical research. Advanced technical development has paved the way for
better image quality and more advanced examination methods. The
development of new radiopharmaceuticals is going on incessantly, with more
and more uptake specific substances. A good example is "'In-DTPA-D-Phe1-
octreotide (in the following text called mIn-octreotide or '"In-pentetreotide), a
receptor substance used for diagnosis of neuroendocrine tumours (Krenning et
al., 1992).

Similar to diagnostic radiology, nuclear medicine investigations cause radiation
exposure of the patient. This might lead to a somewhat increased risk of cancer-
development in the group of investigated patients.
In contrast to diagnostic radiology where normally only the organs or tissues of
diagnostic interest and their surroundings are irradiated, nuclear medicine
investigations cause radiation exposure of the whole body. The uptake of the
radiopharmaceutical in organs and tissues under investigation varies from 1-2 %
up to almost 100% depending on what investigation is performed. The rest of
the given activity is distributed throughout the body. The main part of the
activity is then excreted via the kidney-bladder system, the gastrointestinal tract
and/or the respiratory system. The effective dose to the patients from
investigations carried out within diagnostic radiology and nuclear medicine is of
the same magnitude. It is important to do careful estimates on the absorbed dose
to the patient to be able to compare various radiological investigations, and to
estimate the risk associated with the radiation exposure. It is especially
important to establish early the mean absorbed dose to organs and tissues and
the effective dose for new radiopharmaceuticals, for which there are normally
very limited dosimetric data.

It is not possible to perform direct measurements of the mean absorbed dose to
various organs and tissues from radionuclides within the body. It has to be
calculated, and in order to do that, the biokinetics of the radiopharmaceutical
must be known. The uptake and retention in different organs and tissues of y-
emitting radiopharmaceuticals can be determined by means of external gamma
camera measurements of the activity content.



There has always been difficulties associated with the dosimetry of
radiopharmaceuticals labelled with radionuclides which are pure P'-emitters,
like 14C and 3H, because it is not possible to use a gamma camera or any other
external detector for organ uptake measurements. Samples of exhaled air, blood,
urine and faeces are normally analysed by liquid scintillation counting (LSC)
(Carlsson, 1977, Peng, 1977). However, to follow the elimination pattern long
enough to provide the necessary data for absorbed dose calculation, there is a
need for a method which allows quantification of much lower activities than is
possible with LSC.
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AIMS OF THE STUDY

The aims of the present study were

• to determine, by means of serial whole body gamma camera measurements,
the radionuclide content in organs and tissues and to calculate the mean
absorbed dose as well as the effective dose to adults who had been given
either of two recently introduced y-emitting radiopharmaceuticals:

• ' "In-octreotide (mainly used for diagnosis of neuroendocrine tumours)

• 99mTc-MIBI (mainly used for myocardial perfusion imaging)

• to investigate the accuracy of the quantification of the organ activity content
determined from gamma camera images taken after administration of
radiopharmaceuticals labelled with """Tc or H1In

• to further develop the accelerator mass spectrometry (AMS) method to use
as a complement to liquid scintillation counting for high sensitivity
measurement of the long-term retention of 14C from 14C-labelled compounds
in adults with special application to 14C-triolein (for study of fat
malabsorption) and 14C-urea (for detection of Helicobacter pylori bacteria in
the upper gastrointestinal tract)

• to determine the mean absorbed dose to various organs and tissues and the
effective dose for adults and children undergoing the 14C-urea breath test

11



BACKGROUND

Health effects of ionising radiation

All nuclear medicine investigations cause exposure to ionising radiation of the
whole body. Using properly conducted diagnostic nuclear medicine procedures
the mean absorbed doses to various organs and tissues are, in general, low. The
risk of health effects due to radiation is, however, not negligible, since it is
stochastic. Therefore radiation protection is always essential.
For radiation protection of the patient undergoing investigations which include
radiation exposure such as in nuclear medicine, the ICRP (1991) has stated that
the benefit to the exposed individual must exceed the radiation detriment. ("The
justification of a practice"). Moreover, the magnitude of individual doses should
always be kept as low as reasonably achievable (ALARA). The risk associated
with ionising radiation is dependent on the age of the patient at exposure.
Children are more sensitive to radiation and they are expected to have a longer
life-time during which cancers can develop (ICRP, 1991).

Basic dosimetric quantities

Mean absorbed dose and equivalent dose
The fundamental quantity in internal dosimetry is the mean absorbed dose, DT,
in an organ and tissue, and is given by the equation:

Dt = •£- [D dm (eq. l)
t m,

where m, is the mass of the organ or tissue, and D is
the absorbed dose in the mass element dm. The mean absorbed dose, D,, in a
specified organ or tissue, equals the ratio of the energy imparted, s,, to the organ
or tissue, and the mass of it, mt. The unit is gray, Gy (J/kg) (ICRU, 1993).

Equal absorbed dose can however result in different biological effects
depending upon the type and energy of the radiation causing the dose. This is
taken into account by weighting the mean absorbed dose by a factor related to
the nature of the radiation. The resulting quantity is the equivalent dose H,, and
the unit is sievert, Sv (J/kg). Typically, for the radiation qualities used in
diagnostic nuclear medicine and radiology, the radiation weighting factor is 1.
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Effective dose
When the body is irradiated after administration of radiopharmaceuticals,
individual organs and tissues are likely to receive different equivalent doses.
Since various tissues and organs have different radiation sensitivity, the quantity
effective dose E, is introduced, providing a possibility to express the radiation
risk to patients undergoing different radiodiagnostic procedures by means of a
single figure. The effective dose is a revision of the effective dose equivalent HE

(ICRP,1977) which, initially, was developed for occupationally exposed
persons, and is defined as the sum of the equivalent doses Ht weighted by the
tissue weighting factor wt. It is given by the equation:

(eq. 2)

The unit for effective dose is also sievert, Sv (J/kg).
The basis for the w, is the relative contribution of the organ to the total
detriment, based on probability of fatal cancer, relative length of life lost,
relative non-fatal contribution and severe genetic effects (ICRP, 1991). The up-
values (Table I) have been developed from a reference population of equal
number of both sexes and a wide range of ages.

Table I. Tissue weighting factor (ICRP, 1991)

Tissue or organ

Gonads
Bone marrow (red)
Colon (*)
Lung
Stomach
Bladder
Breast
Liver
Oesophagus (**)
Thyroid
Skin
Bone surface
Remainder (***)

Tissue weighting factor, w,

0.20
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.05

(*) Colon consists of two parts, ULI and LLI. The equivalent dose to the
wall of the colon is calculated as: Hcolon=0.57*Huu+0.43*HLLI (ICRP, 1994).
(*•) In the absence of a dosimetric model for the oesophagus the dose
of the thymus is used as a surrogate (ICRP, 1994).
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(***) The remainder is composed of the following organs and tissues:
adrenals, brain, small intestine, kidneys, muscle, pancreas, spleen, thymus
and uterus. In those exceptional cases in which a single one of the remainder
organs or tissues receives an equivalent dose in excess of the highest dose in
any of the twelve organs or tissues for which a weighting factor is specified, a
weighting factor of 0.025 should be applied to that organ or tissue and a
weighting factor of 0.025 to the average dose in the rest of the remainder as
defined above.

Calculation of mean absorbed dose

The estimation of the absorbed dose to a human undergoing a nuclear medicine
investigation involves calculations using data describing the physical properties
of the radionuclide, the activity administered, the mathematical description of
the human body and the biological behaviour of the radiopharmaceutical within
the body.

Over the past few decades the Medical Internal Dose Committee
(MIRD) of the American Society of Nuclear Medicine has developed a method
of estimating mean absorbed doses to organs and tissues, generally referred to
as the MIRD-schema (Loevinger and Berman, 1976, Loevinger et al., 1991).
The calculation of the mean absorbed dose is a simple multiplication of the two
quantities, cumulated activity, A and the mean absorbed dose per unit
cumulated activity, S:

D(t <- S) =£ & S(t<^s) (eq. 3)

where s is the tissue or organ emitting the
energy (source organ) and t is the tissue or organ where the energy is absorbed
(target organ).

The S-factor in this so called "MIRD equation" (eq. 3) involves readily
available parameters such as mass of the target tissue, the mean energy emitted
per nuclear transition and the fraction of energy emitted from the source organ
that is absorbed in the target organ. In 1975, the MIRD committee published a
compilation of S-values in an anthropomorphic mathematical phantom
developed at Oak Ridge National Laboratory (ORNL) (Snyder et al., 1975).
These S-factors have later been revised and extended also to include data for
children of various ages (Cristy and Eckerman, 1987) and data for pregnant
women (Stabin et al., 1995).

For determination of the cumulated activity, A, information about the biological
uptake and retention of the radiopharmaceutical within the source organ, the
physical half-life of the radionuclide and the administered activity is required.
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As early as 1942 Marinelli stated the following: " The main difficulties
encountered in isotope dosimetry are of a biological nature, in the sense that the
accurate determination of isotope concentration in different tissues requires
either actual radioactive measurements on tissue fragments to be obtained from
living patients, or calculations based on thorough quantitative knowledge of
tissue metabolism, which is not available at present" (Marinelli, 1942). Since
then, major developments have been made regarding the practical procedures in
calculating the mean absorbed dose to an organ or tissue. But the challenge still
lies in an accurate determination of the biokinetic data.

According to Johansson (1985) and ICRP (1987) the normalised cumulated
activity A/Ao (residence time) is given by:

(eq.4)

where Ao is the activity administered, Fs is the fractional distribution to the
source organ, a, is the fraction of Fs eliminated with a biological half-life Tt

(E a,=l); a} is the fraction of Fs taken up with a biological half-life Tj (E a/=\),
n is the number of elimination components and m is the number of uptake
components. Tii<s and TJeff are the elimination and uptake effective half-lives,
respectively, and are combinations of the biological half-time and physical half-
life.
It is usually assumed that there is an immediate uptake in the different organs
and tissues. The equation above is then reduced to :

Ao 7 / ln(2)

In those cases when it is not possible to achieve biokinetic data by
measurements, a model delineating the detailed distribution and flow, or
transfer, of the radionuclide, can be defined. The model can be either
compartmental or non-compartmental. Knowledge of the values for
compartmental sizes, flow rates and other physiological parameters allows
numerical solutions of the equations giving time-activity relationships for all
parts of the system which are then integrated to obtain the cumulated activities
needed for calculations of mean absorbed doses (ICRP, 1987).
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Biokinetic studies of y-emitting radionuclides
In order to determine the cumulated activity in various organs and tissues, the
activity uptake and retention must be known. The most commonly used
technique when performing such biokinetic studies of radiopharmaceuticals
labelled with y-emitting radionuclides, like l uIn and 99mTc, is by means of serial
whole body measurements using a gamma camera. Whole body images are
taken at various times after the administration of the activity. Single probe non-
imaging detectors, single-photon emission computed tomography (SPECT) and,
in the case of positron emitters, PET, may give additional information.
Furthermore, data obtained from measurements of the activity concentration in
blood, urine faeces and occasionally in exhaled air, gives additional knowledge
about the excretion as well as the retention. Cumulated activities should be
estimated for organs and tissues with a significant uptake as well as for the
whole body. The routes of excretion must be identified and the cumulated
activities should also be estimated for organs and tissues through which the
activity is excreted.

Quantification of the activity in an organ or tissue is a complex matter. After
administration (e.g. orally, through intravenous injection or via inhalation) of y-
and characteristic X-ray emitting radiopharmaceuticals, serial measurements of
the activity contents in the whole body and in various organs and tissues can be
performed with a gamma camera in both anterior and posterior projections
(conjugate counting).
On the images, regions of interest (Rol) are drawn around the organs and
tissues showing a significant content of activity over the surrounding
background. Activity in an adjacent background region is subtracted and the
geometric mean of the number of net counts in the anterior and posterior images
is calculated. The technique of conjugate counting using the geometric mean
(Thomas et al., 1976, Fleming, 1979, NCRP, 1985) provides a counting
sensitivity that is relatively independent of the organ depth. Nevertheless,
corrections have to be made for attenuation in the body and in the source organ
itself. For quantitative measurements the sensitivity of the measuring device
must also be known.
One of the most frequently used methods for calculation of the activity content,
A, in an organ or tissue is given by the following equation:

A = (Na NJ* [{e^L/2- s^f2) ) K] _! (eq. 6)

where Nn and Np are the
background corrected count rates in the anterior and posterior image,
respectively, L is the body thickness at the region of interest , / is the organ
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thickness, fie is the effective linear attenuation coefficient at the region of
interest and K is the sensitivity of the measuring device (Fleming, 1979).

For thin source organs the effect of attenuation in the source organ itself, is
relatively small and can be disregarded, yielding a more simplified expression:

K] ( e q > 7 )

The activity in an organ or tissue at several times after administration, is then
divided by the administered activity. This fraction is then plotted as a function
of time and the time-activity curve is integrated in order to get the normalised
cumulated activity.

Biokinetic studies of pure P -emitting radionuclides
Due to the short range of the P'-particles in human tissues, it is not possible to
use an external detector when studying the distribution of 14C-labelled
radiopharmaceuticals in the body. Instead, this is accomplished by analysis of
the i4C-activity in various samples from the patient, such as exhaled air, urine,
faeces and tissue biopsies. The content of 14C in these samples can be
determined either by counting the decays of the atoms by radiometric methods
or by counting the number of atoms by mass spectrometric methods. When very
low concentration of UC in small samples is to be determined, it is more
efficient to count the number of atoms by accelerator mass spectrometry, AMS
(Kutschera, 1993, Stensfrom et al., 1995) rather than counting the decays by
liquid scintillation counting, LSC (Carlsson, 1977, Peng, 1977), since for
reasonable measuring times there are more atoms that survive than decay.
Samples of various kinds are taken at several times after the administration of
the radiopharmaceutical and the activity content is determined. Analysis of the
time-activity curve provides us with data which are helpful for the estimation of
the normalised cumulated activity.

17



MATERIAL AND METHODS

Radiopharmaceuticals

The biokinetics of four different radiopharmaceuticals labelled with luIn, 99nTc
or 14C, respectively, have been studied and the mean absorbed dose (mGy/MBq)
for three of them has been determined. The properties of the
radiopharmaceuticals used are given in Table II. All the radiopharmaceuticals
were prepared according to the recommendations given by the manufacturers.

mIn-DTPA-D-Phe-l-octreotide (Octreoscan™) (Paper II)
mIn-DTPA-D-Phe-l-octreotide (mIn-octreotide) is a recently developed
radiopharmaceutical for diagnosis of neuroendocrine tumours, such as
phaeochromocytoma, neuroblastoma, carcinoid, paraganglioma, endocrine
pancreatic tumours, medullary thyroid carcinoma, islet cell tumours,
gastrinoma, small cell lung cancer, melanoma and pituitary tumours (Krenning
et al., 1992). Octreotide is a synthetic analogue to somatostatin which is a
peptide hormone containing 14 aminoacids and with a short biological half-
time. u'In-octreotide is a sensitive indicator of neural crest tumours since most
tumours of neuroendocrine origin hyper-express cell surfaces somatostatin
receptors. It is, however, not specific, as scintigraphy is also positive in many
other tumours, granulomas and autoimmune diseases (Hoefhagel, 1994).

DTPA-D-Phe'-octreotide was supplied as a dry frozen kit to which
approximately 120 MBq n'In-chloride was added, followed by an incubation
period of 30 minutes. Both DTPA-D-Phe1 -octreotide (10 microgram) and mIn-
chloride were supplied by Mallinckrodt Medical B.V. (Petten, The
Netherlands).

99mTc-MIBI (Cardiolite™) (Paper HI)
"Tc-MIBI (methoxy isobutyl isonitrile), is a radiopharmaceutical used for
myocardial perfusion imaging (Wackers, 1989). It is an alternative to the 201Tl-
ion, which has been the dominating radiopharmaceutical for this investigation
for many years. " T c is an optimal radionuclide for most nuclear medicine
investigations due to its physical properties (Table II). """Tc-MIBI is rapidly
taken up in muscular tissue in proportion to the regional blood flow. It is not
redistributed in the myocardium, so in order to make a complete investigation,
both at stress and at rest, two injections have to be administered.

MIBI (1.0 mg) was available as a dry-frozen kit in a glass vial into
which 10 GBq 99mTc04" was added (enough for about 10 patients). The vial was
then placed in boiling water for 10 minutes. MIBI was supplied by DuPont de
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Nemours (Dreieich, Germany) and "TcCV fr°m a 99mTc-generator
(Mallinckrodt Medical B.V., Petten, The Netherlands or Behringwerke AG
(Hoechst AG), Marburg, Germany).

Radiochemical purity
The radiochemical purity of luIn-octreotide and 99mTc-MIBI was measured
prior to the injection of each subject, to assure labelling yield better than 98%
(Paper II) or better than 95% (Paper III), according to the manufacturers. In
both papers this was carried out with instant thin layer chromatography (Paper
II: ITLC/SG strip, Gelman Sciences Inc. Ann Arbor MI, USA, and Paper III:
Baker-flex™, JT Baker Inc. Philipsburg, NJ, USA). For mIn-octreotide (Paper
II) it was performed also with gel chromatography (Bond Elut, Varian,
Switzerland).

14C-triolein (Paper TV)
l4C-triolein is a radiopharmaceutical that is used to demonstrate and quantify
the degree of fat malabsorption (Newcomer et al., 1979). Although it has been
used for several years and biokinetic and dosimetric data have been published
(Malmendier et al., 1974, Pedersen et al., 1981, ICRP, 1993), the AMS-
technique gives us an excellent tool to obtain more detailed information about
the long-term retention of I4C-triolein in the body.

14C-triolein was supplied by Amersham (Amersham International, UK).

14C-urea (Paper V)
14C-urea is a recently introduced radiopharmaceutical used for the detection of
Helicobacter pylori, (HP), which is a bacterium believed to cause gastritis,
duodenal or gastric ulcer (Marshall et al., 1984, Rauws et al., 1988) and
possibly even stomach cancer (Parsonnet et al., 1991, Sipponen et al., 1992).
The bacterium has a high urease activity and since other urease-producing
bacteria very seldom colonise the stomach, tests for gastric urease are specific
and sensitive indicators of HP-infection. The bacterium can easily be detected
with the 14C-urea breath test (Bell et al., 1987, Marshall et al., 1988, Rauws et
al., 1989) and the test is non-invasive, easy to perform and cheap.

Thirty-seven MBq 14C-urea (enough for about 300 patients) was
supplied as dry-frozen kit and was dissolved in 33.6 ml ethanol (99.5%)
(activity concentration 1.1 MBq/ml). I4C-urea was supplied by Amersham
(Amersham International, UK).
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Table II. The properties of the radiopharmaceuticals used in the different studies.

Paper

Paper II

Paper III

Paper IV

Paper V

Radiopharmaceutical

H1In-octreotide

99mTc-MIBI

14C-triolein

14C-urea

Photon energy or
Pave-energy used

(abundance) °
hv: 171 and 245 keV

(90% and 94%)
hv: 140 keV

(89%)
Erave: 49 keV

(100%)
Ep-ave:49keV

(100%)

Physical
Half-life

2.83 days

6.01 hours

5730 years

5730 years

Indication for use

Neuroendocrine tumours (etc.)

Myocardial perfusion (etc.)

Fat malabsorption in the Gl-tract.

Helicobacter pylori infection in
the upper GI tract

' (physical data from Weber et al., 1989)
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Subjects

For the sake of simplicity, the term "subject" has been used for all persons
participating in this study, since some of them were patients in the diagnostic
investigation and become volunteers in the succeeding biokinetic and
dosimetric study, and some of them were volunteers throughout the entire study.
The subjects were undergoing routine investigations for diagnostic purposes and
no additional activity was administered, except for the adult volunteers in the
study described in Paper IV and Paper V. The subjects were clearly informed
and the studies on the subjects were approved by the Ethical Committee at Lund
University and the Radiation Safety Committee at Malmo University Hospital.
All the clinical investigations were performed at the Department of Clinical
Physiology and Nuclear Medicine at Malmo University Hospital.
In Table III the number of subjects, gender, age, follow up time and sampling
methods for the different studies, are shown.

In the study described in Paper II approximately 110 MBq U1ln-
octreotide was given to the subjects as an intravenous injection. The subjects
were also given laxative (20.5 mg Pico-Salax and 5 ml Microlax, Ferring,
Sweden) in order to minimise the influence from activity in the gastrointestinal
tract and thus improve the detectability of small tumours in that area.

In the investigation described in Paper III the subjects were fasting
during four hours prior to the injection. For subjects at rest, 700 MBq 99mTc-
MTBI was injected intravenously, with the subjects lying in a supine position on
the gamma camera couch. For the other five subjects stress condition was
achieved by means of bicycle ergometer followed by an i.v. injection of 500
MBq 99mTc-MIBI, and succeeded by one more minute of cycling. In order to
stimulate the contraction of the gall bladder and thus reduce the activity in it,
the subjects had to drink approximately 2 dl of cream (40% fat) immediately
after the injection.

The activity administered to the subject (Paper II and Paper EQ) was thoroughly
determined by measuring the syringe in an ionisation chamber (Capintec, New
Jersey, USA) before and after the administration of the activity to the subject.
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In the studies described in Paper IV and Paper V the subjects were fasting for at
least 6 hours before the test, usually over-night. The l4C-labelled compounds
were given orally.

14C-triolein (74 kBq) (Paper IV) was evaporated on a piece of sugar and
given to the subjects followed by a fat-containing test meal, corresponding to
840 kJ (Intralipid™, Pharmacia AB, Stockholm, Sweden).

14C-urea (Paper V) was mixed with 125 ml water containing 200 mg urea and
given to the adults (110 kBq) and to the children (55 kBq). In order to reduce
contamination from urease-producing bacteria in the mouth, the subjects
brushed their teeth and rinsed their mouth with water, without swallowing it,
before and after the ingestion of l4C-urea.
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Table III. Summary of subject parameters

Paper

Substance

Paper II

11'In-octreotide
Paper III

99mTc-MIBI
Paper IV

14C-triolein

Paper V

14C-urea

Number of
subjects

10 adults

10 adults:
5 at rest

5 at stress

4 adults

9 adults
8 children

Gender
Age

4 male
6 female

(21-71) yr.
6 male

4 female
(48 -79) yr.

4 male
(50-73) yr.

3 male
6 female

(44 -74) yr.
3 boys
5 girls

(7-14) yr.

Followed for

o ™ o © o
_ r-< rH r n l-i

> (24h)

(363 d)

(180 d)

Scanning
/-camera

X

X

Exhaled
air

X

X

Urine

X

X

X

Blood

X

X
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Acquisition ofbiokinetic data

Gamma camera measurements

For the biokinetic studies of mIn-octreotide (Paper II) and 99mTc-MIBI (Paper
III) a square (50 x 35 cm2) field-of-view gamma camera (Toshiba™ GCA 901
A, Tokyo, Japan) was used. The gamma camera was equipped with a parallel
hole collimator, either a medium energy general purpose collimator (Paper II)
or a low energy general purpose collimator (Paper III). In the study described
in Paper II, two 20% energy windows were used, symmetrically (±10%)
centred around 171 keV and 245 keV, respectively. A 20% energy window was
symmetrically centred around 140 keV in the study of 99mTc-MIBI (Paper III).
Whole body scanning, both in anterior and posterior projections, was carried
out with the gamma camera, the subjects lying in a supine position on the
gamma camera couch.
In the study described in Paper II the subjects were scanned 15 minutes
(scanning speed: 20 cm/min), 4 hours (15 cm/min), 24 hours (10 cm/min) and
for five of the subjects also 48 hours (10 cm/min) after an i.v. injection of inIn-
octreotide. In the investigation described in Paper III the subjects were scanned
15 minutes, 6 hours and 24 hours (scanning speed: 20 cm/min) after an i.v.
injection of "Tc-MIBL The subjects did not empty the urinary bladder
between the injection and the first scanning.
To account for attenuation in the body of the subjects, effective linear
attenuation coefficients, jue , in soft tissue were experimentally determined for
photons of the energy distribution in question. This was carried out with the
same equipment as was used in the patient studies and for radionuclide sources
of different sizes and is described in detail in Paper I. The attenuation in the
gamma camera couch was determined for both l l lIn and ""Tc.

The sensitivity (counts/MBq) for the gamma camera was determined
by phantom studies (Paper II and Paper III). The phantom was made of two-litre
and one-litre cylindrical plastic bottles (Kautex, Germany) placed so as to
simulate a 70 kg person according to Schmier (1972). The phantom (in the
study referred to as "the bottle-phantom") was filled with known activity
corresponding to the activity distribution in the subjects. For u lIn plasma was
added to the bottles in order to bind m In to the plasma transferrin and thus
prohibit n iIn binding to the walls of the bottles (Paper II). The bottle-phantom
was scanned in both anterior and posterior projection at the same scanning
speed as in the subject studies (Paper II, Paper III). Corrections were made for
attenuation in the phantom and in the gamma camera couch. This was
performed by means of static imaging of radionuclide sources of different sizes
with and without the gamma camera couch between the source and the camera.
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Organ-phantom measurements for accuracy determination
In the study described in Paper I the above mentioned equipment and
parameters were used in order to investigate the accuracy of the quantification
of UIIn- and " T c - activity content. A plastic phantom simulating the torso of
an adult male of 70 kg body weight (an elliptical cylinder with axis 20 cm and
40 cm and height 70 cm) according to the description of MIRD (Snyder et al.,
1978)) was filled with water (42 litres). Organ-phantoms corresponding to the
liver according to the MIRD description), the heart and the two kidneys
(resembling MIRD's description) and the torso-phantom were filled with known
activity of " T c or '"In corresponding to the activity distributions in the
patients (Paper II and Paper III) and the organ-phantoms were placed inside the
torso-phantom. Whole body scanning was performed in both anterior and
posterior view for each radionuclide.

Blood sampling

From the subjects participating in the studies described in Paper II and Paper III,
blood samples were drawn in heparinised test tubes immediately after the
scanning. The count rate (counts per second, cps) from the blood samples was
measured with two opposed NaI(Tl)-detectors (diameter: 127 mm and height:
102 mm) in a low-background room. The sensitivity (cps/MBq) for the Nal(Tl)-
detector geometry was determined by measurement of blood samples with
known amount of u lIn or 99mTc.

Collection of urine

In the studies described in Paper II and Paper III, urine was collected in two-
litre plastic bottles (Kautex, Germany) during 24 hours after the injection. For
one of the subjects in the niIn-octreotide study (Paper II) an additional
collection of urine was performed during the period 24-48 hours after the
injection. The count rate (cps) was measured with a high-purity coaxial
germanium detector (HPGe) (diameter: 46 mm and height: 37 mm) placed in a
low-background lead cave. Before the measurement the urine volume was
adjusted to 2000 ml using distilled water and 200 ml (6M) hydrochloric acid.
The sensitivity of the HPGe-detector system was determined for an identical
plastic bottle filled with known amount of u lIn (incl. plasma) or 99mTc, making
it possible to calculate the activity in the urine samples.
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In the study presented in Paper V, samples of urine were collected in 100 ml
plastic bottles, before and on several occasions up to 40 days after the
administration of 14C-urea (see Paper V, Figure 1). One millilitre aliquots of
urine were thoroughly mixed with 18 ml of scintillation liquid (Optiphase
HiSafe 3, Wallac Oy, Finland) and measured in a liquid scintillation counter
(1414 Gardian, Wallac Oy, Finland). Background samples and an internal
standard of 14C-urea were measured immediately after the urine samples.
Correction for quenching was carried out by adding 100 ul of the internal
standard to the urine sample, which was measured once more. The
measurements of the urine with and without standard, the background and the
internal standard were performed on two or three separate samples on each
measuring occasion. The samples were measured for 30 minutes or less
depending on the count rate in order to get a 2% coefficient of variation or
better.

Sampling of exhaled air

Liquid scintillation counting, LSC
In 14C-breath tests used in clinical investigations (Hepner, 1974), the catabolic
end product carbon dioxide, CO2, is exhaled and can be collected for
measurements. In order to absorb the carbon dioxide the subjects were required
to exhale through a plastic tube connected to a glass chamber with a drying
agent, into a glass vial containing 4 ml (Paper IV) or 2 ml (Paper V) of Hyamin
10-X (Packard Instruments BV, The Netherlands) and one drop of
phenolphthalein solution. The subject exhaled until the colour of the solution
changed from violet to colourless indicating saturation (around 2 mmol CO2 in
Paper IV and 1 mmol CO2 in Paper V). Fifteen ml of scintillation liquid (Hionic
Fluor ™, Packard Instruments BV, The Netherlands) was added to each vial and
the samples were measured in a liquid scintillation counter (either a 1217
Rackbeta, Wallac, Sweden AB or a 1414 Guardian, Wallac Oy, Turku, Finland).
Seven samples were collected for each subject for measurement with LSC
(Paper IV: detector background, exhaled CO2 before the administration of !4C-
triolein and after 2, 4, 5 and 6 hours and a standard. Paper V: detector
background, exhaled CO2 before the administration of I4C-urea and after 5, 10,
15 and 20 minutes and a standard). The results were presented as percent of
given activity exhaled per hour, assuming a constant CO2 production of 9 mmol
per kg body weight and hour (Winchell et al., 1970)

Accelerator mass spectrometry, AMS
The subjects made five exhalations into an equipment similar to that mentioned
above with a glass vial containing NaOH on a solid support (Ascarite™,
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Thomas Scientific, Swedesboro, NJ, USA), which traps the carbon dioxide. To
establish the normal 14C content in the exhaled air, samples were taken before
the administration of the 14C-labelled compound. After the administration,
samples of exhaled air were taken at several times: for 14C-triolein after 2, 4, 5
and 6 hours and then at longer intervals, up to 363 days for two subjects and
265 days for one subject (Paper TV) and for 14C-urea according to Figure 1 in
Paper V. The AMS measurements were carried out at the Pelletron tandem
accelerator at the Department of Physics, University of Lund (Skog et al.,
1992). The accelerator is equipped with an ion source which requires samples in
a solid compact form. Thus, the carbon compounds in the exhaled air samples
had to be extracted and converted into elemental carbon (graphite) before being
analysed. This was done in two steps. First, the carbon dioxide was released
from the Ascarite samples by hydrolysis adding phosphoric acid (3 ml, 14M).
Then, the carbon dioxide was catalytically reduced to elemental carbon with
iron powder as catalyst, at 650°C, in the presence of hydrogen gas (Vogel et al.,
1984). Samples of high activity were diluted with a known amount of 14C-free
carbon dioxide before being reduced to solid carbon. The produced carbon was
then pressed into a copper probe and placed in the ion source of the accelerator.
To determine the activity of the carbon samples, the number of l4C atoms was
measured relative to the known amount of stable 13C atoms in the sample. The
activity in the samples was given as

A = A . N s ~ N b (eq. 8)
iNox l^b

where As and Aox are the sample activity and the
activity of a NBS oxalic acid standard (Stuiver and Polach, 1977), respectively.
Ns, Nox and Nb are the I4C/13C count rates of the sample, oxalic acid and 14C-free
anthracite (background), respectively (Paper IV).

Dosimetry

Analysis of the gamma camera images

Regions of interest, Rol, were drawn around those organs that were visualised
on the gamma camera images (Paper I, Paper II, Paper III). Background Rols
were defined in the middle of the torso-phantom at a distance from the organs
(Paper I) or at the right hip (Paper II) and outside the border of the body (Paper
III). For the whole body, detector background next to the calves of the subjects
and well outside the margin of the leg, was used (Paper II, Paper III). For those
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subjects where the liver and the kidneys were overlapping, corrections were
made using the count density in the undisturbed liver region multiplied by the
projected area of the liver. The image of the right kidney was treated in the
same way. As a test of the number of counts in the right kidney, the number of
counts in the left kidney was doubled assuming equal distribution of activity
between the two kidneys. There was no detectable difference in the results
between the two methods used. The activity in the organ-phantoms (Paper I)
was calculated according to both eq. 6 and eq. 7 with the effective linear
attenuation coefficients and total body sensitivity of the bottle-phantom used in
the patient studies. The activity content in the source organs in Paper II were
calculated using the equation of Fleming (eq. 6) with total body sensitivity of
the bottle-phantom and the effective linear attenuation coefficients obtained in
a phantom study described in detail in Paper I. In the study of "Tc-MIBI
(Paper III) a somewhat simpler formula based on the same equation was used
assuming thin source organs (eq. 7). The anterior-posterior thickness of various
parts of the subject (forehead, thorax, upper and lower abdomen) was measured
with a ruler. The thickness of the organs was obtained from the ICRP Reference
Man (1975). The effective thickness of the lungs was calculated assuming a
lung density of 0.26 g/cm3.

Analysis of the 14C-meaurements

The fraction of the administered activity, excreted either through exhaled air or
urine was determined by means of analysis of the time-activity curves. In the
calculation of 14C-recovery in urine, the urinary excretion rate for adults was
determined via the creatinine excretion rate (165 umol/kg body weight and day)
and for children the 24-hour diuresis was calculated using 25 ml/body weight
and day (5-11- year-old children) and 19 ml/body weight and day (11-14- year-
old children) (Geigy Scientific Tables, 1981). In the calculation of 14C-recovery
in exhaled air, a constant endogenous CO2-production of 9 mmol/kg body
weight and hour was assumed (Winchell et al., 1970). The cumulated activity
excreted either way was divided by the activity administered.

Normalised cumulated activities

Time-activity curves, i.e. activity content per administered activity (%) as a
function of time after the administration, were obtained for each source organ
(liver, kidneys, spleen, heart, lungs, thyroid, SI contents, ULI contents, LLI
contents and remainder of the body in Paper II, brain, gall bladder, heart,
kidneys, liver, lungs, muscles, spleen, testes, thyroid, SI contents, ULI contents
and LLI contents in Paper IE). The initial uptake, biological half-time and
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corresponding fractions of uptake were derived from the curves and the
normalised cumulated activities were calculated according to either of the two
equations (eq. 4 or eq. 5).

The normalised cumulated activity in the urinary bladder was calculated
according to the kidney-bladder model of ICRP (1987) using a bladder filling
and voiding interval of 3.5 hours for adults (Paper II, Paper HI, Paper V) and
3.5, 3.0 and 2.0 hours for 15-, 10- and 5-year-old children, respectively (Paper
V). In the study described in Paper V the ICRP urea and CO2/bicarbonate
models (ICRP, 1999) were used in order to calculate the normalised cumulated
activities for stomach, trabecular bone, cortical bone and remainder of the body.

The mean absorbed dose and the effective dose

The mean absorbed dose to various organs and tissues was calculated for each
subject (Paper II and Paper V) and for an average subject based on the average
values of the organ uptake (Paper II, Paper III) by using ICRP53 computer code
(Johansson, 1990) (Paper II and Paper III) and MIRDOSE (Stabin, 1996a)
(Paper II and Paper V). The contribution from the impurity U4mIn to the mean
absorbed dose of lllIn-octreotide (Paper H) was also calculated., assuming a
U4mIn-activity of 0.05% of the total activity at reference time (Bjurman et al.,
1982, Mallinckrodt Medical B.V. Petten, The Netherlands).
The effective dose E and the effective dose equivalent HE were calculated
according to ICRP (1994 and 1987).
The effective dose to children (Paper V) was calculated using the same tissue
weighting factors as for adults (Almen and Mattsson, 1996).
In the calculation of the effective dose for 99mTc-MIBI (Paper III) the
oesophagus was added to the Remainder (Table I) with a total tissue weighting
factor of 0.10.
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RESULTS AND DISCUSSION

Biokinetics

11 'In-octreotide (Paper II)
After an i.v. injection of mIn-octreotide, the activity was rapidly cleared from
the blood, a dominating fraction having a biological half-time of 1.2 hours. The
activity was predominantly excreted via the kidneys and urinary bladder; 85% ±
4% (mean ± standard error of the mean, SEM) of the administered activity was
excreted in urine within 24 hours. For the subject who collected urine also
between 24 and 48 hours after the injection, approximately 98% was excreted in
48 hours. Even though the subjects were given laxative, some activity (about
2% of the injected activity) could be observed in the Gl-tract in the gamma
camera images after 48 hours.
In the initial gamma camera image (Figure la) activity was evident in several
organs such as the liver (5% ± 0.4 % of injected activity), the spleen (3% ±
0.3%), the kidneys (8% ± 0.5%), the lungs (4% ± 0.7%), the heart (6% ± 0.7%)
and the thyroid (0.2% ± 0.02%). There was also an early significant activity in
the urinary bladder content (8% ± 1 % of injected activity). After 4 and 24 hours,
activity could still be seen in the liver, the spleen, the kidneys and the urinary
bladder. Even 48 hours after the injection, the spleen, the liver and the kidneys
were visible (Figure lb).
For all organs except the spleen and the kidneys the retention of the substance
was described by a biexponential function for a majority of subjects. For the
heart and the lungs the clearance was very rapid. For the spleen a rapid uptake
phase could be seen. The efficient retention in the spleen and the liver could be
due to dissociation of'"In from luIn-octreotide (Jonsson et al., 1991, Claessens
etal., 1995).

30



a) !5 minutes b) 48 hours

Figure 1. Anterior and posterior whole body images of a 52-year-old male (82 kg)
a) 15 minutes and b) 48 hours after an injection of 118 MBq in a lnIn-octreotide (from
Paper II).

99mTc-MIBI (Paper m )
The biokinetic study of "Tc-MIBI showed a rapid clearance of activity from
the blood. Fifteen minutes after the injection, 0.5% ± 0.1% (mean value ± SEM)
of the administered activity was present in the blood. The activity was excreted
primarily through the Gl-tract (Figure 2b). For subjects at rest, 18% ± 3% of the
injected activity was excreted in urine within 24 hours. The corresponding
figure for subjects at stress was 12% ± 1 % . Initially there was a high uptake of
activity in the liver (Figure 2a), 14% ± 2% of injected activity. It was however
eliminated rather fast. Eighty-nine percent of the liver uptake was eliminated
with a biological half-time, Tbio of 79 minutes and 11% with a Tbio much longer
than the physical half-life. The uptake in the heart was 2% ± 0 . 1 % at rest and
3% ± 0.4% at stress. For the heart the clearance was slow; Tbio was 15 hours at
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rest and for subjects at stress the elimination was bi-exponential, 75% with a
Tbi0 of 5 hours and 25% with a Tbio much longer than the physical half-life.
Differences between the organ uptake at rest and stress could be seen for muscle
tissue, thyroid, gall bladder and the remaining tissues. There were also
significant differences between rest and stress regarding the activity in ULI-,
LLI- and Si-contents. The uptake and retention of the activity in these tissues
showed great individual variation.

Figure 2. Anterior whole body images of a 63-year-old male, 15 minutes, 6 hours and
24 hours after an injection of 822 MBq 99mTc-MIBI (from Paper III).

14C-triolein (Paper IV)
The 14C concentration in exhaled air measured by AMS, as a function of time
after the ingestion of 74 kBq 14C-triolein for three volunteers (A, B and C) is
given in Figure 3.
The maximum activity concentration occurred 4-6 hours after
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a) !5 minutes b) 48 hours

Figure 1. Anterior and posterior whole body images of a 52-year-old male (82 kg)
a) 15 minutes and b) 48 hours after an injection of 118 MBq in a inIn-octreotide (from
Paper II).

99mTc-MIBI (Paper III)
The biokinetic study of 99mTc-MIBI showed a rapid clearance of activity from
the blood. Fifteen minutes after the injection, 0.5% ± 0.1% (mean value ± SEM)
of the administered activity was present in the blood. The activity was excreted
primarily through the Gl-tract (Figure 2b). For subjects at rest, 18% ± 3% of the
injected activity was excreted in urine within 24 hours. The corresponding
figure for subjects at stress was 12% ± 1 % . Initially there was a high uptake of
activity in the liver (Figure 2a), 14% ± 2% of injected activity. It was however
eliminated rather fast. Eighty-nine percent of the liver uptake was eliminated
with a biological half-time, Tbio of 79 minutes and 11% with a TMo much longer
than the physical half-life. The uptake in the heart was 2% ± 0.1% at rest and
3% ± 0.4% at stress. For the heart the clearance was slow; Tbio was 15 hours at
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rest and for subjects at stress the elimination was bi-exponential, 75% with a
Tbi0 of 5 hours and 25% with a Tbio much longer than the physical half-life.
Differences between the organ uptake at rest and stress could be seen for muscle
tissue, thyroid, gall bladder and the remaining tissues. There were also
significant differences between rest and stress regarding the activity in ULI-,
LLI- and Si-contents. The uptake and retention of the activity in these tissues
showed great individual variation.

Figure 2. Anterior whole body images of a 63-year-old male, 15 minutes, 6 hours and
24 hours after an injection of 822 MBq ""Tc-MIBI (from Paper III).

14C-triolein (Paper IV)
The 14C concentration in exhaled air measured by AMS, as a function of time
after the ingestion of 74 kBq 14C-triolein for three volunteers (A, B and C) is
given in Figure 3.
The maximum activity concentration occurred 4-6 hours after
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the ingestion and then rapidly fell to very low values, not measurable with LSC,
but definitely higher than the individual background value, measured with the
AMS method. Even after several months, enhanced 14C-levels could be
detected. The precision and the lowest detectable additional 14C-concentration
(LDAC) of the two methods were determined by studying the results from a
number of samples taken before the 14C was ingested. The LDAC (three times
the standard deviation of the background signals) was 2.7 Bq/gea^o for LSC
and 0.024 Bq/gcarbon for AMS. The background i4C concentration measured by
LSC was considerably higher than measured by AMS (44.2 Bq/gcarbon compared
to 0.258 Bq/g^bon ) due to instrumental background in the liquid scintillation
counter and natural radioactivity in the glass vial and the surroundings. The
natural 14C level is about 0.23 Bq/g^,,,, and the contribution from nuclear
weapons is today around 0.03 Bq/g^^ . For a liquid scintillation counter in
clinical use, the background 14C concentration is normally about 10-20

For the first 24 hours after the ingestion the exhaled fraction, calculated from
the area under the curve, was 30% for subject A, 33% for subject B and 28% for
subject C, corresponding to a biological half-time of 2 days. Subject C exhaled a
further 7% during the next 8 days and during the next 254 days another 3% left
the body. The remaining 60% of the ingested l4C activity had a very slow turn-
over with a biological half-time in the order of several hundred days (Mattsson
etal., 1999).

On day 5 after the ingestion subject C had three meals in a short time
before the sample of exhaled air was taken. This resulted in a comparatively low
14C-activity concentration. On day 72 after the ingestion, the same subject fasted
for 32 hours (only drinking water) which resulted in an increase of the exhaled
14C-activity concentration, as seen in the enlarged parts of Figure 3. The
explanation of the increase is that during the fast, stored body fat was used to a
higher extent. The total excretion of 14C during the 32-hour fasting period was,
however, very small (about 0.1% of the administered I4C).
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Figure 3. The activity concentration of 14C in exhaled air as a function of time after
the ingestion of 74 kBq I4C-triolein for the three subjects A, B and C ( from Paper
IV).

A further investigation of a subject D was initiated in order to test if it was
possible to measure the 14C concentration in exhaled air when the subject was
given 50 times less I4C activity than normal. The results showed that it is indeed
possible to use AMS with ultra-low amounts of activity in fat-malabsorption
tests (Paper IV).
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14C-urea (Paper V)
Of the 17 subjects who took part in the study, 16 were found to be HP-negative
and one was HP-positive (and excluded from the study). In the HP-negative
subjects, the total recovery of 14C after an administration of 14C-urea was in
adults 92% ± 7% of administered activity (mean ± SEM) and in children 90%
± 5%. In all HP-negative subjects a majority of the administered l4C-activity
was excreted through the kidney-bladder system, 88% ± 4%, most likely as
unchanged 14C-urea. A minor part was exhaled as 14CO2, 4.6% ± 0.6% in adults
and 2.6% ± 0.3% in children.

Urine In the HP-negative subjects a maximum of 14C in urine occurred
approximately 3 hours after the ingestion of 14C-urea. (Figures 4a and 4b). After
the peak, the time-activity concentration curve could be described by a
monoexponential function with a biological half-time, Tbio of 8.7 ±1.0 hours in
adults and 6.6 ± 0.9 hours in children. A majority of the excreted 14C in urine
was found within the first 24 hours; 73% ± 3.3% of given activity. Between 24
and 48 hours; 12% ± 2.2% was found and thereafter; 3.0% ± 0.8% until no
more MC was detectable.

Exhaled air After 21 days no more 14CO2 could be detected in adults by AMS
measurements. The corresponding figure for children was 9 days. In all
subjects, except for one child, a maximum of 14C in exhaled air occurred within
one hour after the administration of 14C-urea (Figures 5a and 5b), after which
the time-activity concentration curve could be described by a biexponential
function. The Tbio was 7 minutes (86%) and 12 hours (14%) in adults and 7
minutes (94%) and 7 hours (6%) in children (except in the child with an atypical
elimination).
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Figure 4. The I4C-activity concentration in urine as a function of time after administration of
14C-urea for HP-negative a) adults and b) children. The dots represent the measured values
and the lines are the fitted curves. In the small figure the vertical axis is linear and in the
large figure it is logarithmic (from Paper V).
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Figure 5. The l4C-activity concentration in exhaled air as a function of time after
administration of 14C-urea for HP-negative a) adults and b) children. The dots represent the
measured values and the lines are the fitted curves. In the small figure the vertical axis is
linear and in the large figure it is logarithmic (from Paper V).
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Mean absorbed dose

nlIn-octreotide
The mean absorbed dose to various organs and tissues was calculated for each
subject. The data presented in Table IV represent the mean values of six
women and four men. The kidneys and the spleen were the organs that received
the highest mean absorbed dose, followed by the urinary bladder. An
investigation with 110 MBq mIn-octreotide resulted in a mean absorbed dose of
60 mGy to the kidneys and the spleen and 30 mGy to the urinary bladder. U4mIn
and 114In contributed to the total mean absorbed dose up to 2.8%.

Table IV. The mean absorbed dose to various organs and tissues per unit
administered activity of mIn-octreotide and the standard error of the mean,
based ion data for 10 subjects (from Paper II).

Kidneys
Spleen
Urinary bladder
Liver
Pancreas
Adrenals
Gall bladder
Colon wall

Mean absorbed dose
(mGy/MBq)

0.54
'-.- - • ; : - q i S 3 N . : . •;..:.

0.27
0.11
0.082
0.078
0.066
0.062

Standard error
of the mean

± 0.052
±0.061
± 0.019
±0.011
± 0.0079
± 0.0070
± 0.0054
± 0.0058

Even though there were some individual differences both in biokinetic data and
in the mean absorbed doses, no significant differences could be observed
between the results based on the average absorbed doses of the 10 subjects and
the mean absorbed doses calculated using the mean of the organ uptake of mIn-
octreotide (Paper II). A comparison between the results of this work (Paper II)
and similar studies by Krenning et al. (1992), Bajc et al. (1994), Stabin et al.
(1995b, 1996b), Forssell Aronsson et al. (1999) and Andersson et al. (1999,
therapeutic amount of ulIn-octreotide) concerning the mean absorbed dose to
various organs and tissues and the effective dose showed variations between the
patient groups as well as individual variations within the patient groups (Figure
6a and 6b). The differences between the results of the various studies can partly
be explained by individual variations in the subjects as regards sex, age, weight,
tumour burden, metastasis and previous non-labelled octreotide therapy. Other
factors that may contribute to the differences are different methods to correct
for background activity in the subjects and differences in the calibration
procedure.
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Figure 6. Individual distribution and range of the mean absorbed doses
from mIn-octreotide. a) kidneys and spleen b) liver and effective dose
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0 Mean and range of the results of Krenning et al., (1992), * Mean of
the results of Bajc et al., (1994), A Mean and range of the results of
Stabin et al., (1995b, 1996b) and • Range of the results of Andersson et
al., (1999).
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99mTc-MIBI
The results showed that the upper large intestine was the organ that received
the highest mean absorbed dose for an examination with 99mTc-MIBI, 0.076
mGy/MBq at rest and 0.059 mGy/MBq at stress, followed by the gall bladder,
LLI and the kidneys (Table V). For a complete investigation (both rest and
stress) with an administered activity of 700 MBq at rest and 500 MBq at stress,
the mean absorbed dose to the ULI was 82 mGy, gall bladder 34 mGy, and to
LLI and kidneys 32 mGy.

Table V. The mean absorbed doses to various organs and tissues per unit
administered activity of "Tc-MIBI (from Paper HI).

ULI wall
LLI wall

(Colon wall*
Gall bladder
Kidneys
Thyroid
SI wall
Spleen
Liver
Heart
Stomach
Urinary bladder
Red marrow
Muscles

Mean absorbed (
Rest
0.076
0.030
0.056
0.028
0.028
0.024
0.022
0.015

0.0078
0.0073
0.0060
0.0059
0.0035
0.0029

lose (mGy/MBq)
Stress
0.059
0.021
0.043)
0.030
0.025
0.017
0.017
0.012

0.0071
0.0086
0.0050
0.0048
0.0032
0.0033

* Dcolon=0.57*DUL1+0.43*DL._

The high mean absorbed doses to the ULI and LLI reported in Paper III can
partly be explained by the long biological half-times, which have been assumed
to be infinity. This assumption tends to overestimate the A/A,,.
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Several other radiopharmaceuticals for myocardial perfusion imaging, labelled
with ""Tc, have been developed in recent years (Smith et al., 1992, Higley et
al., 1993, Gerson et al., 1994, Rosetti et al., 1994). They have all similar but not
identical biokinetic behaviour. Figure 7 shows a comparison between the mean
absorbed dose to various organs and tissues for an examination with either one
of the three 99mTc-labelled compounds, MIBI (Cardiolite™) (Paper III),
tetrofosmin (Myoview™), furifosmin (Q12™) and for 201Tl-ion. The values of
the mean absorbed dose for the three latter compounds were obtained from
ICRP (1999).
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Figure 7. Comparison between the mean absorbed dose to various organs and tissues, for a
complete investigation with 1200 MBq "Tc-MIBI (Paper III), 1200 MBq "Tc-tetrofosmin
(ICRP 1999), 1200 MBq "Tc-furifosmin (ICRP 1999) and for 80 MBq 2MTl-ion (ICRP
1999).

14C-urea
The results of the mean absorbed dose calculations for oral administration of
14C-urea to HP-negative adults and children are shown in Table VI. The
urinary bladder received the highest mean absorbed dose. For an investigation
with 110 kBq (55 kBq for children) 14C-urea the mean absorbed dose to the
urinary bladder was 16.5 uGy for adults and for children (50 kg, 30 kg and 20
kg body weight) 9.4, 12.1 and 17.6 uGy, respectively. The mean absorbed dose
to the stomach was 1.3 uX3y for adults and 0.8, 1.0 and 1.8 uGy for children
with the body weights mentioned above.
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Table VI. The mean absorbed dose to various organs and tissues from 14C- urea
(Paper V)

Organ

Urinary bladder

Stomach

Bone surfaces

Other organs (*)

Mea
Adult

0.15

0.012

0.011

0.011

n absorbed d
- 5 0 kg
14 years

0.17

0.014

0.008

0.010

ose (mGy/ME
- 3 0 kg
10 years

0.22

0.019

0.013

0.014

'q)
- 2 0 kg
7 years

0.32

0.033

0.018

0.024

(*) Other organs: adrenals, brain, breasts, gall bladder, small intestine, colon, heart,
kidneys, liver, lungs, muscles, oesophagus, ovaries, pancreas, red marrow, skin, spleen,
testes, thymus, thyroid and uterus.

The results above were valid under the assumption that the fraction not
recovered (9%), was proportionally divided between urine and exhaled air. If
however the fraction not recovered was treated as 14CO2 and thus assumed to
enter the C02/bicarbonate pool, the mean absorbed dose to the urinary bladder
decreased slightly (a factor of about 0.90) and the mean absorbed dose to the
bone surfaces increased with a factor of about 4 and to other organs (defined in
the footnote of Table VI) with a factor of 3.

Effective dose

An investigation with 110 MBq luIn-octreotide resulted in an effective
dose of 8.4 mSv (Table VII).

For a complete 99mTc-MIBI investigation with an administered activity
of 700 MBq at rest and 500 MBq at stress, the effective dose was 13 mSv. The
effective dose was calculated according to the recommendations of ICRP (1991)
(Paper El). Recalculation of the effective dose, due to clarification concerning
the application of the tissue weighting factors (ICRP, 1994) showed a somewhat
higher effective dose for "Tc-MIBI, 15 mSv. The main explanation of the
increase was that in the new recommendations, the ULI was a part of the colon
which had a tissue weighting factor of 0.12 and was no longer included in the
Remainder (Table I). This made quite a difference for "Tc-MIBI, as the ULI
was the organ receiving the highest mean absorbed dose.

The effective dose for an investigation with 110 kBq I4C-urea was 2.1
uSv to an adult and to children (for 55 kBq) 0.9 - 2.5 uSv.
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Table VII. The effective dose per unit administered activity for the three
radiopharmaceuticals studied ( from Paper II, Paper III and Paper V).

mIn-octreotide
99mTc-MIBI
14C-urea

The effective dose (mSv/MBq)
Adults
0.076
0.011
0.019

Children

0.019, 0.025, 0.041
(14 yr. 10 yr. 7yr.)

The organs and tissues contributing most to the effective dose were the urinary
bladder for luIn-octreotide and 14C-urea and the colon for 99nTc-MIBI (Figure
8a, 8b and 8c). The comparison between the effective dose from the
investigations in this study and other radiodiagnostic investigations is illustrated
in an "effective dose thermometer" (Mattsson et al., 1998) (Figure 9).

Spleen
10%

Remainder
4%

Urinary bladder
19%

Thyroid
4%

Gonads
10%

Stomach
9%

Red marrow
5%

Colon
10%

Oesophagus

idneys 2 %

10%

8a) mIn-octreotide (from Paper II)
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Stomach Remainder
5%

Urinary bladder
2%

Gonads
20%

Red marrow
3%

Colon
50%

Thyroid
9%

8b) 99mTc-MIBI (from Paper HI)

Stomach
P

Muscles
3%

Red marrow
7%

Thyroid
3%

Gonads
12%

Liver
3%

Urinary bladder
42%

8c) 14C-urea (from Paper V)

Figure 8. The relative contribution to the effective dose from various organs and
tissues, for a) nlIn-octreotide b) """Tc-MEBI and c) 14C-urea
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Effective dose
X-ray investigation Nuclear medicine

mSv Radionuciide - Tracer- (Activity, MBq)
-Investigation-fEffective dose, mSv)

100
I = 1 3 1 1 ' (3)Thyroid function (35% uptake) (72)

Angiocardiography

CT
umbar spine

10

Kidney, bladder

Pelvis

Dental, full
examination

Chest
Mammography

(600) Bone (3.5)
„„, , (200) Thyroid (2.4)
. . . Tc-leucocytes (200) Inflammation (2.2)

I-MIBG (130) Phaeochromocytoma (1.8)
J^Tc-MAA (100) Lung perfusion (1.1)

- , - ^Co-vitamin B!2(0.5) "Shilling test" (1.0)
- - yymjc.MAG (90) Kidney scintigraphy (0.66)

0.1 -z

Hand, foot

Dental, single exp.

0.01

0.001

^ 4 r (85) Myocardium (20)
131 F (0.7) Thyroid function (35% uptake) (17)

!%Z!TC-MIBI(1200) Myocardium (13)
r/rrc-HMPAO (900) Cerebral blood flow (8.4)
!'! In-octreotide (110) Tumour (8.4)
131I-MTOG (50) Phaeochromocytoma (7.0)

" m Tc-aerosol (20) Lung ventilation (0.2)
75 Se-HCAT (0.3) Bile acid metabolism (0.2)

THO (4) Body water (0.06)

- - 51
: - ^Cr-EDTA (4) Kidney clearance (0.008)

- - 14C-urea (0.11)Helicobacterpylori(0.002)

Figure 9. The effective dose to adults. Comparison between various nuclear medicine
investigations and a limited number of X-ray investigations (modified from Mattsson et al.,
1998). The values for '"in-octreotide , "mTc-MIBI and 14C-urea were taken from Paper II,
Paper III and Paper V, respectively.
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Accuracy

The overall uncertainty in internal dosimetry is dominated by uncertainties
related to factors such as the biokinetic data and the anatomy-dependent part of
the S-factor. Compared to these factors the uncertainties in radionuclide decay
data and in tissue energy absorption are insignificant.

The uncertainties in the S-values are due to variation in mass of the
target organ and for photon radiation also variations in the distance between the
source and target organs. The S-values have been derived for the shape, size and
separation of organs in a limited number of mathematically describable
phantoms representing a 70 kg adult male (Snyder et al., 1975) based on
Reference Man (ICRP, 1975), children of various ages (10, 5, 1 year old and
new-born) (Cristy and Eckerman, 1987) and a pregnant as well as a non-
pregnant adult female (Stabin et al., 1995). Differences in the anatomical and
physiological characteristics compared to Reference Man (ICRP, 1975) have
been shown to result in a deviation in the absorbed dose to various organs and
tissues of the Indian adult male by 10 - 30% compared to the Reference Man
(JainetaL, 1992).

Administered activity
The uncertainty depending on the administered activity makes a minor
contribution to the overall uncertainty. The differences between the activity
actually given and the nominal value in the studies of luIn-octreotide and 99mTc-
MEBI were less than 10% (Paper II: 6% and Paper III: 9%).

Time-activity curve analysis
Another contributor to the overall uncertainty is the way of integrating the time-
activity curves for calculation of the normalised cumulated activity. In this
study the evaluation was carried out in different ways, numerically using the
trapezoidal rule and by analytically methods, assuming that the curves could be
described by a mono-exponential or a bi-exponential function.
The radiopharmaceuticals used in the studies described in Paper II and Paper
III, were rapidly distributed throughout the body and taken up in various organs
and tissues. For most situations immediate uptake was assumed and eq. 5 was
used. In the study of lllIn-octreotide, however, there was a significant uptake
phase for the spleen in all subjects except one, and the A/Ao was calculated
using eq. 4 (Paper II). If the uptake phase had been neglected the A/Ao should
have been overestimated by approximately 5%.

Furthermore, the uncertainty in the curve evaluation is dependent on the
follow-up time. In the study presented in Paper II the subjects were followed for
24 or 48 hours. For the subjects followed for 48 hours the mean absorbed dose
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was calculated in two different ways, for the purpose of comparison, either by
assuming that the slope between 4 and 24 hours was the final slope or by
assuming that the 24-48 hour slope was the final slope. This was done for four
source organs, and the results showed that the AIAO was higher when the slope
between 24 and 48 hours was considered to be the final slope. The differences
were at most 30%. The minimum period of measurement to derive A/Ao has
been stated as about one physical half-life (Roedler, 1981). This was, however,
not possible to accomplish in Paper II.

For internal dosimetry there are some processes within the body which are
common to most radiopharmaceuticals. For these organ systems, the ICRP has
described general biokinetic models. The models have primarily been developed
for occupational exposure, but are useful also for radiopharmaceutical
dosimetry (Mattsson et al., 1998). Two of those models are of special concern :
the kidney-bladder model (ICRP, 1987) and the gastrointestinal tract model
(ICRP, 1979).

Elimination through the kidneys and the bladder. The ICRP kidney-bladder
model (ICRP, 1987) was used for calculation of the A/AQ in the urinary bladder
(Paper II, Paper III and Paper V). In the model, the bladder voiding period is
assumed to be constant and equal to 3.5 hours for adults and 15-year-old
children. For younger children the corresponding values are 3.0 (10 year-old),
2.0 (5 year-old, 1 year-old and new-born) (ICRP, 1993). A more realistic and
complex bladder model has been developed (Thomas et al., 1992). This model,
however, requires a number of input parameters not readily achievable and has
not been used in this study.

Elimination through the gastrointestinal tract. In the study of 99mTc-MIBI
(Paper III) it was found that parts of the Gl-tract had significant uptake (SI
contents, ULI contents and LLI contents). The AJA0 was calculated in two ways,
either the same way as for other organs and tissues i.e. by integrating the time-
activity curve, or using a by simple but physiologically more correct model
proposed by ICRP (1979). For LLI contents and SI contents there was no
significant difference between the results obtained from the two methods. For
the ULI contents the A/Ao obtained from integration of the time-activity curve
was a factor of 2 higher than the A/Ao obtained using the ICRP model.
In fact, the ICRP Gl-tract model is not physiologically correct, either. Recently
Stubbs and colleagues proposed a more detailed and realistic Gl-tract model
(Stubbs, 1992). However, according to Stabin (1996c) the A/Ao calculated with
the model of Stubbs (1992) and the ICRP model do not differ much. The two
methods used for estimation of the A/Ao for the Gl-tract in this study i.e. the use
of eq. 4 and the ICRP model can however be considered to be good enough
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for dosimetric purposes, and the error introduced by using these methods rather
than the more realistic one is minor compared to the error based on the large
individual variations in transit time of the intestinal contents.

Quantification of organ activity of"!In-octreotide and 99mTc-MIBI
The uncertainty in the biokinetic models for lllIn-octreotide and 99mTc-MIBI
was dominated by the uncertainty in the quantification of the activity contents in
the organs and tissues and in the whole body (Paper I).

Attenuation. One major parameter that influences the accuracy of the activity
quantification is the attenuation (absorption and scattering) in the patient. Using
the conjugate-view equation (eq. 6) of Fleming (1979), a deviation of 0.01 cm'1

from a fixed value of the effective linear attenuation coefficient resulted in an
error in activity of up to 15% (Paper I, Figure 1). An error of 2 cm in the body
thickness determination resulted in an error of 12% in activity (Paper I, Figure
2). An error in the estimation of the source organ thickness yielded only a minor
effect on the accuracy and omitting the organ attenuation correction term, i.e.
using eq. 7, resulted in an overestimation of the activity of 1 to 6% for most
organs in the body (organ thickness 3-10 cm) (Paper I, Figure 3). Disregarding
the correction term for thicker organs such as the liver, showed, however, an
overestimation of about 20%. Provided that the access to the gamma camera
and the patients is not limited, the accuracy of the attenuation correction can be
improved by determining the attenuation in various part of the patient body,
using transmission measurement.

Background. A second major factor influencing the accuracy of the activity
determination is the method of correction for activity in over- and underlying
tissues. In the study described in Paper II and Paper III, the so-called
"conventional background correction method" was used, i.e. the number of
counts per pixel in the background Rol was multiplied by the number of pixels
in the organ Rol and subtracted from the number of counts in the organ Rol.
The weakness of this method was that it did not take the volume of the sorce
organ into account, which led to an over-correction and consequently an
underestimation of the activity (Buijs et al., 1998). This effect was evident in
the organ-phantom study (Paper I) where an underestimation of approximately
25% was observed for both 99mTc and mIn. The differences between calculated
and true activity in the organ-phantoms decreased when the volume of the
source organ was taken into account (the so-called "organ volume background
correction"). This was especially noticeable for thick organs such as the liver
and heart, for which the accuracy of the "Tc-activity increased from -24% to
-4% for the liver-phantom and from -21% to - 1 % for the heart-phantom. The
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corresponding figures for the measurement of the "lIn-activity were from
-17% to 7% of the true activity for the liver-phantom and from -22% to -14%
for the heart-phantom (Paper I).

To overcome problems with background activity and overlapping organs,
Single-Photon Emission Computed Tomography (SPECT) systems can be
useful. SPECT can simplify the quantification of activity distributions in vivo
due to "three-dimensional" imaging capability. There are several factors that
must be considered in quantitative imaging and the two most significant
complicating effects are the same as for planar imaging, namely the photon
attenuation in the subject and the contribution in the images from scattering in
the subject. Corrections to overcome these problems by using Monte Carlo
techniques have been proposed (Ljungberg and Strand, 1990, Ljungberg et al.,
1990). The choice of reconstruction parameters influences the image resolution
and the noise, which may affect the quantification. The major disadvantage
using SPECT in internal whole body dosimetry for radiation protection purpose,
is, however, that it requires unacceptable acquisition time. SPECT is,
nevertheless, a valuable supplement to planar conjugate counting imaging.

Sensitivity of the measuring device. Provided the administered activity is
known and the first measurement is carried out before any activity is excreted,
the measurement can be used for determination of the sensitivity of the
measurement system. Assuming the same sensitivity for the various organs and
tissues as for the whole body, the content in the organs and tissues can be
estimated. The measured count rate in a defined organ in the gamma camera
image can also be related to activity content in that organ using patient and
organ like phantoms with known activity.
The various methods for quantification can be further improved if patient-,
organ- and phantom-specific attenuation corrections are introduced (Strand,
1979, van Rensburg et al., 1988, Smith, 1992, Forge et al., 1992, Miller et al.,
1995). With correction for attenuation the conjugate counting technique can be
used for absolute activity determination, if measurement of the sensitivity of the
gamma camera is carried out (Fleming, 1979). In the study presented in Paper I
it was shown that the attenuation corrected total body patient-specific
sensitivity agreed well with the total body sensitivity for the bottle-phantom,
with an difference of 2% for ""Tc-MIBI and -3 % for 1HIn-octreotide (Paper I).

In a comparison between a method where the geometric mean of the number of
counts in different organs was correlated to the geometric mean of the number
of counts in the initial whole body images and a more rigorous method
including transmission scanning, Smith (1992) demonstrated that for the
radiopharmaceutical used estimates of individual organ uptake using the

49



simple method showed an error of between +24% and -16% compared with the
more accurate method.

The geometric mean method has been derived assuming narrow beam geometry
in which scatter effects are negligible. However, in most clinical applications,
scatter effects are significant. Photons originating from outside the source organ
are registered in the Rol and introduce errors in the quantification. There are a
number of methods developed to correct for the contribution of scattered
photons (King et al., 1984, Wu and Siegel., 1984, van Rehnsburg et al , 1988,
DeVito et al., 1989, Ljungberg et al., 1990, King et al., 1992, Macey et al.,
1995). For absorbed dose assessment for radiation protection purposes, it is not
realistic to apply these methods.

Overall uncertainty in the mean absorbed dose assessment

The overall uncertainty in the absorbed dose estimates for an arbitrary patient
undergoing an investigation with radiopharmaceuticals, is a combination of
uncertainties in the organ activity quantification, in the time-activity curve
analysis and in the administered activity. In the mean absorbed dose calculation
for an individual patient the uncertainty in the S-values is included, due to the
discrepancies in the shape, size and separation of organs between the individual
patient and the MIRD Reference Man. In Table VIII the sources of uncertainty
and their estimated contribution to the overall uncertainty is shown. Based on
the results from the study of accuracy of the organ activity quantification (Paper
I) and the estimated uncertainties in the time-curve analysis and in the
administered activity, it was concluded that the calculated mean absorbed dose
to various organs and tissues of an arbitrary patient (MIRD Reference Man) was
in the order of ± 30% of the actual mean absorbed dose, and approximately ±
60% for the individual patient. This is in accordance with the individual
variations observed for the mean absorbed dose to various organs and tissues of
luIn-octreotide (Figure 6). It also is in agreement with the statement saying
that, the accuracy of a factor of two is a reasonable assumption, when
estimating the mean absorbed doses for individual patients. (Howell et al.,
1999).

The effective dose used for comparison between different radiodiagnostic
investigations, is less sensitive to variation of the radiopharmaceutical
distribution than the mean absorbed dose are and the uncertainty will be even
less. It is however, essential that the values on the mean absorbed dose (in
mGy) and the effective dose (in mSv) reported, are accompanied with the
corresponding activity administered, since it has been shown that the activity
administered can vary of a factor of up to 5 between different clinics using the
same radiopharmaceutical (Mattssonet al., 1998).
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Table v m . Sources of uncertainty and their estimated contribution to the overall
uncertainty in the assessment of the mean absorbed dose to a Reference Man
(MIRD) and to the individual patient, for mIn-octreotide and 99mTc-MIBL
(The Propagation of error-method was used in the estimations, (Chatfiled, 1983))

Sources of uncertainty in the
absorbed dose assessment

Uncertainty (%)

ACTIVITY QUANTIFICATION (FROM PAPER I)
Effective linear attenuation coefficient, fie

Body thickness, L
Background subtraction
Sensitivity, K
Attenuation in the couch
Source organ thickness, /
Count rate in the images, Na and Np

Activity measurement

Activity content per unit activity administered

TIME-ACTIVITY CURVE ANALYSIS
Follow-up time and curve-fitting

Activity
±10
±10
±20
± 5

± 0.5
± 3
± 2
± 2

i
±25 -+

Cumulated activity per unit activity administered

S-VALUE
° The S-values are derived for the "MIRD Reference Man"

Mean absorbed dose per unit activity administered

Administered activity

I Overall uncertainty in mean absorbed dose to organs
1 and tissues of the "MIRD Reference Man "

Mean absorbed dose

Reference
Man

±25

±15

±30 -»•

I

±30

±10

1
±30

Individual
patient

±30

±50

±10

Overall uncertainty in mean absorbed dose to
organs and tissues of the individual patient

±60
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Small scale dosimetry
For determination of the mean absorbed dose to an organ or a tissue,

the activity and the absorbed dose are assumed to be uniformly distributed
throughout the whole organ or tissue (Stabin, 1996). There are, however,
circumstances for which this is not completely accurate (Makrigiorgos, 1990).
The activity may not even be uniformly distributed within a cell. The
radionuclide can be attached to the cell surface, introduced into the cytoplasm
or incorporated in the cell nucleus. (Humm et al., 1994). This must be regarded
when dealing with radionuclides emitting low-energy Auger electrons, which is
the case for most of the radionuclides used in nuclear medicine (Howell, 1992,
Narra et al., 1994). When Auger emitters are incorporated into the DNA of the
cells, the resulting biological effects are similar to those for high-LET alpha
particles (Rao et al., 1989). However, lllIn-octreotide (Paper II) is known to be
attached to the cell-surface (Krenning et al., 1992) and 99mTc-MIBI (Paper III)
binds to intracellular structures, particularly to the mitochondria (Jonson et al.,
1998) and as long as the radiopharmaceuticals stay stable in vivo there will not
be any high-LET effects. If m In dissociates from mIn-DTPA-D-Phe'-octreotide
it can bind to transferrin and be taken up in cells with transform receptors and
be internalised (Jonsson et al. 1991).

Uncertainties in the excreted activity of I4C-triolein and l4C-urea
Uncertainties in the biokinetic data of 14C-triolein and 14C-urea was mainly due
to assumptions concerning the endogenous CO2-production (Paper IV, Paper V)
and urinary excretion rate (litres/day) (Paper V).
For calculation of the amount of exhaled 14C, a constant endogenous CO2-
production of 9 mmol per kg body weight and hour (Winchell et al., 1970) was
assumed. Measurements of the endogenous CO2-production in 32 patients
(Duncan et al., 1992) showed that the average CO2-production in patients with
normal respiratory quotients was 8.66 mmol per kg body weight and hour, with
a range of 5 -12.4 mmol per kg body weight and hour. Using these extreme
values of the endogenous CO2-production for the subjects in the study of 14C-
urea (Paper V), the recovery of 14CO2 in exhaled air showed to be
approximately 50% lower and 40% higher, for 5 and 12.4 mmol per kg body
weight and hour, respectively, compared to the recovery obtained using 9 mmol
per kg body weight and hour. Furthermore, the endogenous CO2-production is
known to increase when more than 200 kcal is administered as part of a breath
test (King and Toskes, 1981). Concerning the endogenous CO2-production in
children the same value as for adults was used. For comparison a CO2-
production of 300 mmol/m2 of body surface per hour (Perri et al., 1997) was
used for the children showing good agreement in the 14C recovery in exhaled air.

The uncertainty in the 14C recovery in urine was dominated by the
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uncertainty in the determination of the 24-hour diuresis. Urine samples were
taken regularly (Paper V) and the 24 hour diuresis was determined via the
creatinine excretion rate, since this is almost constant for an individual subject,
and considered to be the best internal standard for 24-hour diuresis
determination (Jackson et al., 1966). The uncertainty in the 24-hour diuresis
was estimated to be approximately 30%. The value chosen for creatinine
excretion rate in adults, 165 umol/kg body weight and day, was not applicable
to children and for these the 24-hour diuresis was calculated using 25 ml/body
weight and day (5-11-year-old children) and 19 ml/body weight and day (11-14-
year-old children) (Geigy Scientific Tables, 1981). For comparison, the 24-hour
diuresis in 10 children (Paper V) was calculated using the weight- and gender-
specific formula of Graystone (1968) as well as according to Cahill and
Wheeler (1968), showing values somewhat different from those obtained
calculating according to Geigy Scientific Tables (1981). The results showed a
14C-urea recovery in urine of 77%, 88% and 94% for the three methods of
Graystone (1968), Cahill and Wheeler (1968) and Geigy Scientific Tables
(1981), respectively (Paper V).
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CONCLUSIONS

The whole body activity contents of 99nTc- or u'In-labelled
radiopharmaceuticals could be quantified with an uncertainty of ±3%, internal
organs with a relatively high activity content the uncertainty could be in the
order of ±10% and for organs with clearly visible but lower content it could be
in the order of ± 30%, provided that the conjugate counting method was used
together with a background subtraction method which takes the source organ
volume into account and provided that the attenuation in the patient was
thoroughly determined.

After an intravenous injection of 110 MBq lllIn-octreotide, activity in the
kidneys, the liver, the spleen and the urinary bladder was evident. The activity
was excreted predominantly via the kidney-bladder system. The kidneys and the
spleen received the highest mean absorbed dose. The effective dose, 8.4 mSv
(0.076 mSv/MBq), was in the same order as for other radiopharmaceuticals
labelled with11'In.

After an intravenous injection of 1200 MBq 99mTc-MIBI, activity could
be seen in the liver, the kidneys and the urinary bladder. The activity was to a
great extent excreted through the Gl-tract. The ULI received the highest mean
absorbed dose. The effective dose, 13 mSv (0.011 mSv/MBq), was somewhat
higher than for other 99mTc-labelled radiopharmaceuticals, due to the high
administered activity and the high fraction excreted via the Gl-tract which
involves organs with a high tissue weighting factor.

AMS was proven to be a very valuable technique for measurement of ultra-low
14C-activity in exhaled air from patients undergoing investigations with 14C-
labelled compounds.

In adult and paediatric patients undergoing 14C-urea breath test, 90% of
the administered activity was excreted via the urine within 11 days and 5% was
exhaled. The urinary bladder received the highest mean absorbed dose. A 14C-
urea investigation with 110 kBq to the adult and 55 kBq to the children resulted
in an effective dose of 0.002 mSv (0.019 mSv/MBq) to the adult and 0.002-
0.001 mSv (0.041-0.019 mSv/MBq) to the 7- to 14-year-old children. Thus,
from a radiation protection point of view there is no reason for restrictions on
even repeated screening investigations with 14C-urea on whole families
including children down to the age of seven.
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