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Popularised Summary in Swedish

Upptag och omsättning samt dosimetri för 14C märkt fett, urea,
gallsyra och xylos, i människa

Kol-14 (I4C) används som radioaktivt spårämne vid patientundersökningar inom sjukvården och utnyttjas i stor
utsträckning vid medicinsk forskning och vid utprovning av nya läkemedel på frivilliga försökspersoner.

Eftersom I4C har mycket lång fysikalisk halveringstid (5730 år) är det i samband med patientstudier viktigt att
kartlägga upptag och omsättning i kroppen för att kunna göra en noggrann stråldosberäkning. Speciellt viktigt
är det att identifiera upptag i organ och vävnader där UC kan förväntas stanna kvar under lång tid.

Vid användning av I4C på människa uppkommer ofta frågan om det är etiskt försvarbart att ge HC-märkta
substanser. Anledningen till denna tveksamhet är oftast att man inte med tillräcklig noggrannhet har kunnat
fastlägga den bråkdel av den tillförda aktiviteten som stannar kvar i kroppen under lång tid. Även om
fraktionen är liten skulle dosbidraget kunna bli betydande och dominera stråldosen från undersökningen.
Det finns då anledning att vara särskilt restriktiv när det gäller undersökningar med 14C-märkta spårämnen på
speciella patientgrupper som barn, gravida och ammande kvinnor.

Mot bakgrund av detta är det viktigt att bättre än tidigare kunna kartlägga den del som under lång tid är kvar
i kroppen vad gäller storlek och förändring med tiden. Att detta inte redan gjorts beror på att den mätteknik
som hittills använts inte klarat av att mäta de aktuella 14C-nivåerna. ] detta arbete har I4C i utandningsluft, urin,
avföring samt olika vävnadsprover analyserats m.h.a accelerator mass spektrometri (AMS), vilket möjliggjort
att små prover (mg-storlek) med mycket låga aktivitetskoncentrationer (0.0001 Bq/ml) har kunnat mätas.

Den höga känsligheten hos AMS-tekniken har också utnyttjats för att göra undersökningar på särskilt känsliga
patientgrupper som t.ex. småbarn - studier som annars inte skulle varit möjliga.

1 avhandlingen har upptag och omsättning studerats för fyra l4C-märkta substanser, triolein (diagnostik
av rubbat fettupptag i tarmen), urea (diagnostik av magsårsbakterien Helicobacler pylori), gallsyra samt
sockerarten xylos (diagnostik av onormal bakterieförekomst i tarmen). På basis av dessa data har nya
förbättrade modeller för upptag och omsättning samt dosimetri utarbetats.

Resultaten visar att dosbidraget till olika organ och vävnader samt den effektiva dosen till en vuxen individ och
i fallet med 14C-ureatest på barn ner till 3 års ålder, är jämförelsevis låga. För vuxna individer erhålles följande
effektiva doser vid respektive 14C-utandningstest: l4C-glykocholsyra - 0.4 mSv/MBq, l4C-triolein - 0.3 mSv/
MBq, 14C-xylos - 0.1 mSv/MBq och l4C-urea - 0.04 mSv/MBq. Dessa resultat medför ur strålskyddssynpunkt
ingen anledning till restriktioner i användning av någon av de ovan nämnda HC-substansema förutsatt att de i
klinisk användning normala aktivitetsmängderna ges (dvs. 0.07-0.2 MBq för en 70 kg patient).

Slutligen belyses AMS-teknikens potential när det gäller användningen av I4C som markör inom biokemi och
cellbiologi.
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Introduction

Radioactive tracers have been a primary diagnostic tool in medicine and in
medical and pharmacological research for over 50 years. In particular, 14C and
3H have been used for long time to trace organic molecules. Today, the long-
lived 14C (T1/2 = 5 730 years) is being complemented with the short-lived n C
(T1/2 = 20 min), which is used for imaging and quantitative measurements in
positron emission tomography (PET) (Kubota, 2001). Enriched 13C and 2H are
used for tracer studies with mass spectrometry, and today 13C is also being
used for imaging by the nuclear magnetic resonance (NMR) technique after
hyperpolarisation (Svensson et al., 2002).

The time periods available for imaging studies with 13C (minutes) and nC
(hours) are, however, too short for many biomedical applications, where data
on the long-term kinetics of the carbon-labelled compound gives the essential
information. For such cases, 14C or carbon enriched with 13C must be used.

14C-labelled radiopharmaceuticals have been used for the investigation of
malabsorption and various other diseases in the gastrointestinal tract since the
1960s (Tolbert and Cozzetto, 1964). Earlier tests used for the diagnosis of
malabsorption were based on the collection and analysis of blood, urine, or
faeces, which in the latter case was both time consuming and unpleasant for
the patients, ward staff, and laboratory personnel.

Early investigations with 131I-labelled fat (Stanley and Thannhauser, 1949)
suffered from poor stability of the compound and also poor sensitivity; and it
was assumed that a carbon-labelled fatty acid would be more accurate
(Rothfeld and Rabinowitz, 1964; Kaihara et al., 1968). A quantitative method
for fat malabsorption based upon the decarboxylation of an easily absorbable,
short-chain fatty acid was introduced by Schwabe et al. (1962), but due to
technical complexities of the procedure, the method was not widely adopted.
In 1966, Abt and von Schuching described a method of collecting breath
samples for the measurement of carbon dioxide, a metabolic by-product of a
variety of compounds absorbed by the GI tract. During the 1970s several so-
called breath tests were introduced for the investigation of fat malabsorption
(Newcomer et al., 1979), bacterial overgrowth in the small intestine (Fromm
and Hofmann, 1971; King et al., 1979) and liver diseases (Hepner and Vesell,
1974).

A new enteric bacterium, Helicobacter pylori (Hp), was discovered in 1982
(Warren, 1983). The pathogenic potential of this microorganism was studied



intensely, and Hp infection was soon found to cause gastro-duodenal ulcers
(Marshall and Warren, 1984; Rauws, 1988), which led to the introduction of
the urea breath test in the late 1980s (Graham etaL, 1987).

When the 14C breath tests were introduced, an important task was to evaluate
the biokinetics of the 14C-radiopharmceuticals used, and the absorbed dose to
man. Due to the long physical half-life of 14C, there might be a risk of high
absorbed doses during the rest of the patient's life, even if only a small
proportion of the compound is retained in the body. In the 1980s, some
studies on the absorbed dose to man after ingestion of 14C-labelled triolein,
glycocholic acid and xylose were reported (King et a/., 1980; Pedersen and
Marqversen, 1981; Brydon et a/., 1987). Most of the results published were
from studies performed on rats and mice, however, and all were derived from
liquid scintillation counting. Moreover, the biokinetic data and dose
calculations were not described in detail.

The traditional methods of detecting the low-energy (}-particle (Emax = 1 5 6
keV) emitted when 14C decays to 14N by: 14C -> 14N + (3- + V are gas-
proportional counting (GPC) (Ostlund and Engstrand, 1963) and liquid
scintillation counting (LSC) (Polach, 1987). The long physical half-life of 14C,
however, creates unfavourable conditions for decay counting, especially when
the activity concentration in the samples being examined are only slightly
above background levels. The previously performed studies, described above,
were done using LSC, which is sufficient for clinical use, but not for
determination of the small fraction of 14C which might be retained in the body
for a long period.

The magnitude of the 14C contents due to natural production equals 0.230
Bq/gcatbon, and in 1999 the additional residual part from the testing of nuclear
weapons in the atmosphere was 0.027 Bq/gcarbOn (UNSCEAR, 2000), which in
total means 0.257 Bq/gcarbon.

An analytical problem with decay counting is that measuring even 0.1% of the
14C atoms in a sample requires uninterrupted counting for 8.3 years. One
technique which fulfils the demand of high detection efficiency is accelerator
mass spectrometry (AMS) (Kutschera, 1993). Since the atoms are counted
directly rather than waiting for them to decay.

As a non-radioactive alternative to labelling the molecules of interest with 14C,
13C is used and analysed with traditional mass spectrometry, or more recently,
infrared spectrometry (Schadewaldt et at, 1997). The advantage of using the



stable 13C instead of 14C is said to be the absence of radioactive material. In
many countries, the unclear dosimetry for 14C-labelled substances has led to
restrictions on performing the different 14C breath tests. A disadvantage of
using 13C is that a mass spectrometer is rather expensive and therefore not so
commonly available in an average hospital. Moreover, the I3C-technique is not
as sensitive as the I4C-technique due to the relatively high abundance of 13C
(1.1%) in natural carbon compared to 14C (10"10%). This gives a poor signal-to-
noise ratio (SNR) when using 13C. So, from an analytical point of view, 14C has
considerable advantages.

10



The aims of this thesis were:

• to study the long-term biokinetics of 14C in patients and volunteers,
for 14C-labelled radiopharmaceuticals (triolein, urea, glycocholic acid,
xylose) in clinical use, using AMS as well as LSC.

• to apply AMS for long-term studies of 14C in low-activity samples of
exhaled air, urine, faeces, fat, muscle and bone.

• to construct biokinetic models, estimate the mean absorbed dose to
various organs and tissues and the effective dose to man for the 14C-
radiopharmaceutical included in this work.

• to use the high sensitivity of AMS for clinical studies with reduced
administered activity.

11



Materials and methods

14C-labelled radiopharmaceuticals and their clinical use
Four different 14C-labelled compounds have been studied with respect to their
biokinetics and dosimetry in man. A schematic summary of their clinical use is
given in Figure 1.

C-urea BT
To detect Helicobacter pylori

,4 *-w. v&* ~*̂ -,**• - infection
C-giycocholic add BT

To detect bacterial overgrowth
and/or bile malabsorption

"C-xylose BT
To detect bacterial overgrowth

C-trioIcin BT
To detect fat malabsorption

Figure 1. Clinical applications of some commonly used 14C-breath tests (BT).

Glycerol tri[l-14C]oleate (Papers I, II)

The glycerol tri[l-14C]oleate (triolein) breath test is used clinically for
determination of fat malabsorption in the small intestine. The test was
introduced in the late 1970s (Newcomer et a/., 1979) as a non-invasive and
more pleasant alternative to the golden standard test of fat malabsorption
diagnosis, which includes faecal collection and analysis of its fat content (van
deKamer <*«/., 1949).

12



Glycerol tri[l-14C]oleate: [CH3(CH2)7CH=CH(CH2)714CO]3O3C3H5 is a
triglyceride with the 14C-label in the first carboxyl group. When the compound
reaches the intestine after oral administration, the triglyceride is primarily
hydrolysed in the jejunum through the action of pancreatic and intestinal
lipases (Friedman and Nylund, 1980), although some hydrolysis is known to
take place in the stomach as well. After partial hydrolysis in the jejunum, the
fat is absorbed into the blood through lymphatic vessels, in the form of
chylomicrons. A major proportion of liberated free fatty acid is converted to
14CO2 by oxidation in the liver and transported further to the lungs to be
exhaled in air.

A patient suffering from fat malabsorption will exhale a smaller fraction of the
administered activity than a person who is considered to be normal. In the
clinical test, the exhaled air is sampled prior to, as well as 2, 4, 5 and 6 hours
after the administration, and analysed with LSC for 14CO2.

In the present studies, a peak value for the 14CO2 exhalation of >3.5% per
hour (Paper I) and >5.8% per hour (Paper II) of the administered activity
within 6 hours was considered to be normal, with a lower value indicating fat
malabsorption. In Paper I, the endogenous CO2 production was assumed to be
9 mrriol per kg body weight and hour. In Paper II the value was 15 mmol per
kg body weight and hour.

The 14C-Glycerol tri[l-14C]oleate was supplied by Amersham (CFA.258,
Amersham Pharmacia Biotech, Uppsala, Sweden).

[14C]urea (Papers III, TV)

The 14C urea breath test is used for the diagnosis of Helicobacter pylori (Hp)
infection in the stomach. The .H/>-microorganism is a spiral-shaped, gram-
negative bacterium, which was cultured for the first time in 1982 (Warren,
1983). It was first named Campylabacterpyloridis, and the name was changed to
Helicobacterpylori in 1989, when the features of the new bacterium were found
to be distinctive enough to warrant a new genus, Helicobacters (Peterson, 1991).
This genus now contains 18 known species, with almost every mammal
investigated harbouring a Helk0bacters1peti.es (Owen, 1998). Helkobacter inhabits
the stomach, where it finds shelter in the protective mucus lining of the gastric
epithelium.

A minor fraction, estimated to be approximately 1% of the colonising bacteria,
is attached to the epithelial cells, but the majority is free-living in the gastric
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mucosa (Blaser and Kirschner, 1999). The pathogenic potential of the
microorganism has been studied intensely, and has led to the concept of
gastro-duodenal ulcers being infectious diseases (Kuipers et a/., 1995). In
addition, Hp infection has been found to be correlated with precancerous
lesions, such as chronic atrophic gastritis (CAG) in the stomach (Ekstrom et
a/., 2001), and as early as 1994, the World Health Organization (WHO) and the
International Agency for Research on Cancer classified Hp as a class I
carcinogen (IARC, 1994). The mechanism behind the effects of Hp has been
explained recently by the production of free radicals (Bylund, 2002).

The 14C urea BT was introduced in 1987 (Graham eta/., 1987; Bell eta/., 1987)
and is a non-invasive diagnostic method in which the patient drinks a cocktail
containing 14C-labelled urea. Exhaled air is sampled prior to, as well as 5,10,15
and 20 minutes after the administration, and is analysed with LSC for 14CO2.
The principle upon which the test is based is the fact that the Hp (and not
other) bacteria produce urease, which metabolises urea with the production
and exhalation of CO2 as a result. See Figure 2.

The presence of 14CO2 above a defined threshold in the exhaled air indicates
that Hp is present in the stomach. For persons with Hp infection, the amount
of 14CO2 exhaled is thus higher than for persons without this infection. In
Paper III, the threshold for 14CO2 in the exhaled air was <1% of administered
activity per hour (assuming the endogenous CO2 production to be 9 mmol per
kg body weight and hour). In Paper IV, the threshold was <2.2%, assuming the
endogenous CO2 production to be 20 mmol per kg body weight and hour.

14C urea was supplied by Amersham (CFA.41, Amersham Pharmacia Biotech,
Uppsala, Sweden).

14C urea

Hp

1 urease
1<C=O + HO •

NH,

Figure 2. The principle of the MC urea breath test.
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[l-14C]glycocholic acid (Paper V)

The [l-14C]glycocholic acid (GCA) breath test is used clinically to investigate
abnormal bacterial overgrowth (BOG) or reduced resorption of bile acids in
the small intestine. The test was introduced in 1971 by Fromm and Hofmann.

When exposed to bacterial enzymes (primarily from anaerobic bacteria), the
bond between the two parts of the [1-14C]GCA, the cholic acid (steroid) and
the amino acid (glycine moiety) are broken and the [l-14C]glycine is rapidly
converted to 14CC>2 which is transported in the blood to the lungs and exhaled.
See Figure 3.

CONJUGATED

Bile acid (cholic acid) Hydrolysis
by

DECONJUGATED
Bile add

(cholic acid) CO2

"C-GCA
Conjugated HC-glycine

intestinal
I4C-glycine

Bacterial

Faeces

^ F Tissue enzymes ^ T CO2

Body glycine pool Blood

Exhaled ait

Figure 3. The principle of the [l-14C]glycocholic acid breath test.

An increase in 14CO2 in the breath indicates either that there is an increased
concentration of deconjugating microorganisms in the small intestine, or that
bile acids are not being absorbed efficiently in the small intestine and are
therefore passing down to the bacteria-rich content of the colon, where uCOi
is produced and rapidly absorbed from the colon, transported in the blood,
and exhaled. Normally, the main part of the bile salts is returned in conjugated
form to the liver by the portal circulation (enterohepatic circulation) and only a
minor fraction escapes the absorption.

In the clinical test, the exhaled air is sampled prior to, and 3 and 6 hours after
the administration and analysed with LSC for 14CO2.

In the present study, the "accepted" window of 14CC>2 exhalation was 0.03-
0.6% of the administered activity per hour at 3 hours; and 0.08-0.8% of the
administered activity per hour at 6 hours after the administration. Higher
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values indicate that the patient suffers from bacterial overgrowth in the small
intestine.

The [l-14C]glycocholic acid was supplied by Amersham (CFA.492, Amersham
Pharmacia Biotech, Uppsala, Sweden).

D-[U-14C]xylose (Paper V)

The D-[U-14C]xylose breath test is, as with the 14C-GCA BT, used for the
diagnosis of abnormal intestinal bacterial flora. The test was introduced mainly
to avoid the problem of false positive results, which the GCA BT suffers from
(King et a/., 1979). The advantage of using xylose instead of GCA is that xylose
is absorbed primarily in the proximal half of the small intestine, and very small
amounts of the compound reach the bacteria-rich content of the colon.

The principle upon which the D-[U-14C]xylose BT is based is that D-xylose is
processed by the human metabolism only to a negligible extent and is mostly
excreted unchanged in the urine after being absorbed in the proximal part of
the small intestine (Craig et a/., 1983). If there are bacteria present in the
intestine, however, the D-xylose is metabolised into CCh, which is transported
in the blood to the lungs and exhaled. The presence of bacteria will thus
increase the exhalation of 14CC>2. If the amount of administered xylose is
limited to 1 g, it is possible to minimise the fraction that is transported into the
colon.

In the clinical test, exhaled air is sampled prior to the administration and every
30 minutes during the first 6 hours afterwards, and analysed for 14CC>2 using
LSC. In the present study, the xylose BT was considered to be positive when
the cumulated exhaled activity over 4 hours exceeded 7.5% of the administered
activity (Stotzer and Kilander, 2000), or if the peak value obtained during the 6
hours exceeded 3.7% of the administered activity per hour (Einarsson et al.,
1992). A higher value indicates bacterial overgrowth in the small intestine.

The D-[U-14C] xylose was supplied by Amersham (CFB.59, Amersham
Pharmacia Biotech, Uppsala, Sweden).
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Subjects
The patients and volunteers who participated in the present studies are
described in Table 1. All studies were approved by the Ethical Committee of
Lund University and by the Regional Radiation Protection Committee. The
subjects were given verbal and written information about the test. All subjects
and the parents of children (Papers III, IV) provided written informed
consent.

Glycerol tri[1 -uC]oleate

The three male subjects (aged: 28-57 years) fasted overnight and during the
first 4 hours after having been given 74 kBq glycerol tri[l-14C]oleate orally,
evaporated on a piece of sugar. This was followed by 100 ml of a fat-
containing test meal (Intralipid; Pharmacia AB, Stockholm, Sweden). After
administration, the volunteers were given a glass of water to rinse down
residual activity from the mouth.

f4CJ»rea

After an overnight fast, 9 adult patients (6 females and 3 males, aged: 44-74
years) were given 110 kBq 14C-urea (Paper III). Eight children (5 girls and 3
boys, aged: 7-14 years) received 55 kBq (Paper III) and seven children (5 boys
and 2 girls, aged: 3-6 years) received 0.44 kBq (Paper IV). The urea was mixed
with 125 ml water containing 200 mg of non-14C-labelled urea (carrier). In
order to reduce contamination from urease producing bacteria in the mouth,
all subjects brushed their teeth and rinsed their mouths with water, before
(without swallowing) and after (with swallowing) the oral administration of
14C-urea.

[1 -14C]glycocholic acid

After an overnight fast, 6 patients (4 males and 2 females, aged: 26-73 years)
and 3 volunteers (2 males and one female, aged: 34-58 years) were given 200
kBq [l-14C]glycocholic acid orally in 200 ml gruel (Semper, Sweden). After
administration the subjects were given a glass of water to rinse down residual
activity from the mouth.
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D-[U-uCJxykse

Nine volunteers (5 females and 4 males, aged: 28-56 years) fasted overnight
and during the first 6 hours of the test. The subjects were given 74 kBq D-[U-
14C]xylose orally, mixed with 1 g of D-xylose (Apoteksbolaget, Sweden) in 125
ml of water, followed by another 125 ml of water to rinse down residual
activity from the mouth.

Table 1. Summary of studies on patients and volunteers carried out within the present
work.

Radiopharmaceutical

Glycerol tri[l-HC]oleate

Glycerol tri[l-14C]oleate

[14C]urea

[»C]urea

["CJurea

[l-14qglycocholic acid

D-[U-»qxylose

Adm.
activity

74 kBq

74 kBq

110 kBq

55 kBq

0.44 kBq

200 kBq

74 kBq

Examination

Fat
malabsorption

Fat
malabsorption

Hp infection

Hp infection

Hp infection

Bacterial
overgrowth /
bile acid
malabsorption

Abnormal
intestinal
bacterial flora

Age
group

Adult
(50 yr)

Adults
(28, 57 yr)

Adults
(44_74 yr)

Children
(7-14 yr)

Children
(3-6 yr)

Adults
(26-73 yr)

Adults
(28-56 yr)

N o of subjects
(Gender)

1
(male)

2
(males)

9
(6 females, 3 males)

8
(5 girls, 3 boys)

7
(5 boys, 2 girls)

9
(6 females, 3 males)

9
(5 females, 4 males)

Paper

©

an)

an)

(TV)

(V)

(V)
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Samples

Exhaled air
For LSC measurements, samples of exhaled air were taken as indicated in
Table 2. The exhaled air was collected in a glass vial containing 4.0 ml (for
triolein and GCA) or 2.0 ml (for urea and xylose) Hyamin 10-X (Packard
Instruments B.V., The Netherlands) and one drop of phenolphthalein (0.4% in
ethanol). The subjects exhaled into a plastic pipe (Figure 4), which was
connected to a glass chamber containing a drying agent (Ca CI2) and cotton to
trap the moisture in the exhaled air.

Cotton

Drying agent

Glass vial

Carbon dioxide trap

Figure 4. Experimental setup for collection of exhaled air.

The exhalation was continued until the solution changed colour, indicating
saturation of the Hyamin. Approximately 2 mmol (for 4 ml) or 1 mmol (for 2
ml) CO2 was collected, the exact capacity being determined by titration against
0.1 M HC1. Subsequently, 16 ml scintillation liquid (Hionic Fluor, Packard
Instruments B.V., The Netherlands) was added to the vial and the sample was
measured in a liquid scintillation counter (1414 Guardian, Wallac Oy, Turku,
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Finland). The results were expressed as expiratory 14CO2 (percentage of the
administered activity per hour) by comparing the sample with a standard
containing 1% of the administered activity, which had been prepared from the
stock solution.

Breath samples for AMS measurements were collected in the same manner as
the samples for the LSC measurements, but the Hyamin solution was replaced
by another CO2 trap in the form of NaOH on a solid support, Ascarite®
(Thomas Scientific, Swedesboro, NJ, USA). Before the samples were analysed
in the AMS system, the CO2 was extracted by hydrolysis using phosphoric acid
and converted into elemental carbon by catalytic reduction of the CO2 with a
small amount (a few mg) of iron powder (catalyst), which was heated in a glass
vial at 650°C in the presence of hydrogen gas (Vogel, 1984). The graphitisation
preparation line at the Department of Radiation Physics, Malmo University
Hospital, which was used for the exhaled air samples throughout this work, is
shown in Figure 5. Further descriptions of the graphitisation process have
been given elsewhere (Vesanen et al, 1989; Stenstrom, 1995).

Craphiuzalion

\ \ Cold

\ Phosphoric acid

Measuring ^
volume

Ascarite

#

B
M M
y. ,

m
El

Nupro plug valve
Hoke needle valve
Hoke. regulating vahv
Swagefok ccmponen: of stainless steel
StairJesx steel tubing {6 tnm)
Quartz or Pyrex glass
Cajon O-rint'

Sere*.-ftp

Figure 5. Layout of the graphitisation line used for AMS sample preparation
(modified from Stenstrom, 1995).

The elemental carbon produced, approximately 5-10 mg, was put into a sample
holder and placed in the ion source prior to AMS analysis. The results of the
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measurements of 14C in the exhaled air were expressed as 14C specific activity
(Bq/gcatbon).

Table 2. Scheme for sampling of exhaled air, urine, faeces and various biopsies.

A = triolein, B = urea, C = GCA, D = xylose.

Time after administration

0
5,10,15,20 and 25 minutes
1 hour
3 hours
4 hours
6 hours
7 hours
12 hours
1 day
2 days
3 days
4 days
5 days
7 days
10 days
14 days
20 days
1 month
3 months
6 months
9 months
11 months
1 year
1.5 years
2.5 years
3.5 years
4.5 years
72-hour collection
48-hour collection

Exhaled
air

A,B,C,D
B

A,B,C,D
A,B,C,D
A.C.D

A,B,C,D
A,CJ3

A
A,B,C,D

B
,_ B

A,B,C,D
B

B
A,QD

B
A,B,C,D
A,B,C,D
A,C,D

A

A,C
A**
A**
A**
A**

Fasting
period

A
A**
A

A**
A**
A**
A**

Urine

A,B,CJD

B
B,C

B,C

B
B,C
B
B

A,B,C,D
B

A,B,C,D
B

A,QD
B

A,B,C,D
A,C,D

C,D

Faeces

A.CJD

A,C*

C*

A,C*
C*
C*

C*

A,C,D

Fat
biopsies

A

A

A

A

A**

Muscle, bone
biopsies

A**

* One subject performed extended collection.
K* Single subject (Paper I). From this subject, hair and nail samples were also occasionaly sampled.
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Endogenous production 0JCO2

To estimate the amount of exhaled uCOi, it is necessary to know the
individual endogenous production rate of CO2 and its variation over time. The
standard mean value normally used in clinical situations, 9 mmol per kg body
weight and hour was reported by Winchell et al. (1970) and has been cited in
several studies (Pedersen et al., 1981; Duncan et al., 1992; Munster, 1993; Klein
etal., 1999).

One problem is that the magnitude of endogenous CO2 production is strongly
influenced by factors such as intake of food (King and Toskes, 1981) and
physical activity (Slanger et al., 1970; Sidossis et al., 1995). During a clinical test,
this should not be a problem (with the patient being fasted and at rest), but
during a longer period of time, as in these studies, it is reasonable to assume
that the value varies a lot.

In Papers I and III the standard value, 9 mmol per kg and hour was used. In
Papers II and V we used a higher value of 15 mmol per kg and hour, as a result
of a careful evaluation from energy expenditure data for different levels of
exertion (ICRP, 1975; Ciba Geigy, 1981) (see Table 3 and Table 4). In Paper
W we used an even higher value, 20 mmol per kg and hour for the small
children due to the higher basal metabolic rate reported for small children
(ICRP, 1975; Ciba Geigy, 1981). See Figure 6.

There is of course a wide individual variation in energy consumption
depending on occupation, age, and attitude or individual proneness to physical
activity in general. The range of daily rates of energy expenditure is from 1340
up to 5000 kcal (6-21 MJ/day) (Durnin and Passmore, 1967). About 3000
kcal/day is a reasonable expenditure for a man who is not engaged in heavy
manual labour but who is regularly active during leisure time. A reasonable
figure for a woman would be about 2400 kcal/day.

The endogenous production of CO2 was calculated from energy expenditure
(EE) data according to a method reported by De V Weir (1949).

EE (kcal/d) = [1.106*Vco2+ 3.941*VO2]

Where Vco2 is the carbon dioxide excretion; V02 is the oxygen consumption.

The numerical relationship between carbon dioxide exhaled (Vco2) and oxygen
consumed (V02) yields the so-called respiratory quotient (RQ).
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Respiratory quotient (RQ) = (VC02/V02) = 0.85 (eq.2)

The volume of 1 mol of ideal gas at standard temperature and pressure (STP)
is: V/v = RT/p = 22.4 L/mol (eq.3)

Combining eq. 1-3 gives an energy equivalent of CO2 of 128.6 kcal/mol of
CO2 which is almost equal to later reported values by Elia et al. (1995) who
obtained an energy equivalent of CO2 of 127.8 kcal/molco2. This is the value
used in this study.

Vco2 (mol/d) = EE/127.8 (eq.4)

CO2 production (mmol/kg*h) = (Vco2* 103)/(24 h * kg body weight) (eq.5)

Table 3. Calculation of the endogenous production of CO2 based on energy
expenditure data reported by ICRP (1975).

Activity

Rest in bed at BMR*
light working activities: mostly
standing
Washing, dressing etc.
Walking (6 km/h)
Sitting
Recreations and/or domestic work

Total

Endogenous production of CO2
(mmol/ kg body weight and hour)

Time(h)

8
8

1
1.5
4

1.5

8
8

1
1
5
1

24 24

Energy expenditure (EE)

Man (70 kg)
(kcal/h)

62.5
150

180
320
92.5
313

3200

14.9

Woman (58 kg)
(kcal/h)

52.5
110

150
220
105
210

2300

12.9

*Basal metabolic rate, the minimal rate of heat production in a fasting, recumbent
individual in a room temperature of about 20° C.
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Table 4. Calculation of the endogenous production of CO2 based on energy
expenditure data reported by Ciba Geigy (1981).

Activity

Rest in bed
Sitting
Walking (4.9 km/h)
Office work (sedentary)

Domestic work (cooking, light
cleaning, window cleaning)

Total

Endogenous production of CO2
(mmol/ kg body weight and hour)

Time(h)

8
2
2
6
6

24

Energy expenditure (EE)

Man (65 kg)
(kcal/h)

64.8
83.4
222
108
192

2929

14.7

Woman (55 kg)
(kcal/h)

54
69
180
96
156

2442

14.5
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Figure 6. Standard basal metaboKsm rates (BMR) in infants and children (Ciba Geigy,
1981).
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Ciba Geigy (1981) reported an almost linear relationship between EE and body
weight (Figure 7), which indicates that a fixed value of the endogenous
production of CO2 can be used for all subjects, irrespective of their body
weight.

40 45 50 55 60 65 70 75 80 85 90 95 100

Body weight (kg)

Figure 7. Energy expenditure as a function of body weight for recumbent adults (Ciba
Geigy, 1981).

Urine

Urine samples were collected as indicated in Table 2. The urine was collected
in 100 ml plastic bottles and stored at -18 °C until analysis. One ml of urine
was mixed with 18 ml of scintillation liquid (Optiphase Hisafe3, Wallac Oy,
Turku, Finland) and measured (duplicate samples) in an LSC (1414 Guardian,
Wallac Oy, Turku, Finland). To be able to analyse the urine samples with AMS,
750 jjl urine was placed in a glass vial and centrifuged for approximately 1 hour
in order to evaporate the wet fraction. The glass vial was placed in the
graphitisation system and the dry residue was combusted with CuO in order to
extract the CO2 (Stenstrom, 1995). The further graphitisation procedure was
the same as for the samples of exhaled air.

Since a complete 24-hour collection of urine was not possible in the urea
(Papers III, FV) and GCA studies (Paper V), the 24-hour urinary excretion was
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estimated by analysing the creatinine concentration in 1 ml of each urine
sample. The 24-hour urinary excretion (for adults) was calculated using a
creatinine excretion rate of 165 \xvaol per kg body weight and day (Ciba Geigy,
1981). For the children (Papers III, TV) the 24-hour diuresis was calculated
using 25 ml/kg body weight and day (3-11 year-old child) and 19 ml/kg body
weight and day (11-14 year-old child) (Ciba Geigy, 1981).

In the xylose (Paper V) and triolein (Paper II) studies, the initial 48-hour urine
was collected with voiding time and volume of each sample recorded
separately. These samples were analysed individually. For urine samples taken
later than 48 hours after the administration of the 14C-labelled compound, the
urine excretion was estimated by analysing the creatinine concentration in 1 ml
of each urine sample, as described above. To calculate the total amount of 14C
excreted in the urine samples analysed with AMS, the fraction of carbon that is
lost in the urine was assumed to be 5 g/day according to ICRP Publication 23
(ICRP, 1975).

Faeces

The total 72-hour stool and individual faecal samples were collected (Papers II,
V) as indicated in Table 2. Every faecal output was weighed and homogenised
using a known volume of water. An aliquot of the homogenised sample was
weighed and combusted (Oximate 80, Packard, USA). In the oxidation
process, the 14CO2 was released from the faecal sample and streamed into a
counting vial containing a CO2 trap (Carbosorb, Packard, USA), which was
mixed with 15 ml of a scintillation cocktail (Permafluor E, Packard, USA). The
samples were measured in duplicate in a liquid scintillation counter (1414
Guardian, Wallac Oy, Turku, Finland).

One of the subjects in the GCA study (Paper V) made an extended collection
of faeces as indicated in Table 2. The samples were prepared as described
above, but a further aliquot from the homogenised samples was combusted
with CuO in order to be measured in the AMS system. To calculate the total
amount of MC excreted in faeces, a fixed value of the daily faecal loss of 135 g
(wet weight) (ICRP, 1975) was used. According to ICRP Publication 23 (ICRP,
1975), the fraction of carbon that is lost in faeces was assumed to be 7 g/day.
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Biopsies

Fat biopsies: Fat biopsies were taken from the three subjects in the triolein
studies (Papers I, II) at times as indicated in Table 2. The samples were taken
under local anaesthesia from the adipose tissue reservoir in the abdomen, and
also from the hip (Paper I).

The fat tissue samples were further prepared for AMS analysis by combustion
with CuO and subsequent reduction to elemental carbon according to a
procedure described by Stenstrom (1995). The 14C specific activity of the
samples was expressed as Bq/gcarbon.

Quantification of the total fraction of administered 14C incorporated in the
adipose tissue was estimated by assuming a homogenous distribution of 14C in
fat in man. Values for total fat content in man and total carbon content in fat
were taken from ICRP Publication 23 (ICRP, 1975). Further
quantification/localisation of the incorporated fraction in different organs was
calculated by using organ fat content values from ICRP Publication 23 (ICRP,
1975).

Bone biopsies: A sample of trabecular bone was extracted from the hip of the
subject (Paper I) under local anaesthesia, 4.5 years after the activity was
administered.

Half of the cortical bone sample was washed with hot water to remove blood,
and rinsed with distilled water. The other half was saved for future analysis.
After drying, the cortical bone samples as well as half of the trabecular bone
sample were crushed to fine powder. From each powder, two samples were
produced: one with the total carbon content, and one with the collagen
fraction. The collagen fractions from the cortical- and trabecular bone were
extracted according to a standard method used for radiocarbon dating of bone
(Longin, 1971). The total carbon content was extracted as CO2 from the bone
powders by combusting the powders with CuO prior to hydrolysis of the
remaining carbonates. The samples were analysed with AMS, and the results
were expressed as Bq/gcarbon.

Muscle biopsies: A muscle tissue sample taken from the subject (Paper I) was
combusted in the presence of CuO and transferred into elemental carbon as
described earlier (Stenstrom, 1995). The sample was analysed with AMS, and
the result was expressed as Bq/gcatbon.
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Methods for analysis of 14C

l iquid Scintillation Counting (LSC)

Today, the liquid scintillation counting technique for measurement of the low-
energy p-particles emitted from 14C is a well-established technique. It has been
used since the early 1950s.

In 1953, Hayes and Gould introduced a technique whereby the radiolabelled
biological material is dissolved in a scintillation solution. This technique quickly
became known as "internal liquid scintillation counting" but is known simply
as LSC today.

To assure efficient transfer of energy between the P-particle and the
scintillation solution (the cocktail), the solution consists of a mixture of solvent
for the sample, and a scintillator. In the majority of LSC facilities, the
scintillation solvent is benzene (CeHs) or a mixture of benzene and toluene
(C6H6CH3). Benzene has been chosen because of its excellent light
transmission properties and the high chemical conversion yield of sample C to
benzene. When an excited solvent molecule loses its energy to a scintillator
molecule, the orbital electron cloud of the scintillator is disturbed, raising to a
state of excitation. As the excited orbital electrons of the scintillator molecule
return to the ground state, a photon is emitted. The photons are detected by
two opposing photomultiplier tubes and further processed by coincidence
circuits, amplifiers and ADCs. The intensity of the light produced is
proportional to the initial energy of the p-particle.

This technique has been developed continuously and current photomultiplier
tubes in combination with effective lead-shielding have greatly reduced the
background (high performance LSC, e.g. Wallac 1220 Quantulus, has a
background of ~1.0 CPM/10 ml) and increased the capability of measuring
low-active samples. Modern LSCs are capable of detecting I4C with an
efficiency of greater than 95%.

Throughout the present studies, LSC was used for all samples where the
activity was comparatively high. The LSC used in all studies was a Guardian
1414 (Wallac Oy, Turku, Finland) with a background of -15 CPM/15 ml.

A further detailed discussion of liquid scintillation counting technique is
provided in Polach (1987), Packard Inc. (1989), and Makinen (1995).
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Accelerator Mass Spectrometry (AMS)

Accelerator mass spectrometry (AMS) is a highly sensitive technique for the
analysis of 14C in small samples. The technique was first introduced in 1977 by
Nelson et al. and Bennet et al. Instead of measuring the emission of P-particles,
as in the case of LSC, the 14C-atoms are counted individually. As the name
suggests, accelerator mass spectrometry is an extension of traditional mass
spectrometry (MS) by the inclusion of an electrostatic tandem accelerator.

In AMS, the low-energy ion detection of MS is replaced by an accelerator,
which gives the pre-selected ions energies in the MeV range (instead of the
keV range, as in the case of ordinary MS). The ion beam produced is
transported through magnetic and electrostatic analysers, and a system for
particle detection and identification. Throughout this work the AMS analysis
was performed with the AMS facility at the Pelletron laboratory in Lund. A
schematic description of the different components of the AMS system is given
in Figure 8.

Figure 8. Schematic outline of the AMS facility in Lund.

The ion source and the injection system function as follows. The carbon
samples are placed in a copper sample holder, which is placed in a wheel with
20 sample positions. The wheel is placed in an ion source where negative ions
are generated from the carbon sample by a caesium gun emitting a Cs+ beam.
The ions are pre-accelerated to 40 keV and a 15°-dipole magnet (inflection
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magnet), placed between the injector and the accelerator, provides the first
mass separation.

The accelerator functions as follows. The mass-analysed ions are accelerated to
the positive high-voltage terminal of the accelerator, where they encounter a
stripper medium (a carbon foil or a gas cell). Electrons are stripped off the
ions, giving a distribution of positively charged ions. One essential result of the
stripping process is that molecular ions are dissociated into their component
atoms as three or more electrons are removed. After being stripped, the now
positively charged ions are further accelerated in the second stage of the
tandem accelerator.

The analysing system after acceleration works as follows. After acceleration,
magnetic selection of the mass of interest follows, in one specific charge state
and of well-defined energy. By choosing a high charge state (^3+), the
molecular fragments are removed from the ion beam.

Particle detection is as follows. The selected ions finally reach a detector. The
high final energy of the ions, in the order of tens of MeV, provides such a
good resolution in energy or energy-loss measurements that every single ion
can usually be identified both by atomic and mass numbers.

Regarding switching between isotopes, as AMS generally determines isotope
ratios, e.g. 14C/12C, the abundant isotope as well as the rare one has to be
measured. Because of the high count rates of the abundant isotope, this has to
be measured as a current (in a Faraday cup) instead of in the particle detector.

Calculations

Carbon samples made from an NBS oxalic acid standard (Stuiver and Polach,
1977) were used as reference for the AMS measurements (Stenstrom et a/.,
1995). Samples of 14C-free anthracite, processed in the sample preparation
system, were also measured to provide the background for the sample
preparation system and the accelerator system. The activity of the samples is
given by:

As = Aox • — - — - - (eq-6)
s ox w AT ^ ;
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where As and Aox are the sample activity and the oxalic acid standard activity,
respectively. Ns, Nox and Nb are the 14C/13C count rates of the sample oxalic
acid and anthracite, respectively.

One of the major advantages of the AMS method compared to LSC is the
small sample size (mg-range) required. This makes it possible to perform
measurements of small biopsies without causing the patient severe damage. To
be able to analyse a sample with the AMS system, it is however necessary to
transform the sample into a state which is compatible with the ion source.

As mentioned above, the Lund AMS facility is equipped with a caesium-
sputtering ion source which requires the samples to be in the form of
elemental carbon. The carbon in all breath samples was extracted into CO2 by
hydrolysis (using phosphoric acid), and converted into elemental carbon
(graphite) by reduction over an iron catalyst in presence of hydrogen gas at
650°C. Tissue, urine and faecal samples were combusted in the presence of
CuO.

A detailed description of the AMS facility at the Pelletron laboratory in Lund
has been given in several reports (Stenstrom, 1995; Hellborg et al., 2000; Skog
et al., 2001). A review of the AMS technique has been given by Tuniz et al.
(1998).

Comparison between AMS and LSC

The two analysis techniques have been evaluated and reported in earlier
studies, and the results have shown good agreement (Stenstrdm, 1995; Garner
et a/., 2000; Bryant et al., 2001). The real strength of the AMS system is the
possibility to quickly (within ~15 min) measure small samples, mg-size, with
low activities down to ~10~4 Bq/mlor 1 amol/ml, with high accuracy (<2%). It
is important, however, to mention that a modern "state of the art" LSC (e.g.
Wallac 1220 Quantulus) with a stable background, ~1 cpm/10 ml, can
theoretically measure samples with low activities down to 5 • 10"4 Bq/g (Me
Cormac et al., 1992), but the sample has to be large, g-size, and the counting
time will be long, up to one week/sample.

In order to have relatively short sample counting times using an ordinary LSC
(e.g. Wallac Guardian 1414), the amount of 14C present in a urine or plasma
sample must be of the order 0.25 Bq/ml.

Throughout the studies in this work, AMS was used for 14C detection, when
the activity level in the samples was too low to be measured with an ordinary
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LSC. The high sensitivity of AMS makes it generally impossible to analyse the
same sample by LSC and AMS. The upper limit of AMS 14C counting is related
to the specifics of the spectrometer, especially the ion source and the ion
identification counter. Measuring samples with "high activity", >25 Bq/gcarbon
or 10 fmol/ml, in the AMS system must involve dilution of the samples with
14C-free carbon due to the risk of contamination of the ion source. This
dilution is, however not desirable as it might introduce uncertainties in the
range of ±10%.
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Dosimetry

Biokinetic analysis

For each individual, the specific activity vs. time curves were generated directly
from the experimental biokinetic data from the analysis of 14C in exhaled air,
urine, faeces and tissue samples using LSC and AMS. Multi-exponential
functions were fitted iteratively to the specific activity-time curve using a non-
linear least squares regression algorithm (STATISTICA®, Statsoft, 1995). The
intercepts obtained and Ti/2,bio from the regression analysis were used for
further calculations to yield the total fractions excreted via the different
pathways.

Biokinetic models

After administration of a 14C-labelled radiopharmaceutical, it is not possible to
achieve the necessary information about distribution of the radionuclide only
by measuring the excretion of 14C in the urine, faeces and exhaled air. The
short range of the (3-particles emitted makes it impossible to measure the
distribution by external detectors. Instead, biokinetic models describing the
distribution of the radionuclide are needed. Fortunately, there are some body
systems where the behaviour of most compounds is predictable. This occurs in
organ systems where bulk flow of material is the primary excretion mechanism,
e.g. the kidney-bladder system. For these organ systems, ICRP has described
generic models, which were originally developed for occupational exposure.
These models are, however, useful for dosimettic calculation of
radiopharmaceuticals also (Mattsson et al. 1998). In this work a combination of
ICRP's generic models for the gastrointestinal tract (ICRP, 1979), kidney-
bladder (ICRP, 1988), CO2/bicarbonate (ICRP, 1998), and kinetic models
developed from our own biokinetic data and earlier reported information have
been used.

Absorbed dose

Cumulated activity and residence time: The specific activity integrated over time is
the specific cumulated activity. Multiplication with the carbon content gives
the cumulated activity, A, and is equal to the total number of transitions in the
organ for the specified radionuclide. By dividing the cumulated activity by the
injected activity (A/Ao), the mean residence time (t) is obtained.
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Absorbed dose: The absorbed dose was calculated using S-values (Snyder et al.,
1975), which includes the absorbed fraction (3>j) of energy in a target organ
from a specific source organ and the total energy (n; * Ej) emitted per decay.

(eq.7)

(eq.8)

(eq.9)

The p-particles (Ep.max =156 keV; Average P-energy = 49.3 keV (Lederer et al.,
1978)), emitted from 14C are assumed to be completely absorbed in the source
organ (the maximal range of the emitted P-particles is ~0.3 mm in human
tissue) and therefore only contribute to the absorbed dose when source and
target organs are identical.

Effective dose

The effective dose (E) to a person is calculated as the sum of the equivalent
doses (HT) (the absorbed dose to organs and tissues weighted for the radiation
quality) weighted by tissue weighting factor, (WT), which allows for the different
risk factors associated with each target organ (ICRP, 1992).

(eq.10)

Throughout this work, the mean absorbed dose to various organs and tissues
and the effective dose were calculated using MIRDOSE 3.1 (Stabin, 1998).
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Results and discussion

Biokinetic data

Glycerol tri[l-14C]oleate

The data for exhaled air (Paper I) has been re-calculated using a value of 15
mmol per kg body weight and hour for the endogenous production of CO2.
For all subjects a major part was exhaled, 73% (subject A), 55% (subject B)
and 59% (subject in Paper I); see Figure 9. The total recovery of 14C for the
subjects in Paper II was 101% (subject A) and 88% (subject B). For the subject
in Paper I, no samples of urine or faeces were taken. The time pattern for the
14C exhalation from the subjects could be described by a tri-exponential
function with a major part exhaled during the first week after the
administration, and a minor part exhaled during a longer period, with a
corresponding Ti/2,bio of 140-750 d.

These findings contrast with earlier reported data concerning the magnitude of
the fraction that is initially released after administration. According to Hirsch et
al. (1960), and Kaihara and Wagner (1968), Pedersen and Marqversen (1981), a
major part of the administered activity is assumed to be excreted with a Ti/2,bio
of 490-750 days. In Paper I, the final slope of the exhaled air curve had a
Ti/2,bio that was of the same magnitude as in the cited reports, but the fraction
was much smaller.

Our analysis of the fat biopsies from the two subjects in Paper II indicated that
approximately 2% (subject A) and 8% (subject B) was still retained in the body
9 months after the administration, with a corresponding Ti/2,bio of 140-620
days. AMS analysis of fat tissue taken 4.5 years after the administration to the
subject in Paper I showed that the 14C concentration in the fat tissue was
slightly above background level, while no significant levels of 14C could be
found in the bone or muscle biopsies.

The increased levels of 14C found in the exhaled air samples taken during the
fasting periods (Fig. 1 of Paper I, Fig. 3 of Paper II) indicated clearly that the
14C-fatty acid was metabolised during fasting with a Ti/2,bio of 140-400 days.
This should be compared with the 140-750 days obtained from the final slope
of exhaled air and the dynamics in excretion from the fat, Ti/2,bio — 140-620
days.
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The recovery from urine, 24%, and from faeces, 2%, were found to be
identical in both of the subjects studied (Paper II); see Figure 9. The low value
found in faeces was to be expected, since a high content of fat in faeces causes
steatorrhea, which none of the subjects were suffering from. The high value
found in the urine was unexpected, however, and was probably an effect of
early metabolism of the 14C-labelled fatty acid in the stomach. This finding is a
subject for further investigation.

In summary, mapping of the excretion pathways results in a missing fraction of
0-12%, which is probably due to uncertainties in estimation of the endogenous
production of CO2.

—•— Subject B (paper II)
—•— Subject A (paper II)
—A— Single subject (paper I)

Urine

Faeces

1000 2000 3000 4000 5000

Time after administration (h)

6000 7000

Figure 9. Total recovery of MC after a wC-triolein BT up to 9 months after the
administration.
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[14C]urea

Of the 17 subjects who took part in the study in Paper III, 16 were found to
be H/>-negative and one was jH/>-positive. Two of the 7 young patients (Paper
IV) exhaled significantly more 14C than the others, and these two were also
considered to be JFJ/>-positive (YCh.3 and YCh.4, Fig. 1 of Paper TV). The rest
of the younger children were considered to be Hp-nega.ti.ve.

In the Hp-n.ega.tive subjects, the total recovery of 14C after an oral
administration of 14C-urea was 92%±7% of administered activity in adults
(mean ± standard deviation of the mean, SDM) and 90%±5% in children.

In all /^-negative subjects, a large proportion of the 14C given was excreted
through the kidney-bladder system, 88%±4%, most likely as unchanged 14C-
urea (Marshall and Surveyor, 1988). Most of this fraction was excreted rapidly
during the first 24 hour after the administration, with a corresponding Ti/2,bk>
of 8.7+1.0 hours in adults and 6.6+0.9 hours in children. A minor part was
exhaled as 14CO2, 7.7%±0.6% in adults and 5.8%±0.3% in children. The
values for the fraction exhaled in air have been recalculated using 15 (adult)
and 20 (young children aged 3-6 years) mmol per kg body weight and hour for
the endogenous production of CO2.

The activity concentration in the urine and exhaled air divided by the
administered activity for the older children (7-14 years) who had an oral intake
of 55 kBq, and for the younger children (3-6 years) who had an intake of only
0.44 kBq, showed good agreement (Figs 2 and 3 of Paper TV).

As shown in Fig. 1 of Paper III, urine samples were collected up to 40 days
after the administration, but the results presented in Figs. 4a and 4b of Paper
III are derived exclusively from LSC measurements, due to difficulties in
analysing the urine samples with AMS at that time (1999). A sample
preparation method was later developed (Pau, 2000) and complementary urine
samples (not reported in Paper III) have now been analysed with AMS. The
results showed that small amounts of 14C were still measurable 40 days after
the administration, but the total amount excreted in the urine during the period
10-40 days after the administration was estimated to be less than 0.5% of the
administered activity.
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Mean ± 1 S.D.M

Urine

— • - Children (3-14 years)
- • - Adults

Exhaled air

100 200 300 400

Time after administration (h)

500

Figure 10. Total recovery of 14C after a 14C-urea BT in a Hp-negative patient (up to 20
days after the administration).

[l-14C]glycocholic acid

Of the nine subjects who took part in the 14C-GCA study, six were found to be
suffering from BOG/bile acid malabsorption. There were small differences in
the biokinetics of 14C between the subjects considered to be normal and
subjects with a positive breath test. The total 14C recovered from the healthy
subjects was 81%±9%, with a major part exhaled as CO2, 71%±7%. The
corresponding values for the subjects with a positive breath test was 76%±9%,
with 66%+9% found in the breath. In two of the subjects with positive breath
test, the recovery of 14C in exhaled air was significantly lower (38% and 41% of
the administered activity, respectively) than for the other subjects. Despite the
fact that no faecal samples were collected from these subjects, they were
assumed to be suffering from bile acid malabsorption (i.e. a larger fraction of
the conjugated bile acid has been excreted unchanged in faeces).

The results for the four subjects performing a complete initial 72-hour stool
collection showed that 5.3%±0.4% of the administered activity was excreted
during the first three days after the administration. Additional measurements
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on samples taken from one of the subjects (as indicated in Table 2) showed
that 7.6% was excreted, including samples collected up to 12 months after the
administration and analysed with AMS; see Figure 11. The results are in
accordance with earlier reported data by Hepner et al. (1972) and Roda et al.
(1977) for subjects not suffering from bile acid malabsorption.

The small amount of 14C excreted in urine was similar for all subjects,
2.4%±0.4%, and verifies the results of Hepner et al. (1972), who found that less
than 5% was excreted in the urine.

100-r

90-

2000 4000 6000 8000

Time after administration (h)
10000

Figure 11. Total recovery of 14C after a 14C-GCA BT (up to 1 year after the
administration). From Paper V.
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D-[U-14C]xylose

In the xylose study all nine subjects were considered to be normal. The total
recovery of 14C was 94%±5%. The greater part of the administered activity,
66%+2%, was rapidly excreted in the urine during the first 48 hour. See Figure
12.

A smaller proportion, 28%±5%, was exhaled as CO2. This result is in contrast
with data reported earlier by Craig etal. (1983) who found ~15% in exhaled air,
after an oral intake of 14C-xylose. Another interesting observation was that
~60% of this fraction was found to be exhaled over a longer period, Ti/2,bio —
60 days. An explanation to the differences in the two studies is probably that
Craig et al. (1983) used a larger amount (15 g) of non-labelled xylose (carrier)
than in the present study, in which only 1 g of xylose-carrier was used. A
smaller amount of carrier decreases the possibility of the compound being
excreted in unchanged form in faeces, due to a higher efficiency of absorption
in the small intestine, which will lead to an increase in 14C in the exhaled air.

Another explanation is the high sensitivity of AMS, which makes it possible to
detect the small increased levels of 14C in the exhaled air a long time after the
administration. The long-lived fraction of 14C-xylose is assumed to be
incorporated into the adipose tissue and has a significantly longer Ti/2,bio
compared to the fraction that is already metabolised into 14CO in the liver.

The initial 72-hour stool collection performed by two subjects did not show
any increased levels of 14C in our study, which is probably a result of the small
amount of xylose-carrier used.
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Figure 12. Total recovery of 14C after a 14C-xylose BT (up to 6 months after the
administration). From Paper V.

Uncertainties in the biokinetic analysis

The major contributors to uncertainty in the biokinetic analysis of the labelled
14C-radiopharmaceuticals (in this work) are:

1. the uncertainty in the fraction of 14C that is exhaled. This uncertainty is due
to the variation in endogenous production of CO2. As described earlier, the
endogenous CO2 production strongly depends on the individual's physical
activity and ranges from approximately 9 up to >25 mmol/kg body weight and
hour. Using a fixed value of 15 mmol/kg body weight and hour can certainly
lead to both under- and overestimation of the fraction that an individual has
exhaled. For the majority of individuals, the "true" recovery in exhaled air is
probably in the range of ±50% of the estimated value. The uncertainty in this
fraction is more important for those substances that have their main excretion
pathway via the bicarbonate cycle (i.e. triolein and GCA).

2. the uncertainty in the fraction of 14C that is excreted in the urine. This
uncertainty is due to the uncertainty in using a fixed value for the creatinine
excretion rate, 165 |nmol/kg body weight and day (adults), and a fixed value for
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the determination of the 24-hour diuresis (children). According to Leide-
Svegborn (1999) this assumption will result in an uncertainty of approximately
30%. This uncertainty will be most important for the results in the urea
studies, due to the large proportion that is excreted via the kidneys. The
estimation of the 24-hour diuresis using the creatinine excretion rate is also
used in the GCA study. The uncertainty, however, will in this study be
insignificant due to the small proportion that was excreted in the urine. In the
xylose study, a major part is also excreted in the urine, but in this study a
complete initial 48-hour urine collection was sampled. The uncertainty in the
biokinetic data from the xylose study is therefore much lower, ~3%, due to
e.g. incomplete sampling.

A minor factor also contributing to the overall uncertainty is the uncertainty in
the time-curve analysis (including the curve fitting), which is estimated to be
approximately +10%.
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Dosimetty

Mean absorbed dose to organs and tissues

The mean absorbed dose to various organs and tissues from the four 14C-
labelled compounds studied in this work is summarised in Table 5.

Glycerol tri[l-14C]oleate

Due to the missing fraction of 14C in subject B (12%), the dose calculations
were performed in two different ways: 1. Realistic case: the missing fraction
has left the body via exhaled air due to underestimations of the endogenic
production of CO2. 2. Pessimistic case: the missing fraction is assumed to be
incorporated into fat tissue in the body and is excreted from the body with a
long Ti/2,bio of 620 days.

It is important to emphasise that a small fraction of 14C incorporated in the
adipose tissue with a long Ti/2;bk» will not contribute to an increased effective
dose to the patient, as long as the 14C-fatfy acid is bound as triglyceride in the
adipose tissue. If, however, the 14C-fatty acid is liberated from the adipose
tissue as a consequence of changes in nutritional conditions (e.g. illness, fasting
etc.) and is incorporated into various organs with high radiation sensitivity, the
situation is somewhat different. The absorbed dose to the organs will increase
and, as a consequence of this also give rise to a higher effective dose to the
patient.

The biokinetic model derived from the kinetic data for glycerol tri[l-14C]oleate
is showed in Fig. 5 of Paper II. The main difference between the present
model and the ICRP model of 14C-labelled neutral fat (ICRP, 1993) is that, in
the present model, a major part, 75%, of the administered activity is assumed
to be excreted during the first days after the administration. In the ICRP
model, 65% of the administered activity is conservatively assumed to be
excreted with a Ti/2,bio of 400 days.

A comparison with the ICRP model for neutral 14C-labelled fat is shown in
Figure 13. The results of the absorbed dose calculations and comparison with
previous publications (King etal., 1980; Pedersen and Marqversen, 1981; ICRP,
1993) are shown in Table 1 of Paper II. In the present study (Paper II), the
highest absorbed dose to a normal person is received by the adipose tissue:
1.4-6.9 mGy/MBq (the highest values obtained in the pessimistic case).
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A person suffering from severe fat malabsorption receives the highest
absorbed dose to the colon: 0.8 mGy/MBq. Due to the assumption of a long
Ti/2,uo (for a larger fraction), the absorbed doses to various organs and tissues
reported by ICRP are considerably higher than in the present study.

ICRP "C-fat model (ICRP, 1993)

Figure 13. Comparison between the mean absorbed dose to various organs and
tissues, (ICRP, 1993) and Paper II, regarding glycerol tri[l-14C]oleate.

Accuracy: The major contributor to the uncertainties in the mean absorbed dose
estimate is in this study the uncertainty in the excretion of 14C in exhaled air.
Assuming a ±50% uncertainty in this fraction will influence the mean
absorbed dose of up to a factor of ±10 (adipose tissue). The uncertainty in the
dose estimate due to the uncertainty in the fraction of 14C excreted in the urine
is low, ~3%, which is explained by the complete 48-hour urine collection that
was sampled. The effective dose will be within a factor of 4.

["CJurea

The biokinetic model used for the dosimetric calculations is shown in Fig. 2 of
Paper III. As a consequence of the good agreement in the urine and exhaled
air data between older and younger children, we considered it reasonable to
use the Ti/2,bio and fractions obtained for the older children (Paper III) also
when calculating the absorbed doses to the younger children in Paper IV. The
results of the mean absorbed dose calculations are summarised in Table 5.
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The values presented in Table 5 are evaluated from the assumption that all of
the missing fraction (12%) is entering the COa/bicarbonate pool (i.e.
pessimistic case, Paper III).

Comparisons between the results in Paper III and published data regarding the
absorbed doses to some organs of adults are shown in Fig.5 of Paper III.

The results are valid for Ji/>-negative subjects. If however the subject is Hp-
positive, the fraction of 14C exhaled is larger, thus giving a higher absorbed
dose to most organs except the urinary bladder. For a H/>-positive 3 year-old
child, the absorbed doses (Table 1, Paper IV) were estimated assuming the
fraction excreted in exhaled air to be 65% (ICRP, 1998).

Stubbs et al. (1993) also reported that the urinary bladder received the highest
absorbed dose (Fig. 5 of Paper III). The difference between our data and theirs
for adults is due to a different bladder voiding interval in the dosimetric
calculations, 4.8 hours vs. 3.5 hours in this work.

The reason for differences in absorbed dose to bone surfaces and red marrow
between Stubbs et al. (1993) and this work is the introduction of separate
compartments for cortical and trabecular bone in the present dosimetric
CO2/bicarbonate model and different numerical values of the transfer
coefficients. The difference in absorbed dose to most organs and tissues
between ICRP (1998) and this work is due to different fractions for excretion
via exhaled air and urine. If the fraction not recovered is assumed to enter the
CCb/bicarbonate pool, the organ that receives the highest absorbed dose will
still be the urinary bladder, and the effective dose increases by a factor of
approximately 2. This is mainly due to a larger fraction of 14C distributed in the
remaining organs giving a higher absorbed dose to most organs and tissues,
including those with high tissue-weighting factors.

Accuracy: In the urea studies, the fraction of I4C exhaled in air is small. An
assumed uncertainty of 50% in this fraction will led to an uncertainty in
absorbed dose less than 5%. The uncertainty of 30% in the excretion of 14C in
the urine will however led to an influence in the absorbed dose to the bone
surfaces with a factor of ±4. The effective dose will be within a factor of 2.

[l-14C]glycochoIic acid

The biokinetic model derived from the biokinetic data for glycocholic acid is
shown in Fig. 3 of Paper V. Due to the large missing fraction of 14C not
recovered in the GCA study, the dose calculations were performed according
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to two different cases. 1. Realistic case: the missing fraction has left the body
via exhaled air, or in case of bile malabsorption, via faeces. 2. Pessimistic case:
the missing fraction is assumed to be excreted from the body with a long
Ti/2,bio of 80 days, after having been incorporated into various organs due to
protein synthesis.

The results of the absorbed dose calculations, and a comparison with earlier
reported data (King et al.,\ 980) are presented in Table 2 of Paper V. The organ
receiving the highest absorbed dose in the present study (in both cases), is the
colon: 1.2 mGy/MBq.

An interesting observation is that muscle, which is a tissue with high protein
content, receives a moderate absorbed dose, 0.4 mGy/MBq, even in the
pessimistic case, when the missing fraction is assumed to be incorporated into
organs and tissues undergoing high protein synthesis.

Accuracy: An uncertainty of +50% in the fraction of 14C that is exhaled,
influence the mean absorbed dose of up to a factor of ±3 (red bone marrow).
Due to the small fraction of 14C excreted in the urine, the uncertainty due to
this fraction will be insignificant. The effective dose will be within a factor of
2.

D-[U-14C]xylose

The biokinetic model used for the dose calculations for 14C-xylose is presented
in Fig. 4 of Paper V. In the xylose study, the fraction not recovered, 6%, was
proportionally divided between urine and exhaled air (i.e. 70% was assumed to
be excreted in the urine and 30% in exhaled air).

The rapid excretion of 14C in the urine gives a low absorbed dose to the
kidney-bladder system. The organ receiving the highest absorbed dose is
adipose tissue: 0.8 mGy/MBq, due to the assumption of a long-lived fraction
incorporated in the fat tissue. A comparison with earlier reported data is
presented in Table 3 of Paper V. According to Brydon et al (1987) the urinary
bladder will receive an absorbed dose of 0.1 mGy/MBq, which is in the same
magnitude as in the present study. They however, obtained a Ti/2,bio of 4 days
for the fraction incorporated in the adipose tissue, compared to 60 days in the
present study. In their study they however used traditional LSC technique and
the study was performed on rats and mice.

Accuracy: The uncertainty in the absorbed dose estimate is small compared to
the other substances in this work, mainly due to the relative small fraction that
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is exhaled and due to the complete 48-hour collection of urine that was
sampled. The uncertainty in the absorbed dose is within a factor of 1.3. The
effective dose will be within a factor of 1.1.

Table 5. Mean absorbed dose (mGy/MBq) to various organs
effective dose (mSv/MBq) (per unit of administered activity)
radiopharmaceuticals studied in this work.

and tissues and the
for the 14C-labelled

Organs and
tissues

Kidneys

Urinary bladder

Bone surfaces

Lungs

Stomach

Colon

liver

Adipose tissue

Effective dose

(mSv/MBq)

14C-labelled radiopharmaceutical

Urea

3y

9.0E-02

3.4E-01

9.0E-02

9.0E-02

8.0E-02

9.0E-02

9.0E-02

1.0E-01

7y

5.7E-02

2.5E-01

5.6E-02

5.7E-02

5.0E-02

5.7E-02

5.7E-02

6.6E-02

14 y

1.4E-02

1.9E-01

1.1E-02

1.4E-02

1.7E-02

1.4E-02

1.4E-02

2.4E-02

Adult

3.6E-02

1.4E-01

4.3E-02

3.6E-02

2.5E-02

3.6E-02

3.6E-02

4.0E-02

Triolein

Adult

3.2E-01

1.3E-01

5.7E-01

2.8E-02

2.1E-01

2.6E-01

1.9E-01

1.4E+00

2.8E-01

GCA

Adult

2.0E-01

1.6E-01

3.8E-01

2.0E-01

2.5E-01

1.1E+00

3.1E-01

4.1E-01

Xylose

Adult

4.6E-02

1.9E-01

1.7E-01

7.7E-03

7.7E-02

5.6E-02

1.7E-01

7.9E-01

1.0E-01

Uncertainties in the absorbed dose estimates

The uncertainty in the estimation of the mean absorbed dose to an organ or
tissue is influenced by the uncertainty in the biokinetics as described earlier
and:

1. the anatomy-dependent part of the S-value. The S-values have been derived
for the shape, size and separation of organs in a limited number of
mathematically describable phantoms (Snyder et a/., 1975; Cristy and
Eckerman, 1987; Stabin et a/., 1995). For a person who differs considerably
from the body size and shape assumed in the calculations, the doses are
compatible within ±60% (Roedler, 1981).

2. the fixed value of the parameters included in the generic ICRP models,
which are used for the determination of the cumulated activity. For example,
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the bladder voiding period which is assumed to be constant and equal to 3.5
hours for adults, in the kidney-bladder model. Other examples are the transfer
coefficiants used in the Gl-tract model and the transfer coefficients for the
bone compartment in the CO2/bicarbonate model.
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Effective dose

The effective dose per unit-administered activity for the four 14C-labelled
radiopharmaceuticals in this work is shown in Table 5. To an adult, the highest
effective dose 0.08 mSv is obtained after an examination with 0.2 MBq 14C-
glycocholic acid. The lowest value, is obtained after a 0.11 MBq urea BT, 0.004
mSv.

The contribution to the effective dose from various organs and tissues is
shown in Figure 14a-d.
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Figure 14. The relative contribution to the effective dose from various organs and
tissues for the 14C-radiopharmaceuticals in this studie.

A comparison between the effective dose from the studies in this work and
other radiodiagnostic examinations is illustrated in an "effective dose
thermometer" (Mattsson et aL, 1998) (Figure 15). The effective doses from the
radiopharmaceutical in this work are a factor of 40-1000 lower than the
effective dose from an x-ray examination of the kidney or a bone scintigraphy.
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Effective dose

X-ray examination mSv Nuclear medicine

Angiocardiography

CT

Kidney, bladder

Dental, full examination

Chest
Mammography

Hand, foot
Dental, single exp.

10 , r

1-
99mTc-MAA (100; 1.1), Lung scintigraphy

•; 99mTc-MAG3 (90; 0.66), Kidney scintigraphy

0.1: :

0.01 -:

1E-3 +

13lI-iodide (3; 72), Thyroid function

99mTc-MDP (600; 3.5), Bone scintigraphy

75Se-HCAT (0.3; 0.2), Bile salt malabsorption

"C-GCA (0.2; 0.08), Bacterial overgrowth
/bile salt malabsorption

MC-triolein (0.074; 0.02), Fat malabsorption

"C-xylose (0.185; 0.02), Bacterial overgtowth

51Cr-EDTA (4; 0.008), Kidney function

'.'. »C-urea (0.11; 0.004), Hp infection

Figure 15. The effective dose to adults at various nuclear medicine and X-ray
examinations (modified from Mattsson et al., 1998). For the nuclear medicine
examinations, the figures in parenthesis show (activity per examination in MBq,
effective dose in mSv).
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Summary and conclusion

We have used the AMS technique to study the long-term retention of 14C in
connection with clinical tests of fat malabsorption (14C-triolein BT), detection
of Hp infection in the stomach (14C-urea BT) and abnormal intestinal bacterial
flora (14C-GCA BT and 14C-xylose BT).

The high sensitivity of the AMS technique has given us the opportunity to
follow the retention of 14C - through repeated analysis of 14CO2 in small
amounts of exhaled air - for longer time periods than have been possible
before, up to several years (Paper I). This has also opened up the possibility of
quantifying the 14C content of small biopsies (mg-si2e), which has improved
the basis for the dose estimates.

As a consequence of the increased sensitivity using AMS, the dose estimates
reported in this work differ from those reported earlier, where the results were
based on traditional LSC technique. For example, the results from the AMS
measurement of the bone and muscle biopsies taken 4.5 years after a 0.074
kBq triolein BT (Paper I) showed no significant levels of 14C, which led to
lower effective dose than earlier proposed. Another example is the small, long-
lived fraction of 14C in exhaled air found in the xylose study (Paper V). The
sensitivity of the AMS technique made it possible to make a more careful
estimation of the absorbed dose to the adipose tissue, which in this case was
shown to be higher than in earlier studies.

AMS also gives the possibility of performing clinical examinations using ultra-
low amounts of 14C-labelled compounds on patient groups, which have not
been available for such studies previously (e.g. breast-feeding women, young
children (Paper IV) etc.). This is due to the high sensitivity of AMS and our
improved knowledge of kinetics and dosimetry thanks to AMS measurements.

In summary, our results show that for adult patients - and in the case of 14C-
urea BT also for children down to 3 years of age - the dose contributions are
comparatively low, both for organ doses and for the effective dose. For adults,
the latter is: 14C-glycocholic acid - 0.4 mSv/MBq, 14C-triolein - 0.3 mSv/MBq,
14C-xylose - 0.1 mSv/MBq and "C-urea - 0.04 mSv/MBq. Thus, from a
radiation protection point of view there is no reason for restrictions in using
any of the 14C-labelled radiopharmaceutical included in this work in the
activities normally used (0.07-0.2 MBq for a 70 kg patient).
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Future perspectives

AMS has proved to be an ideal method for tracing the passage of chemicals
and their metabolism in humans without disturbing normal metabolic
processes (Mattsson et al., 2000; Vogel et al., 2001). Metabolic studies of fatty
acids, glucose, proteins, folk acid and vitamins are all interesting topics that
can be studied using AMS after 14C-labelling of the initial substance. Using
AMS to measure the number of 14C-atoms in milligram samples of urine,
faeces, expired air, saliva, blood, biopsies etc. over minutes, hours, days, weeks,
and even years it is possible to estimate how much of the substance is taken
up, its pathways through the body, which organs that are involved, how much
of it is lost through excretion, and so on. Such detailed information has never
before been available for healthy human subjects.

To trace a single fat intake for remarkable 4-5 years, it is enough to administer
less than 30 fig of 14C-labelled fat (Gunnarsson et al., 2000). Less sensitive
measuring techniques such as traditional LSC require ingesting large amounts
of both the chemical compound being studied and of the radionuclide. The
latter, combined with the lack of reliable biokinetic and dose calculations, has
led to restrictions using 14C-labelled compounds in man. Biokinetic studies are
thus usually performed on animals, a situation which is not ideal due to the
considerable extrapolations that have to be done: from large amounts of
chemical to small and from laboratory animals to humans. Now, studies can be
done with much smaller, more realistic amounts of the chemical compounds -
and on human subjects.

Another interesting topic is the use of "bomb puls 14C", i.e. the elevation in 14C
above the contemporary level due to nuclear weapons testing in the late 1950s
and early 1960s. Lovell et al. (2002) used the bomb-pulse 14C as a tracer to
investigate the year of formation of two major histopathologic alterations in
the brain in Alzheimer's disease (AD), neurofibrillary tangles (NFT) and senile
plaques (SP). Their preliminary results demonstrated that it is possible to use
bomb pulse 14C to determine the average year of formation of NFT and SP in
the brain in AD. In addition, their data showed that these structures, once
formed, have a much slower carbon turnover rate than normal brain and are
not in a formation/enzymatic degradation equilibrium.
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AMS affords the possibility of studying toxins in the environment at realistic
concentrations. Examples of such studies already reported, are investigations
of heterocyclic amine mutagens produced by cooking meat (Turteltaub et a/.,
1997) and herbicides such as atrazin (Gilman et al, 1998).

There may be a link between DNA adducts, mutation and cancer. Thus, a way
of assessing the exposure to carcinogenic agents and to do risk estimates is to
quantify the adducts between the carcinogen and the DNA. There are now
methods for post-labelling of carcinogen-DNA adducts by acetylation with
uC-acetic anhydride combined with quantitation of 14C by AMS and levels of
adducts as low as attomole quantities can be detected (Goldman eta/., 2000).

To use the potential of AMS to the full, a critical issue is to combine efficient
separation methods (i.e. thin layer chromatography, liquid chromatography, gas
chromatography or various types of electrophoresis) for various compounds
and their metabolites and the sensitive AMS analysis of 14C. Another critical
issue is to make AMS technology available to more and more users. Cheaper
and more automatic equipment is needed.
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