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ABSTRACT

This study proposes a biokinetic model for usehe assessment of the internal dose received by muma
subjects administered orally with fAC]-cholesterol. The proposed model includes thrgstesnic pools
representing the short-term (T% = 1 d), intermediatm (T%2 = 16 d) and long-term (T%z = 78 d) phlygjcal
exchanges and two excretion pathways: urine aresfeéchis model used the ANACOMP software to estmat
radiometric doses with MIRD techniques (Medicakhnial Radiation Dose). To validate the model, tiadile
curve of excretion prediction by the model in ttenge of seven days was compared with those curves
described in literature. No statistical differeneas detected (P = 0.416). The estimated effectiosed
coefficient calculated for the reference man désction ICRP publication 23 was 3x39™° SvBg'. The
organs that received the highest equivalent dose the lower large intestine (2.489° GyBq®), upper large
intestine (9.028L0"° GyBq") and small intestine (3.7470° GyBq™).

1. INTRODUCTION

[4-Y“C]-cholesterol is one of the most widely used radicer for biomedical research due to
the importance of this compound in life maintenamacel to understand the etiology of
coronary heart diseases. The labeled molecule gesvinformation regarding cholesterol
physiology and its substrates (biliary acids, hame® and vitamins) in the body pools.
Radiotracers constitute a simple and accurate toolmetabolic studies; however, the
scientific community has shown reservations conopertthe use of radioisotopes in young
and pregnant women, children and normal pati€htsThis apprehension is probably the
result of the deleterious effects of radiation.haligh studies that utilize radioisotopes are
approved by ethic committees, most do not mentim radiometric doses at which the
human subjects are exposed to during the studypagefihe dose parameter should be the
main concern taken into account for ethic committggroval. The radiometric dose



calculation is performed in order to assess thé&srito health associated with the
administration of the radioisotopes in human subjedhe calculation of the internal
radiation energy delivered by radionuclides follogviinjection into the body requires a
biokinetic model that describes the biodistributenmd retention of the radionuclide within
body tissue$”. The distribution of the radiotracer and the patwf excretion are dictated
by chemical reactions and tissue affinity of thieeled compound. Radionuclides distributed
in the body emit radiation isotropically, i.e., tdut preferential directions. The flow of
radiation (per unit of area) in regions close te thdionuclide emission is greater than in
regions farther from the emission. In the cas&'Gf(T%% = 5700 year$ max = 156 keV) the
deposited energy for thgparticles will be completely absorbed by thossues closest to
the B-emission regiof?.

In 1968, the Society of Nuclear Medicine createel BMIRD Committee (Medical Internal
Radiation Dose) to develop and provide a standaddimamework and methodology for the
calculation of internal dose quantities for nucleaedicine. This committee has published
many useful reports and other aids for calculatitigorbed dose estimates for nuclear
medicine applications”. The publications describe mathematical represient of the
human body, which provide the absorbed fractiond eadionuclide masses in organs.
According to MIRD formalism, in any real internabgke problem, there will be more than
one organ which concentrates the activity, and ntargets for which the absorbed dose is
required. In the case of the emissiong-wadiation, the target and source organs can be the
same tissuél,

The International Commission on Radiological Prttec (ICRP) provides specific
biokinetic models for a limited number B-labeled compounds only. For those compounds
that do not have a described model, the generiocatbon model (GCM) is commonly used,
as described in ICRP Publicatiolis ®. Despite the importance of cholesterol in human
physiology, the ICRP does not provide a specifiskisietic model for [4~*C]-cholesterol,
and in such cases, the GCM would be advisable G®#¥I is based upon the average rate of
carbon intake for Reference Mdnand it is assumed thdfC-labeled compound is
instantaneously and uniformly distributed in thalpdissue and excreted with a half-life of
40 dayd>*.

Taylor? calculated the effective dose coefficients for*&2-labeled compounds (including
[4-'“C]-cholesterol) for which dose information had nat been published. The kinetic
models proposed by Taylor are very similar to ti@MGstructure and uses kinetic literature
data. The [4“'C]-cholesterol model proposed by Taylor is basedkoretic data from
reference [9]. In Taylor'’¥! model the [4¥'C]-cholesterol uptake is exclusively intravenous.
This can be considered a significant limitationngidering that the common uptake of
cholesterol is by ingestion. Moreover, (a) the ekon profile from Taylor's model was not
validated in terms of excretion (feces and urineinparing the model prediction with
experimental data and (b) the model descriptidmghly simplified and is unable to predict
an overall view of the dose in different organscas be previewed by the MIRD protocol.
Taylor’'s model predicts an effective dose coeffitidor injection of 310%° SvBg'.
Assuming that Taylor model is more realistic thaBNg despite its limitations described
above, the GCM® ® (5.810%° SvBq?) overestimates the dose in 93.3 % in this case. An
improvement of the model by taking into account tipeake by ingestion, the most usual
intake of cholesterol, still remains open.
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A new %eneric model for systemic radiocarbon tedéss conservative than the current ICRP
model™ but maintains sufficient conservatism to avoid emestimating the effective dose
by most radiocarbon—compound-specific models wapgsed by Mangél®. The Manger
model is based upon common characteristics of cubiekinetic models and excretion data
derived from biokinetic studies in human subjectd eats. This model accounts for the short,
moderate and long half-times that are present imymadiocarbon compounds that have been
studied. Upon ingestion the radiocarbon proceedsrding to the Human Alimentary Tract
Model (HATM) described in ICRP Publication 39. The radiocarbon reaches the small
intestine (SI) and it is rapidly absorbed and thsted to tissues by body fluids. In the
Manger model, the excretion profile is based on #werage of fourteert’C-labeled
compounds. The profile of 60% in urine, 25% in ltheand 15% in feces is used as a
benchmark for the fine-tuning of the transfers tiokeits.

The excretion profile of [4%C]-cholesterol is very different from that quoteglimth generic
models (ICRP GCM and Manger). Therefore, a new moda deep modification in these
models is required to fit the cholesterol biokinatiparameters. In contrast to the average of
15% for breath excretion used in the generic mpdabosed by Mangét®, Hellman'® and
co-workers reported that no radioactivity was foumthe expired air after the administration
of [4-**C]-cholesterol. The percentage of cholesterol tittakabsorption investigated with
radioactive tracers varies from 15% to 75% in husifdh Experimental results show that the
plasma peak specific activity is not reached uht! second or third day after ingestior’”

131 Most of the unabsorbed cholesterol appears ial fe@mples on the second or third day
after the meaf* ** Only 0.35 to 1.76 % of the ingested{&]-cholesterol appeared in the
urine, against 60% used as benchmark by the Ma]m_;mric model. Therefore, the kidney is
a minor route for the excretion of f4€]-cholesterol®.

The purpose of the present study was to improvectlreent radiocarbon generic model
proposed by Mangét” for the assessment of the radiometric doses dlycadministered
14c-cholesterol. To validate the proposed kinetic eipthe excretion and absorption profiles
for [4-'"C]-cholesterol ingestion were compared with thefilgracurves described in the
literature [15] and [16]. The radiometric doses averlculated for the Reference M&h
using the MIRD protocdt® and the ANACOMP softwarg”.

2. DEVELOPMENT OF THE PROPOSED MODEL
2.1. [4*“C]-Cholesterol Excretion Data

Hellman et al® reported that no radioactivity was found in exgiar after the [4<C]-
cholesterol administration; indicating that additats 0.1 per cent of the administered dose per
day could have been detected by the method usexfalh that no labeled carbon dioxide
was detected after the administration of{@}-cholesterol shows thafC remained attached

to the rest of the cholesterol nucldtls Others referencé®® exclude the possibility of [4-
14C]-cholesterol excretion iHCO, form.

Experimental results for [¥'C]-cholesterol in humans show that the plasma pecific
activity is not reached until approximately theaet or third day after ingestidh °**. The
percentage of cholesterol intestinal absorptiorestigated with radioactive tracers varies
from 15% to 75% in humar¥!, a broad range suggestive of metabolic or gemetjalation
M The efficiency of absorption also may be relatedhe large difference in the amount of
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dietary cholesterol intake, Borgstrdii reported the averages of 45.7 + 6.1 % for 150 mg,
48.5 + 15.0 % for 550 mg), 33.3 + 10.0 % for 950 argl 22.8 + 2.6 % for 1910 mg of
cholesterol. All cited values for cholesterol alpgimm are from normal subjects.

In the present study, data from 43 normal subjeota references [14] and [15] were used to
calculate the cholesterol absorption in functiontreg amount of ingested cholesterol. The
amount of percent cholesterol absorbed was lingathted to dose fed over the range from
110 to 1910 mg (Figure 1). This linear fit is showrequation 1,

C:absorbed = 50_ 0'014[Cingested (1)

where GosorbediS the amount of cholesterol absorbed (%) angk&ed(mg) is the amount of
cholesterol ingested in a single test meal.
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Figure 1. The cholesterol absorption (%) of 43 norral subjects after
the ingestion of a single test meal containing défent amounts of
cholesterol (mg). The data are derived from refereces [14] and [15].

In published studie$* ! the radioactivity of the unabsorbed dietary chtEml was

determined in daily fecal samples over six day9prtovide an estimate of the absorbed
cholesterol. Most of the unabsorbed cholesterokamd in fecal samples on the second or
third day after meal ingestion and the total of tin@bsorbed cholesterol was recovered over

6 days™* !
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In this study, data from 43 normal subjects derifrech references [14] and [15] were used
to calculate the average cholesterol excretiouirction of time after ingestion. The amount
of [4-*"C]-cholesterol ingested by the subjects of thecselata varied from 110 to 1910 mg.
The cholesterol excretion average for the rangaxoflays is listed in Table 1.

Table 1. Cumulative [4“C]-cholesterol radioactivity recovered in feces irfunction of
time after cholesterol uptake (days). The data ardrom 43 normal subjects that
ingested a single test meal containing different apunts of cholesterol (110 to 1950 mg),
the data are derived from references [14] and [15].

Time (days) Cumulative Radioactivities (%)
7.22 £10.15

34.21 + 21.30

47.44 £ 20.15

53.65 + 16.69

57.19 £ 12.50

58.01 £ 12.90

DU, WN PR

Only 0.35 to 1.76 % of the ingested [4-14C]-cha@est appeared in the urine since the
kidney is a minor route for the excretion of thelesterol nucleus. A considerable fraction of
the urinary radioactivity is in the form of sterdidrmone metabolited.

2.2. Biokinetic Model

The [4**C]-cholesterol model proposed in this paper is mprovement of the current
generic biokinetic model proposed by Mand® based on kinetic data derived from
experimental studies with [4C]-cholesterol in human subjecdfs** *® It is important to
observe that the proposed model is limited to racapable of following the cholesterol
molecule through its entire metabolic pathway,sam ithe case of [4*C]-cholesterol. Some
tracers like thé*C-cholesteryl oleate, which is labeled in the fattjd portion of molecule,
can be hydrolyzed and deviate from the cholesfmtiiway core.

The structure of the kinetic model contains ninepartments (Figure 3). The pathway of [4-
“Cl-cholesterol uptake is through ingestion and thput of the labeled particle is
represented by an arrow with asterisk (C1). Théways of excretion considered are renal
(C9) and fecal (C4). No measuraBf€ activity was reported in expired air after {G]-
cholesterol administratio” '8, thus this excretion pathway was suppressed ofgietes
model. Furthermore, the proposed model includes moee systemic pool of cholesterol
exchange (moderate-term, T% = 16 d) and the calahivided in two compartments (U.L.1.
and L.L.I) in agreement with ICRP 8 and Eve modét® 2%,
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Figure 3. Proposed biokinetic model for [4X*C]-cholesterol. C1:
stomach; C2: small intestine (Sl); C3: upper largeintestine
(ULI); C4: lower large intestine (LLI); C5: blood, C6: systemic
short (T¥2 = 1 d), C7: systemic moderate (T2 = 16 dX8:
systemic long (T¥2 = 78 d) and C9: urinary bladderThe input
of the [4-**C]-cholesterol is represented by an asterisk.

Upon ingestion the [4%C]-cholesterol proceeds according to the Human @fitary Tract
Model (HATM) described in ICRP 38. The ingested [4°C]-cholesterol reaches the the
small intestine (C2) and is absorbed into the bétr@ém (C5). The [4-14C]-cholesterol that
reaches the blood is transferred to urinary bladdher to three systemic pools representing
the short-term (T% = 1 d), moderate-term (T% = J)6add Ion?-term (T2 = 78 d)
physiological exchanges of cholesterol betweenhbay tissues® ®. The ki; parameters
(Table 2) represent the transfer of material frampartment i (§ to compartment j (¢and
are associated with the biological half-life by #guationk;; = l0g«(2)/T% The parameters
kos (S.I. to Blood) andkz3 (SI to ULI) can be calculated in function of the @amt of
cholesterol ingestion by equations 2 and 3 resyalgti

50 - 0014[C, ... (2)
25=( 9 td)Do.115
: 10C
50 - 0014 [T, eqeq 3)
K, =|1- 0115
: 100
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Table 2. Transfer coefficients for the proposed [4%C]-cholesterol biokinetic model.

Pathway Transfer coefficient (d%)

k1 (Stomach to SI) 24
ks4 (ULl to LLI) 1.8
kso (LLI to excreta) 1
ks (Blood to short) 15
ks 7 (Blood to moderate) 0.03
ks s (Blood to long) 0.002
kso (Blood to bladder) 0.002
koo (Bladder to excreta) 0.693
kss (Short to blood) 13.44
ke s (Short to ULI) 0.693
k73 (Moderate to ULI) 0.0433
ks s (Long to ULI) 0.009

3. RESULTS AND DISCUSSION

3.1. Excretion Profile after [4*“C]-Cholesterol Ingestion

In order to validate the Ero osed model, the ptedicvalues were compared with the

jo

experimental data (Figure
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Figure 4. Average of the cumulative fecal radioactity in function of
time after [4-'“C]-Cholesterol ingestion.m: Experimental data from 43
normal subjects derived from [14] and [15]. The bas represent the
standard deviation. ®: Predicted by the proposed kinetic model.
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The [4*C]-cholesterol excretion profile predicted by thegpsed model was compared

with the excretion profile listed in Table 1. Thgestion for the same amounts of cholesterol
(110 to 1910 mg) was simulated for the proposedeahandd the weighted average calculated.
There was no statistically significant differencetvieeen the excretion profiles according to
the Kruskal-Wallis test (P = 0.416).

3.2. Calculation of the Radiation Dose

The radiometric doses were determined using theDM(Redical Internal Radiation Dose)
protocol *® by means of the ANACOMP software computEf, which calculates the
radiometric doses using the kinetic paramekgréisted on Table 2) from the compartmental
model shown in Figure 3. The parametkesrsandk; s are used for an uptake of 300 mg of
cholesterol. The effective dose and the equivaliese in organs (shown on Table 3) were
calculated according to ICRP Publications?80to the theoretical phantom of an adult
described in ICRP Publication #3

Table 3. Effective dose and absorbed dose to orgaafier a [4-1“C]- cholesterol ingestion
for the reference man!”..

Organs Absorbed dose (GyBd)
Adrenals 9.1810%
Brain 9.1810M
Breast 9.1810%
Gallbladder 9.1810M
L.L.I. 2.4610°
S.I. 3.7210%°
Stomach 1.4%10%°
U.L.I. 9.0210%°
Heart 9.1810M
Kidneys 9.1810™
Liver 9.1810%
Lungs 9.1810™
Muscle 9.1810%
Ovaries 9.1810%
Pancreas 9.1810
Bone Marrow 1.13101
Cortical Bone 8.8010"
Skin 9.1810"
Spleen 9.1810™
Testicles 9.1810M
Thymus 9.1810™
Thyroid 9.1810™
Urinary Bladder 1.1410%°
Womb 9.1810%
Effective Dose (SvB{) 3.3310"°
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The ICRP 60%Y recommends that any activities that require radiea sources should not
expose human study participants to an effective dpsater than 1 mSv/year. Adopting this
dose level as acceptable to submit adult voluntéersnetabolic studies with [#C]-
cholesterol, the amount of radioactive tracer fairgle dose that can be administered orally
should be< 3MBq (81 pCi). Most studies that utilize fAS]-cholesterol uses radioactivity in
the range of 3.7 to 185 kBq (1 to pGi) °*°. In such cases, the effective dose will be in the
range of 0.0122 to 0.609 mSv which is lower thantmSv allowed dose for an adult person
per year. In other words, these dose levels arerdian the environmental dose from the
sum of cosmic rays (gamma rays and X-rays fromeypacd radiation frorfi®U, 2°Th, 4%,

%C found naturally in the earth. About half of thatal annual average U.S. individual's
radiation exposure comes from natural sources. dther half is mostly from diagnostic
medical procedures. For the American populatioratrezage annual radiation exposure from
natural sources is about 3.1 mSv/year. Radon andohigases account for two-thirds of this
exposure, while cosmic, terrestrial, and interrediation account for the remainder. No
adverse health effects have been related from dass®g from these levels of natural
radiation exposuré?.

4. CONCLUSIONS

The proposed kinetic model achieves an adequagét ¢d\agreement between the calculated
excretion and the experimental values reported uhlighed studies** *°. For [4'C]-
cholesterol ingestion the estimated effective dosan adult subject was 3.39 x f08vBq".
The organs that received the highest equivalené deosre the lower large intestine (LLI)
2.45910° GyBq*, upper large intestine (ULI) 9.028*° GyBq* and the small intestine (SI)
3.71%10"° GyBq". For oral administration in the range of 3.7 t& X8Bq (1 to 50uCi), the
effective dose will be 0.0122 to 0.609 mSv whichlasver than the 1 mSv which is
commonly accepted as safe for an adult person.
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