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Abstract

Internal dosimetry deals with the measurement of the radiation dose absorbed internally by an organ after the administration of
isotopes for diagnosis and treatment. The purpose of this research was to evaluate bladder-urine transfer coefficient impact on
the bladder technetium activity in the MIRD bio kinetic model and propose a simplified biokinetic model using the ICRP 134
model. The residence time in the bladder and kidneys was determined using scans of five volunteer patients at three different
time points (1 h, 2 h, and 3 h post-injection). To quantify activity in the kidneys and bladder, the conjugate-view method was
applied to the imaging data. In the present study technetium activity has been calculated in human organs using the MIRD et
ICRP bio-kinetic models. The theoretical results were obtained by simulation on the MatLab software of the matrix equations
obtained from different equations of the quantity of technetium in the different organs used in the bio-kinetic models. The study
showed that it is important to take into account the transfer coefficient between the bladder and urine to reduce the fraction of
technetium in the bladder. The ICRP model and the proposed simplified model predict technetium fractions better than the MIRD
model three hours after injection. The study also showed that the ICRP model and the proposed simplified model are in agreement
in predicting the technetium fraction in the bladder and kidneys.
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1. Introduction

Nuclear medicine is the medical specialty using small being administered to the body, these tracers emit characteris-
amounts of radioisotopes as tracers to diagnose disease, or tic radiations. Special electronic instruments, such as scintil-
larger amounts for therapy. These tracers are usually attached lation or a gamma camera, which display these emissions into
to chemical compounds that are attracted to special organs images, can detect these emissions. The images yield infor-
such as bones or tissues, like iodine to the thyroid gland. After mation about the anatomy or the functional state of the body
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organ being imaged. The nuclear medicine physician inter-
prets the image to determine the extent and/or severity of a
given disease [1]. In nuclear medicine applications, scinti-
graphic studies have been applied to different organs such as
liver, spleen, heart, kidneys, bone, lung, thyroid, lymph glands
etc. Although the absorbed dose levels by critical organs dur-
ing the scintigraphic application are lower than the therapeutic
dose levels, their evaluation may be also considered important
[2]. Nuclear medicine continues to employ radionuclides such
as Tc-99m, F-18, In-111,1-123,I-131, T1-201 etc in diagnostic
procedures. Such procedures are used to scan bone, cardiovas-
cular system, thyroid and to scan liver, spleen and lung [1].

The most widely utilized radiopharmaceutical for skeletal
imaging is technetium methylene diphosphonate (Tc-99m
MDP) because of its improved image quality and lower expo-
sure of radiation to patients. The low-energy high-yield pho-
tons of Tc-99m make it more compatible with conventional
and modern-day scintigraphic systems [3].

A bone scan or bone scintigraphy is a nuclear scanning pro-
cedure to find certain abnormalities in bone. It is primarily
used to help diagnose a number of conditions relating to bones,
including cancer of the bone or cancers that have spread (me-
tastasized) to the bone, locating some sources of bone inflam-
mation (e.g., bone pain such as lower back pain due to a frac-
ture), the diagnosis of fractures that may not be visible in tra-
ditional X-ray images, and the detection of damage to bones
due to certain infections and other problems [4].

In nuclear medicine applications, the amount of administered
activity is such that the absorbed dose to both imaged and non-
imaged tissues are typically very low and thus stochastic risks
of cancer induction are greatly outweighed by the diagnostic
benefit of the imaging procedure [5]. The role of internal do-
simetry in diagnostic nuclear medicine is thus to provide the ba-
sis for stochastic risk quantification. Once this risk is quantified,
it may be used to optimize the amount of administered activity
in order to maximize image quality while minimizing patient
risk. This optimization process is of particular importance for
paediatric patients owing to their enhanced organ radiosensitiv-
ities and years over which any stochastic effects may become
manifest. This optimization should be considered, and always
evaluated for any imaging procedure [6].

Dosimetry of diagnostic radiopharmaceuticals is therefore
primarily concerned with the dosimetry of a total population
or group [7]. The absorbed dose from internally distributed
radioactivity used in diagnostic procedures is usually only cal-
culated using models based on reference individuals and not
specific patients [7].

The time-activity curve was stimulated with the computer
program MatLab using biokinetic model published in MIRD
Report 13. The model was used to determine the activities in
the kidneys and bladder, which were compared to the experi-
mental data. The experimental results show that less than 1% of
the administered activity remained in the kidneys and bladder
three (3) hours after the injection of Tc-99m MDP. On the other
hand, the theoretical results based on the MIRD 13 model show
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that 1.5% of the administered activity remained in the kidneys
and more than 29% remained in the bladder [8]. In a study car-
ried out in Sudan, Mohammedelmoez et al., shows that 1.05%
of the administered activity remained in the kidneys and 1.76%
in the bladder after three hours [9]. Both studies showed that the
theoretical value of activity in the bladder is much higher than
that obtained in theoretical studies. This difference is due to the
fact that in the theoretical model of MIRD, the urinary aspect of
the patient is not taken into account. Hence the need to define a
model taking into account the patient's urinary appearance and
comparing the results with other models.

The primary objective of this study is to determine the im-
pact of a bladder-urine transfer coefficient on the MIRD
model and propose a simplified technetium-99m biokinetic
model using the ICRP 134 model.

The Specific objectives of this research work are:

1) To stimulate the time-activity curve for blood, bone, kid-

ney and urinary bladder using a modified MIRD model;

2) To determine the fraction of technetium in the bladder
three hours after injection for different values of transfer
coefficient from bladder to urine;

3) To compare the theoretical activities of Tc-99m in the
kidneys and bladder three hours after injection with the
practical results;

4) To stimulate the time-activity curve of technetium for
different organs using ICRP and simplified models;

5) To compare the activity fraction in the bladder and kid-
neys using the MIRD, ICRP and simplified models.

2. Materials et Method

2.1. Determination of Activity in the
Compartment

The activity ¢ (mCi) in each human organ at time ¢ (hour)
after intake of Tc-99 is calculated using the following equa-
tion:

dq(t) _

e [(OD;F; + X7-14,9;

= (e + XJ=14D4i (1)

J#i J#i

Where I(t) is the radionuclide intake rate (Bq/day) at time
t by inhalation, D; is the fraction of the inhaled activity de-
posited in compartment 7, A;;is the transfer coefficient from
compartment j to compartment i, 4; ; is the transfer coeffi-
cient from compartment i to compartment j, Az is the radioac-
tive decay constant, and # is the number of compartments used
in the model [10].

In case on injection of Tc-99m in the Blood, the activity ¢
(mCi) in each human organ at time ¢ (hour) after injection is
calculated using the following equation:

dqi(t) _
dt

[®) +XJ=1 25,097 — (Ag + XJ=14: )4

J#i J#i
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2.2. Biokinetic Model

2.2.1. Modified Biokinetic Model for Technetium
from MIRD Report 13

To study the variation in the activity of technetium in the
bladder, a biokinetic model was proposed based on the MIRD

model published in report 13. In this proposed model, the co-
efficient of transfer from the kidneys to the blood and that of
the bladder to urine are taken into account. Figure 1 shows the
modified MIRD model. This model will be used on MathLab
software to simulate the variation in activity in the bladder as
a function of the transfer coefficient three hours after injection.

BLOOD (Bd)

BONE (Bo)

KIDNEY (Kid)

URINARY BLADDER
(UB)

\Lku

Figure 1. Model used for dose estimates of bone imaging agents (MIRD report No 13).

The simulation of the amounts of Tc-99m activity in Blood,
Bone, Kidney and Urinary Bladder was done by these equa-
tions:

d
=B = —(key + ka1 + k31)dpa + Ki2do + K13dxia (3)

dqki
U = —(ky + keys + ka3)4ia + k3145

®)

d
% = —(ky + ky)qus t ka3qkia

(6)

Equations (3), (4), (5) and (6) are used to write a matrix
equation given in (7). This matrix equation is used to write a

dqpo
d_f = —(ky + k12)qp0 + k21q5a “ MatLab code which will make it possible to determine the ac-
tivities at different times and to plot the variation curves of the
activities as a function of the transfer coefficient.
dqpq
fat Ky + kyy + k Kk k 0
dqz, —(ky + kpq + k3q) 12 13 dBa
/dt kyq —(ky + ky3) 0 0 . F:) %)
qud/ k31 0 _(kr + k13 + k4_3) 0 qu
dt 0 0 Kas —(k, + k)] laus
dqus /dt

ki2, ka1, ki3, k31, ku and kas are the transfer rate constants
and kg is the physical decay constant of the Tc-99m radionu-
clide.
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The Table 1 shows the values of ki», ka1, ki3, ka1 and kas
given in the MIRD report 13 [11], in ICRP publication 134
and kg=0.115h"",
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Table 1. Transfer rate constants.

Radiopharmaceutical k12 k21 ka1 ka3 ki3

Tc-99m MDP 0.063+0.010 0.295+0.025 0.305+0.012 3.25+0.37 0.00144583

2.2.2. Biokinetic Model for Technetium from ICRP 134

The biokinetic model (Figure 2) published in ICRP publication 134 was used to simulate with MATLAB the transfer of the
amounts of Tc-99 in human organs [12].

Other m: Thyroidl1
soft
i ST1 v
tasue L_— Thyroid 2
ST2 N S
, %{ Salivary glan
Bone I AP
Cortical Cortical > «— Liver 2 Oral
volume [<| surface k.| _f‘*% cavity
< I Oeso-
Blood |« Liver 1 phagus
Trabecular|_ |Trabecular—+> e
volume surface .| St —>{ St content
I 7 wall
Kidneys
Other «<— Right
; Uri tissue > = colon—% Colon cont
| Urine nnary | | ——— wall =y Mg
‘ | bladder || Urinary || ‘
e content - path [ Faeces ‘

Figure 2. Biokinetic model for systemic technetium. ST, soft tissue; St, stomach, SI, small intestine; cont, contents (ICRP publication 134).

The transfer coefficient values in the systemic model for technetium are given in the Table 2 [12].

From

Blood (Bd)
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood

Table 2. Transfer coefficient for technetium.

To

Thyroid 1

STO

ST1

ST2

Urinary bladder content
Salivary glands
Stomach wall
Kidneys 1
Kidneys 2

Liver 1

Right colon wall

Trabecular bone surface
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Transfer Coefficient (h-1)

k21=0.292
k121=2.995
ki31=0.125
k141=0.0075
k211=0.0708
k41=0.1083
ks1=0.17917
k201=0.02917
k191=0.001667
k71=0.1875
ki01=0.14167
ki171=0.014583
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From

Blood

Thyroid 1 (Th)

Thyroid 1

Thyroid 2

STO

ST1

ST2

Salivary glands (SG)

Stomach wall (SW)

Kidneys 1 (Kid)

Kidneys 2

Liver 1 (Li)

Liver 1

Liver 2

Right colon wall (CW)
Trabecular bone surface (TBS)
Trabecular bone surface
Cortical bone surface (CBS)
Cortical bone surface
Trabecular bone volume (TBV)

Cortical bone volume (CBV)

To

Cortical bone surface
Blood

Thyroid 2

Blood

Blood

Blood

Blood

Oral cavity (OC)
Stomach content (SC)
Urinary bladder content (UB)
Blood

Blood

Liver 2

Blood

Right colon content (CC)
Blood

Trabecular bone volume
Blood

Cortical bone volume
Blood

Blood

Transfer Coefficient (h-1)

k151=0.014583
ki2=4.16667
k32=0.041667
ki3=0.041667
k112=2.08333
k113=0.01925
k114=0.00144583
ks4=2.083333
kos=2.083333
k2120=0.3466667
k119=0.00144583
k17=0.343083
ke7=0.0034667
k16=0.00144583
k1110=0.0579167
k117=0.01904167
k1817=0.0001925
k115=0.01904167
ki615=0.0001925
k115=2.054167E-05
k116=3.42083E-06

The simulation of the amounts of technetium activity in Blood, Thyroid, Oral cavity, Liver, Stomach, Colon, Other soft tissue,
Bone, Kidney and Urinary Bladder was done by these equations:

dqpd __
dt

k13qrnz + k169riz + k17911 + k1129s70 + k1139571 + K114Gsm2 + K1159cs + ki169cv + k11797s + k118qrv + K119Gkiaz

d
I = —(ky + kap + k32)Grns + karGga 9)

dt

d
&ths _(kr + klg)thz + k32th1 (10)

at

A6 = —(ky + ksa)qse + ka1 (1)
d‘;% = —(kr)qoc + ksaqsc (12)

d‘;—’;"z = —(k, + ki6)qriz + k67911 (13)

aqui
S = —(k, + kg7 + k17)quis + k71054 (14)

dat
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d
% = —(ky + kog)qsw + kg19pa

% = —(k,)qsc + kogqsw
dqs% = —(k, + k1110)qrcw + k1014984
% = —(k:)acc + k11109rew
% = —(k, + k112)qs710 + k121954
% = —(k, + k113)qsr1 + k131984
% = —(k, + k114)9s72 + k141954

- _(kr + kZl + k4—1 + k71 + k81 + k101 + k121 + k131 + k141 + k151 + k171 + k191 + k201 + k211)qu + kquThl +

®)

(15)

(16)

(17)

(18)

(19)

(20)
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dz% = —(ky + ky1s + Ki615)qcs + Kis19a (22)
B = ey + k116)dey + kigises  (23)

dz% = —(ky + ky17 + k1g17)qrs + k171qga = (24)
UV = —(ky + k11g)qry + kagirGrs (25
dq:;% = —(k; + k119)qxiaz + k191954 (26)
% = —(ky + k2120)qxia1 + k201984 27)
d(;% = —(k;)qus t K21209kia t k211984 (28)

Equations (9) to (28) give the differential equation in activ-
ities in each organ, and they will be used to write a matrix
equation. The matrix equation obtained will be used to write a
MatLab code which will make it possible to determine the ac-
tivities at different times and to plot the curves of variation of
activities as a function of time in the blood, the thyroid, the
oral cavity, the liver, stomach, colon, other soft tissues, bones,
kidneys and bladder.

2.2.3. Simplified Biokinetic Model for Technetium
from ICRP 134

The simplified biokinetic model (Figure 3) was propose us-

ing the model published in ICRP publication 134. This sim-
plified model was used to simulate with MATLAB the trans-
fer of the amounts of Tc-99 in human organs.

k51 klg
Other soft .
tissue kis k2 Thyrosd
ko1 ki Salivary |k
—
Bone Ko glands
Blood
ko kis
Kidney k7 ke Liver
/ 1
lkm
Urinary k)
bladder
content

Figure 3. Simplified biokinetic model for systemic technetium using
ICRP publication 134.

The transfer coefficients used in this modified model are
calculated from the transfer coefficients given in ICRP publi-
cation 134.

The transfer coefficient values in simplified model for tech-
netium are given in the Table 3.

Table 3. Transfer coefficient in the simplified model for technetium.

From To

Blood Thyroid

Blood Salivary glands

Blood Liver

Blood Other Soft tissue

Blood Bone

Blood Kidneys

Blood Urinary bladder content
Thyroid Blood

Liver Blood

Other Soft tissue Blood

Bone Blood

Kidneys Blood

Kidneys Urinary bladder content
Salivary glands -
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Transfer Coefficient (h™)

ko 0.2917
k1 0.1083
ka1 0.1875
ks1 3.1275
kel 0.0292
k71 0.0308
ks1 0.0708
kiz 4.2083
kia 0.3445
kis 2.1040
kis 0.0381
ki7 1.45E-03
ks7 0.3467
ki 2.0833
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The simulation of the amounts of technetium activity in Blood, Thyroid, Oral cavity, Liver, Stomach, Colon, Other soft tissue,
Bone, Kidney and Urinary Bladder was done by these equations:

449Bd _
dt

% = —(ky + k12)qrn + K219pa (30)
A6 = —(ky + k1) qs6 + k31984 GD

% = —(ky + k14)q1; + k410pa (32)

dz% = —(ky + k15)qsr + ks19pa (33)
% = —(ky + k16)q5o + K61qpa (34)
d%"d = —(ky + k17 + kg7)qxia + k71954 (35)
d(;% = —(k;)qus + ks79kia + ks195a  (36)

Equations (29) to (36) are the differential equations of the
different activities in the different organs. These equations are

35

= = ] ] w
o w S i =1

FRACTION OF ACTIVITY IN UB AFTER 3HQURS (%)

(%]

AAAAA

—(kp + ko + K3y + kg + ksy + key + k71 + kg1)qpa + k12Grn + k1aqri + kisst + K16Gs0 t K179kia

(29)

used to write a matrix equation. This matrix equation is used
to write a MatLab code which will make it possible to deter-
mine the activities at different times and to plot the curves of
variation of activities as a function of time in the blood, bones,
kidneys and bladder.

3. Results and Discussion

3.1. Variation of the Fraction of Activity in
Unary Bladder After Three Hours

Figure 4 shows the variation in the fraction of technetium
activity in the bladder as a function of the transfer coefficient
from the bladder to the urine. In the MIRD model, the transfer
of urine outside the patient is not taken into account, which
gives a fraction of Tc-99 activity of approximately 30% in the
bladder, but in practice this fraction is less than 1% according
to Bambara et al. and less than 2% according to Mohammedel-
moez et al. [8, 9].

8

vvvvvvv

AAAAAA
vvvvvvvvvvv

AAAAAAA

9 10 11 12

TRANSFER COEFFICIENT

Figure 4. Variation of Tc-99m activity fraction in the bladder after 3 hours.

Figure 4 shows that the fraction of technetium activity in
the bladder decreases exponentially with the transfer coeffi-
cient. The fraction of technetium activity in the bladder be-
comes less than 2% when the transfer coefficient reaches 3h

50

!. The fraction of technetium activity in the bladder becomes
less than 1% when the transfer coefficient reaches 5.5 h'!.
Therefore, the transfer coefficient from the bladder to urine
must be greater than 3h™! to have an activity fraction in bladder
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less than 2%. Taking into account the transfer coefficient in
the MIRD model makes it possible to reduce the fraction of
activity in the bladder.

3.2. Time-activity Curve for ICRP 134 Model

Figure 5 shows the evolution of the fraction of technetium
activity in the different organs of the body using the ICRP 134
model. These curves are obtained from a simulation of the ma-
trix equation obtained from equations (9) to (28) on MatLab
software. In the model, technetium was injected intravenously
into the bloodstream. The model predicts that the fraction of
technetium in the blood decreases over time and that the initial
fraction is 67.8%. In the model, the fraction of technetium in
the blood is less than 22% after one hour, less than 11% after
three hours, less than 4% after six hours and less than 0.2%

after twenty-four hours. So the ICRP 134 model predicts a
very low fraction of technetium in the blood after twenty-four
hours.

The fraction of technetium in soft tissue zero (STO) in-
creases between 0 and 0.5 hours to reach a maximum of ap-
proximately 41% and decreases after 0.5 hours. The model
predicts that technetium fractions in other organs are below
10% at all times. The fraction of technetium in the bladder
increases between 0 and 5 hours to reach its maximum fraction
which is 5%, after 5 hours it decreases to less than 1% after 24
hours. After 3 hours, the fraction in the bladder is 4.58%. The
ICRP 134 model makes it possible to predict the activity of
technetium in most human organs as a function of time after
injection into the blood, so it can be used to perform internal
dosimetry in nuclear medicine.

Fraction of activity (%)

Blood
— — — Throid 1
Throid 2
+  Salivary Gland 4
Oral cavity
liver 2
liver 1
+  Stomach wall 1
Stomach content
Right colon wall
Colon content
+  Soft Tissue 0 -
Soft Tissue 1
#  Soft Tissue 2
*  Cortical bone surface
+  Cortical bone volume -
Trabecular bone surface
#  Trabecular bone volume
Kidney 2
Kidney 1
Urinary Blader content

10" 102 10°

Time(hours)

Figure 5. Time activity curve for Tc-99m for human organs for ICRP 134 model.

3.3. Comparison of Fraction of Tc-99 After Three Hours

Table 4 gives the fractions of technetium in the bladder and kidneys three hours after injection into the blood predicted by the

models and measured in the experimental studies.

Table 4. Fraction of technetium in bladder and kidneys after three hours.

Model ICRP Simplified from ICRP

Bladder 4.58 5.92
Kidneys 0.96 1.26 1.5

MIRD

29.31

Experimentally estimated radionuclide activity

Ghana Sudan
0.72 1.76
0.22 1.05
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The ICRP 134 model predicts that the fraction of techne-
tium after three hours in the bladder and kidneys are 4.58%
and 0.96% respectively, while that of MIRD predicts 29.31%
in the bladder and 1.26% in the kidneys. The simplified model
of ICRP 134 predicts that the fraction of technetium after three
hours in the bladder and kidneys are 5.92% and 1.26% respec-
tively. Experimental studies evaluating the activity, three

30
25
20
15
10
.~

ICRP Simplified from

ICRP

Fraction of Tc-99 activity after three hours (%)

MIRD

hours after injection carried out in Ghana and Sudan showed
that the fraction of technetium in the bladder was 0.72% and
1.76% respectively [8, 9]. The fraction of technetium in kid-
neys in Ghana and Sudan was 0.22% and 1.05% respectively.

Figure 6 presents the histogram of technetium fractions in
the bladder and kidneys three hours injection into the blood,
for bio kinetic models and experimental studies.

Experimentally
(Sudan)

Experimentally
(Ghana)

MODELS

H Bladder ™ Kidneys

Figure 6. Histogram of technetium fractions in the bladder and kidneys.

In the kidneys, the different models predict technetium frac-
tions very close to the experimental value obtained in Sudan.
The simplified model predicts a fraction that is closer to the
experimental value than that of MIRD, which allows us to say
that this model can be used for the prediction of activity after
three hours in the bladders. The three models predict activity
fractions higher than that obtained experimentally in the study
carried out in Accra.

In the bladder, the predictions after three hours of the three
models are higher than the values obtained experimentally in
the studies carry out in Ghana and Sudan. The MIRD model
predicts a fairly large fraction in the bladder after three hours,
and it can be considered as a maximum prediction of activity,
because it does not take into account the patient's urinary ap-
pearance. The prediction of the ICRP 134 model can be con-
sidered as a minimum prediction of activity because it takes
into account the exchanges between the blood and most or-
gans, and the organs between it. The study shows that the pre-
diction after three hours of the simplified model is very close
to that of ICRP 134, so this model can be used for the predic-
tion of activity after three hours of injection of technetium into
the blood.

52

3.4. Comparison of Bladder Activity Curve for
the Model

Figure 7 presents the variation of the technetium activity
fraction in the bladder as a function of time for the three mod-
els studied.

The three curves have the same bell-shaped shape. In the
MIRD model, the activity fraction increases to reach a maxi-
mum of approximately 29.7% after 3.6 hours. In the ICRP
model, the maximum of the technetium fraction is around 5%
after 5 hours. The simplified model predicts a maximum frac-
tion of around 7.5% after 6.8 hours. The results show that the
IRCP models and the simplified model have approximately the
same prediction between 0 to 1h after injection. After 48 hours,
the three models predict technetium fractions lower than 0.35%.
The ICRP model and the simplified model predict fractions of
technetium in the bladder which are lower than 8% throughout
the entire time while that of MIRD presents fractions of up to
29.7%. The simplified model is closer to the ICRP model than
that of MIRD, therefore can be used to quantify the activity of
technetium in the bladder.
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+  MIRD
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102 10°
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Figure 7. Variation of technetium fraction in the bladder from the models.

3.5. Comparison of Kidneys Activity Curve for
the Model

The variations of the technetium activity fraction in the kid-
neys as a function of time for the three models studied are pre-
sented in Figure 8. The variations of the technetium fraction

in the kidneys for the ICRP and simplified models have the
same and the fractions are less than 1.3% whatever the time
after injection. The simplified model has a slightly better pre-
diction than the ICRP model, but the fractions remain lower
than those of the MIRD model.

6 ! ! B S | ! ! L ! ! L | ! ! oo
+ + +  MIRD
+ ICPR
+ ICRP Simplified
5 + + -
+
+
4= + ++ n
+

Fraction of activity in Kidneys (%)
[
l

10"

102 10°

Time(hours)

Figure 8. Variation of technetium fraction in the kidneys from the models.
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4. Conclusion

This study aimed to determine variations in technetium ac-
tivity in different human organs and to propose a simplified
model. This study shows that adding a bladder urine transfer
coefficient in the MIRD model will reduce high activity in the
bladder. This study also revealed that technetium fractions in
the bladder decrease exponentially as a function of the blad-
der-to-urine transfer factor in the MIRD model. Most human
organs had activity fractions lower than 10% of the injected
activity except blood and soft tissue. The three models predict
the activity fractions three hours after injection are higher than
those obtained in the studies experimental. The simplified
ICRP 134 model can be used to predict activities in the blad-
der and kidneys.
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