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Abstract: Dynamic SPECT imaging captures the dynamic process of the radioisotope washed
in and out, to and from tissues and exchanged between biological compartments. One of the
most common application field for dynamic SPECT imaging is investigating renal functions.
The main goal of this study was to create realistic simulations of the kidney in order to support
the development of dynamic SPECT reconstruction algorithms. We created and parametrized
a compartment model of the kidney for simulating the dynamic behavior of the MAG3
radiopharmacon. Solving the model with a parameter set corresponding to the normal and
to the pathological cases the SPECT data acquisition was simulated using the GATE Monte
Carlo simulation toolkit.
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1. INTRODUCTION

Single Photon Emission Computed Tomography (SPECT)
is a widely used nuclear imaging technique for functional
imaging (Wernick and Aarsvold (2004)). In conventional
SPECT imaging, the administered radiotracer distributes
in the body and remains stationer during the examina-
tion. The dynamic SPECT imaging captures the dynamic
process of the radiotracer washed in and out, to and from
tissues and exchanged between biological compartments.
Determining kinetic parameters of the dynamic process
could improve diagnosis in different application fields such
as myocardial, renal, and brain studies (Iskandrian, Ab-
dulmassih S. and Van Der Wall, Ernst E. (1994); Miyazaki
et al. (2010); Sitek et al. (2001); Hsu et al. (2014)). One
of the most common application field of dynamic SPECT
imaging is investigating renal functions.

The main scope of this study is to create a reference
dataset that can be used for the development of dynamic
SPECT reconstruction algorithms. This reference dataset
will be the input of the GATE Monte Carlo simulation
toolkit (Jan et al. (2004)) for simulating realistic SPECT
renal study. The simulated SPECT study can then be used
for testing our dynamic SPECT reconstruction algorithm
(Barna et al. (2017, 2018)).

The paper introduces the applied compartment model and
the related differential equations, the parameter set for
normal and pathological cases, and the SPECT simulation
of a dynamic data acquisition.
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2. METHODS

2.1 Modeled Physiological Phenomenon

The kidneys are two bean-shaped organs located on the
left and right in the retroperitoneal space. They receive
blood from the paired renal arteries. The kidney is divided
in two major parts: cortex and medulla. It receives blood
from the paired renal arteries. Each renal artery branches
into segmental arteries, dividing further into interlobar
arteries, which penetrate the renal capsule and extend
through the renal columns between the renal pyramids.
The interlobar arteries then supply blood to the arcuate
arteries that run through the boundary of the cortex
and the medulla. Each arcuate artery supplies several
interlobular arteries that feed into the afferent arterioles
that supply the glomeruli.

After filtration occurs, the blood moves through a small
network of venules that converge into interlobular veins. As
with the arteriole distribution, the veins follow the same
pattern: the interlobular provide blood to the arcuate veins
then back to the interlobar veins, which come to form the
renal vein exiting the kidney for transfusion for blood.

Each kidney is attached to a ureter, a tube that carries
excreted urine to the bladder. The kidney is responsible to
filter substances from the blood which takes place at the
renal corpuscle. By this process cells and large proteins
are retained in the blood flow while materials of smaller
molecular weights are filtered from the blood to make an
ultrafiltrate that becomes urine.

Tc99m-MAG3 radioisotope is commonly used for inves-
tigating renal function. The MAG3 clearance is highly
correlated with the effective renal plasma flow (ERPF),



and the MAG3 clearance can be used as an independent
measure of renal function.

In clinical examinations the renal function is generally
visualized in a renogram. A renogram is simply a time-
activity curve that provides a graphic representation of
the uptake and excretion of a radiopharmaceutical by the
kidneys. A typical renogram curve of a normal kidney func-
tion is shown in Figure 1. The renogram shows symmetric
activity between the right and left kidney, rapid drop-off
after the peak, and a long tail extending to the right. There
is an increasing activity within the bladder after about 4
minutes.

Fig. 1. Renogram: normal kidney. (Mettler and Guiberteau
(2012))

The MAG3 radioisotope is usually used for diagnosing the
following pathological renal cases (Bennett (2016) Mettler
and Guiberteau (2012)).

• Vesicoureteral reflux (Bennett (2016); Mettler and
Guiberteau (2012))
In normal patients, no radiopharmaceutical reflux

from the bladder into the ureters or the kidneys is
seen. In case of vesicoureteral reflux, due to malfunc-
tion, there is a flow of urine from bladder into ureter
and/or renal pelvis (Figure 2).

Fig. 2. Renogram: vesicoureteral reflux. (Bennett (2016))
Radiotracer in the left renal collecting system in-
creases over time due to vesicoureteric reflux.

• Functional obstruction (Mettler and Guiberteau (2012))
In case of functional obstruction the urine flow

into the bladder is blocked. As a consequence of this,
the urine production and the radiopharmacon cannot

be excreted through the bladder. In the renogram a
delayed excrettion can be observed (Figure 3).

Fig. 3. Renogram: functional obstruction. (Mettler and
Guiberteau (2012)) Time-activity curves show the
normal excretion on the left (red curve) and delayed
excretion on the right (green curve).

2.2 The compartment model of the kidney for MAG3

Brolin et al created a compartmental model for modeling
the dynamic behavior of the MAG3 isotope for simulating
MAG3 pharmacokinetics (Brolin et al. (2013)).

The model is composed of single compartments (open
boxes) and delay functions (shadowed boxes), where the
latter consist of a number of internal compartments linked
in series (Figure 4). The left and right kidneys are struc-
turally composed of the renal cortex, medulla, and pelvis.
The cortex and medulla are modeled by delay functions to
allow for realistic renal transit time distributions.

The compartment model shown in Figure 4 is described
by a system of first-order linear differential equations, as
follows:

dCi(t)

dt
=

1

Vi

N∑
j=1

(rj→iCj(t)− ri→jCi(t)) (1)

where Ci(t) is the tracer concentration in compartment
i at time t, Vi is the volume of the ith compartment,
rj→i is the transfer rate constant from compartment j to
i in unit volume per unit time, and N is the number of
compartments in the model.

Equation (1) can also be written as:

dAi(t)

dt
=

N∑
j=1

(kj→iAj(t)− ki→jAi(t)) (2)

where Ai(t) = Ci(t) · Vi is the total tracer amount in
compartment i, and the transfer rate constants kj→i =
Vj→i are given in units of reciprocal time.

The model of the tracer transport through the renal
cortex and medulla is shown in Figure 4(b). To allow
manipulation of the transit time distribution through the
kidneys, delay functions are used. These are characterized
by a mean transit time τ and a shape parameterm, and are
constructed by linking m internal compartments in series
with internal transfer rate constants rint, given by

rint =
m

τ
· Vint (3)



Fig. 4. (a) The MAG3 compartment model (Brolin et al. (2013)). Solid arrows represent first-order transfer rate constants
(ri→j) and dashed arrows indicate the direction of transfer from one (or several) delays. Compartments without
structural counterparts in the phantom are the plasma pool and the rest-of-body extravascular (REV) space, as
marked with (†). (b) The left and right kidneys are structurally composed of the renal cortex, medulla, and pelvis.
The cortex and medulla are modeled by delay functions to allow for realistic renal transit time distributions.

where Vint is the volume of the internal compartments.

The applied compartment volumes and the baseline pa-
rameter values used for simulating a normal subject are
summarized in Table 1 and Table 2 correspondingly.

Compartment Volume (ml)
Heart plasma 170
Main plasma 2495
Extravascular space 2664
Liver 874
Left renal pelvis 6
Right renal pelvis 5
Left ureter 4
Right ureter 4
Bladder 46

Table 1. Compartment volumes.

Parameter Value
rplasma↔heartplasma 3200 ml

min
rplasma→liver 14 ml

min
rplasma↔REV 250 ml

min
rplasma→kidneys 130 ml

min
τcortex 1.25min
mcortex 20
τmedulla 1.25min
mmedulla 20

rpelvis→ureter 4 ml
min

rureter→bladder 15 ml
min

Table 2. Baseline MAG3 kinetic parameter
values.

3. RESULTS

3.1 Compartment model parameters for normal and
pathological cases

The compartment model shown in Figure 4, described by
the Equations (1)-(3) has been implemented. The kinetic

parameter values in Table 2 were modified in order to
simulate a kidney for normal and different pathological
cases. For normal kidney the original flow rates have been
used shown in Table 2. The compartment model has been
solved using the 4th order Runge-Kutta method. The
simulated renogram curves are displayed in Figure 5.

Fig. 5. Simulated renogram based on the compartment
model: normal kidney.

Simulation of vesicoureteral reflux In case of vesi-
coureteral reflux there is flow from the ureter to pelvis. In
order to simulate this kind of pathological behavior we had
to modify the compartment model. A new flow rate was
introduced in the compartment model in direction from
the bladder to the ureter (rbladder→ureter) and from the
ureter to the pelvis (rureter→pelvis). The reflux happens if
the pressure is enough high to initiate the flow of urine
back to the pelvis. This develops usually after 10 minutes
of the beginning of the study, thus, in the simulation
a timing was implemented that starts the activates the
backward flow rates. The compartment model has been



solved using the 4th order Runge-Kutta method using the
parameters in Table 3. The simulated renogram curves are
displayed in Figure 6.

Parameter Original value Modified value
rplasma↔heartplasma 3200 ml

min
-

rplasma→liver 14 ml
min

-
rplasma↔REV 250 ml

min
-

rplasma→kidneys 130 ml
min

-
τcortex 1.25min -
mcortex 20 -
τmedulla 1.25min -
mmedulla 20 -
rpelvis→ureter 4 ml

min
-

rureter→bladder 15 ml
min

-
rureter→pelvis - 14 ml

min
rbladder→ureter - 5 ml

min

Table 3. MAG3 kinetic parameter values used
for simulating vesicoureteral reflux.

Fig. 6. Simulated renogram based on the compartment
model: vesicoureteral reflux.

Simulation of functional obstruction In case of func-
tional obstruction the way to the ureter and the bladder is
blocked, the filtrated substance can not be extracted with
the proper flow rate resulting in a delayed activity curve.
We can simulate this behavior by changing the delay rates
of the cortex and medulla and the flow rates from the
pelvis to the ureter and from the ureter to the bladder. The
new flow rates can be found in Table 4. The compartment
model has been solved using the 4th order Runge-Kutta
method using the parameters in Table 4. The simulated
renogram curves are displayed in Figure 7.

Parameter Original value Modified value
rplasma↔heartplasma 3200 ml

min
-

rplasma→liver 14 ml
min

-
rplasma↔REV 250 ml

min
-

rplasma→kidneys 130 ml
min

-
τcortex 1.25min 1.75 min
mcortex 20 -
τmedulla 1.25min 1.75 min
mmedulla 20 -
rpelvis→ureter 4 ml

min
0.5 ml

min
rureter→bladder 15 ml

min
4 ml
min

Table 4. MAG3 kinetic parameter values used
for simulating functional obstruction.

Fig. 7. Simulated renogram based on the compartment
model: functional obstruction.

3.2 SPECT simulation using the GATE Monte Carlo
simulation toolkit

We have created a voxelized mathematical kidney phan-
tom derived from CT scan that contains the details: aorta,
left cortex, left medulla, left pelvis, left ureter, right cortex,
right medulla, right pelvis, right ureter, and the blad-
der. Time activity curves has been created for a normal
kidney and for obstruction based on the compartmental
model described above. The time activity curves and the
voxelized mathematical phantom were used for input to
the GATE simulation toolkit. In the simulation we used
a small animal SPECT system with 4 heads equipped
with multi pinhole collimators and list mode data were
collected.

GATE simulation of normal kidney Figure 8 displays
the result of the GATE simulation. Decay positions of the
gamma photons were binned in a voxelized space according
to the mathematical phantom. Every image on the left
shows a summed time interval of decay positions. The right
curve displays the simulated time activity curve marked
with the corresponding time interval.

GATE simulation of functional obstruction Figure 9 dis-
plays the result of the GATE simulation. Decay positions
of the gamma photons were binned in a voxelized space
according to the mathematical phantom. Every image on
the left shows a summed time interval of decay positions.
The right curve displays the simulated time activity curve
marked with the corresponding time interval.

4. DISCUSSION

Using the compartment model created for the MAG3
radioisotope we have created time activity curves that
corresponds with renograms in clinical studies for both
normal and pathological cases.

The compartment model provided realistic renograms as
it can be seen in the normal case. The simulated time
activity curves in Figure 5 look very similar to the clinical
case shown in Figure 1.

In case of vesicoureteral reflux the compartment model
had to be modified, additional flow rates were introduced
between pelvis, ureter, and bladder in order to simulate



(a) First 15 seconds

(b) 1.5-2.5 minutes

(c) 3-4.5 minutes

(d) 5.5-7 minutes

(e) 7-10 minutes

Fig. 8. GATE simulation of the normal kidney.

flow of urine back to the kidney. In this case the simulated
renogram shows increased activity in the pelvis when
reflux effect starts (Figure 6). This increased activity in the
pelvis results in an increased activity in the kidney. In the
simulation the start of increasing looks a bit sudden but
the renogram is very similar to the clinical case (Figure 2),
the difference can be caused by the noise of the real data
acquisition in the human examination.

In case of obstruction the outflow of urine is blocked
functionally, resulting in a delayed extraction. The activity
in the pelvis and consequently in the kidney remains high

(a) First 15 seconds

(b) 1.5-2.5 minutes

(c) 3-4.5 minutes

(d) 5.5-7 minutes

(e) 7-10 minutes

Fig. 9. GATE simulation of the kidney with functional
obstruction.

as it can be observed in the clinical study in Figure 3 and
correspondingly also in the simulated compartment model
in Figure 7.

GATE simulation was executed for normal kidney and
for kidney with functional obstruction. Due to small time
intervals quite low event counts were recorded in the
Figures the incremental sum of the interval is displayed
(Figure 8 and 9). In the first 15 seconds (first pass) the
activity appears in the aorta. In this phase we have to
detect events started in the aorta during simulation. This
can be observed in Figure 8(a) and in Figure 9(a). Activity



can be found only in the aorta. In the second phase the
radioisotope flow reaches the cortex. Both in Figure 8(b)
and in Figure 9(b) this can be observed. Activity can
be seen in the cortex (in left images) and some in the
medulla but the pelvis remains still empty in this phase.
In the third phase the pelvis reaches the highest activity
in normal case, in the different anatomical parts there is
not a big difference in activity. While in case of functional
obstruction activity in the pelvis is higher. In the latest
phase the activity is decreasing in the kidney. In normal
case this phase is similar to the previous that is also
suggested by the renogram. However, in case of functional
obstruction the activity in pelvis remains high that can be
observed in the image in Figure 9(e).

5. CONCLUSIONS

Using the compartment model developed for the MAG3
radioisotope we have created time activity curves that
corresponds with renograms in clinical studies. Compart-
ment model was solved for these studies and two of them
(normal case and functional obstruction) were simulated
using the GATE Monte Carlo simulation toolkit in order
to create realistic dynamic SPECT measurements. These
simulation results are essential tools in the development
of dynamic SPECT reconstruction algorithms that is our
subsequent research goal.
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