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Abstract

Objective: In this study, we tried to estimate human absorbed dose of “Ga-NODAGA-glycine as a new po-
tential positron emission tomography (PET) renal agent based on the biodistribution data reported in heal-
thy rats, and compare our estimation with the available absorbed dose data from technetium-99m-diethy-
lenetriaminepentaacetic acid (“""Tc-DTPA). Subjects and Methods: The medical internal radiation dose
(MIRD) formulation was applied to extrapolate from rats to human and to project the absorbed radiation
dose for various organs in humans. S factor calculated by Monte-Carlo N-particle (MCNP) simulation and al-
so this factor has been taken from the tables presented in MIRD pamphlet No.11. Hence, two radiation ab-
sorbed dose were calculated for organs. Results: Our dose prediction shows that an 185MBq injection of
gallium-68-1,4,7-triazacyclononane-1--glutamylglycine-4,7-diacetic acid (*Ga-NODAGA-glycine) in hu-
mans might result in an estimated absorbed dose of 0.063mGy in the whole body when S factor calculated
by MCNP simulation. The highest absorbed doses are observed in kidneys, lungs, spleen, liver,and red mar-
row with 3.510, 0.453, 0.335, 0.268, and 0.239mGy, respectively. In addition to, the estimated absorbed do-
se for total body after injection of 185MBq of “Ga-NODAGA-glycine is 0.053mGy when S factor has been ta-
ken from MIRD pamphlet No.11.The highest absorbed doses are observed in kidneys, lungs, liver, spleen,
and red marrow with 3.110, 0.438, 0.209, 0.203, and 0.203mGy, respectively. Comparison between human
absorbed dose estimation for *Ga-NODAGA-glycine and *"Tc-DTPA indicated that the absorbed dose of
the most organs after injection of *"Tc-DTPA is higher than the amount after “Ga-NODAGA-glycine. Con-
clusion: The results showed that “Ga-NODAGA-glycine delivers lower dose to the patients. Also due to its
application in PET (which offers higher sensitivity and spatial resolution compared to planar or SPET), “Ga-

99m

NODAGA-glycine would be a superior choice than ""Tc-DTPA for renography and impose less radiation do-
sesto patients.

Hell /NucIMed 2017; 20(3): 241-246 Publishedonline: 11 December 2017

Introduction

radiation dose assessment, i.e., calculations of the absorbed and effective doses

per unit activity administered is mandatory for the translation of novel radiotra-

cers from preclinical to clinical study phases [1, 2]. Also, the Food and Drug Admi-
nistration (FDA) studies a number of safety issues during the drug approval process, and
internal dosimetry is one issue of high importance [3]. A high radiation dose to vital or-
gansmay preventthe use ofanimaging agent[4].

Dosimetric evaluations perform mainly with the medical internal radiation dose (MI-
RD) method. This method is based on knowledge of the cumulated activity in an organ
or tissue (source), and the absorbed fraction of energy in the organ or tissue of interest
(target) due to radiation emitted by the source. Thus, the absorbed dose to the target is
obtained by summing up the contributions from all source regions [5-7].

Techentium-99m-diethylenetriamine pentaacetic acid (""Tc-DTPA) based planar gam-
ma-imaging remain the nuclear imaging techniques of choice for the clinical evaluation
of renal function and renography [8-10]. Although renography provides important infor-
mation about the renal function that helps in the diagnosis and management of patients
with suspected renal and urinary tract problems, there are drawbacks associated with the
use of the planarimaging technique. Clinical positron emission tomography (PET) came-
ras offer higher sensitivity, spatial resolution, and signal-to-noise ratios than clinical gam-
ma/single-photon emission tomography (SPET) cameras. For example, spatial resolution
of a clinical PET camera and a clinical gamma/SPET camera is 4-6mm and 10-20mm, res-
pectively [11, 12]. Hence, there is a need to develop suitable radiotracers to utilize PET in
clinical evaluation of renal function. Gallium-68 (*Ga) as an excellent PET radionuclide has
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stimulated researchers to investigate the potential of “*Ga-
based PET imaging agents. Gallium-68 has very special phy-
sical characteristics [positron emission (89%), low abun-
dance of 1077keV photon emission (3.22%), and the relati-
vely short half-life (t,,=67.71min)] [13, 14]. Recently, “Ga-
NODAGA-glycine was identified as a potential PET renal ag-
ent [12]. *Ga-NODAGA-glycine can be obtained by a single
step labeling procedure by reacting NODAGA-glycine with
*GaCl, (eluted from a “Ge/*Ga generator) at room tempe-
rature for 10min [12]. NODAGA-glycine is synthesized from
commercially available 4-(4,7-bis(2-(tert-butoxy)-2-oxo-
ethyl)-1,4,7-triazacyclononan-1-yl)-5-(tert-butoxy)-5-oxo-
pentanoic acid (NODA-GA(tBu),) [12]. Gallium-68-NODA-
GA-glycine demonstrated fast and exclusive clearance thro-
ugh the renal-urinary pathway with 0.50+0.08 and 0.06+
0.01 %ID/g remained in blood at 10min and Thr post-injec-
tion respectively [12]. Also, it was not taken up by any extra-
renal tissue and displayed no activity retention in the kidne-
ys [12]. Positron emission tomography renography conduc-
ted in healthy rats with *Ga-NODAGA-glycine revealed time
-to-peak (T,,) and time to half-maximal activity (T, ,,..) valu-
es of 5.8+2.3min and >15min respectively [12]. Additionally,
“Ga-NODAGA-Glycine PET renography provided high qu-
ality PET/CT images (Figure 1). In vivo biodistribution of
“Ga-NODAGA-glycine in healthy rats is known, but its radi-
ation absorbed dose is not yet known. Thus, the present stu-
dy attempts to estimate the absorbed dose of *Ga-NODA-
GA-glycine in human based on biodistribution data repor-
ted in healthy rats and compare our data with available ab-
sorbed dose data from “"Tc-DTPA, as documented in the In-
ternational Commission on Radiological Protection (ICRP)
publication 80.

4 min p.i.

20 min p.i.

Figure 1. Abdominal PET/CTimages (maximum intensity projection) of a healthy
female Sprague-Dawleyrat injected with “Ga-NODAGA-Glycine (3.7MBq) [12].

Subjects and Methods

The biodistribution data of “Ga-NODAGA-glycine in various
organs of a healthy rat as a percentage of the injected dose
per gram tissue (%ID/g) at 10min and 60min post-injection
was taken from previously reported study [12]. Briefly, two
groups (n=>5) of healthy female Sprague Dawley rats of weig-
ht 236-286g were anesthetized and injected with a dose of
*“Ga-NODAGA-glycine (~3.3MBq) in normal saline (0.2mL)
through a tail vein catheter, followed by 0.5mL of saline [12].

Rats were kept under anesthesia during the study and were
eutha-nized at 10min or Th post-injection. The tissues/or-
gans were excised, weighed, and the radioactivity associated
with each sample was measured using an automated gam-
ma counter. The radioactivity counts were background and
decay corrected. The radioactivity uptake expressed as injec-
ted dose per gram (%ID/qg) for each tissue/organ was then
calculated[12].

Extrapolation of the animal organ uptake data to hu-
mans

In this study, the organ uptake data in animals were extrapo-
lated to the equivalent uptake in humans by the proposed
method of Sparks et al. (1996) [15] as represented in Equati-
onl:

Borzan

(%ID/gjhuman = [(%ID/gjanimal X (kgTBweLghtjanimal] X ( human (1)

l':gTBw eight

where (%ID,,;..)hman denotes the percentage of injected
activity in a human organ, (KGrg,,egn)ammals the body we-ight of
the rat, and (g,4./KGrsueigndnuman 1S the ratio bet-ween the
weights of human organ and human body. The mean weight
of the organs harvested from the animals and the standard
weights established for the adult male human organs were
used [16-18].

Cumulated activity calculations
The cumulated activity in the source organs, A, can be calcu-
lated by the equation 2[19]:

A= j A(t)dt )
T

1

where A (t) is the activity of each organ at the time t. In this
study, the accumulated source activity was calculated by
plotting the non-decay-corrected time activity curves for
each organ and computing the area under the curves. For
this purpose, the data points which represented the percen-
tage-injected dose were created and fitted to a mono-expo-
nential or to an uptake and clearance curve by MATLAB soft-
ware (Version. 7.5). In addition, the curves were extrapolated
toinfinity by fitting the tail of each curve to a monoexponen-
tial curve. Then, the area under the curve was calculated as
described previously by Shanehsazzadeh et al. (2009) [20]. To
prevent under-sampling for the area under the curves (AUC),
we tried to calculate the AUC when the R’ square of fitted
curves was above 0.9 for each organ.

Absorbed dose calculations
The absorbed dose was calculated by MIRD formulation [21]:

D, = Zﬁh X S (ry < 1) (3)
h

where D(r,) is the absorbed dose in the target organ, A, is the
cumulated activity in source organs and S (r,«r,) called S
factor is defined as the mean absorbed dose to the target
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regionr, per unit cumulated activity in the sourceregionr,.S
Factor represents the physical decay characteristics of the
radionuclide, the range of the emitted radiations, and the
organ size and configuration expressed in mGy (MBqs)". In
this study, the S factors were calculated by Monte-Carlo N-
particle (MCNP) simulation and this factor has been taken
alsofromthetables presentedin MIRD pamphletNo.11[17].

Calculations of S factor by MCNP simulation

In this study, the MIRD mathematical phantom was used as
an input for Monte Carlo calculations of S factors for “*Ga by
using the MCNPX 2.6c code. The mathematical phantom is a
representation of the human body. In these phantoms, all or-
gans are represented with geometrical bodies (such as cylin-
ders, ellipsoids, tori etc), which are described with suitable
mathematical equations. A corresponding chemical consti-
tution for various types of organ tissues is also defined [22]. It
was assumed that **Ga was uniformly distributed within the
specified source organs with isotropic direction emission.
Major organs were chosen to be both the source and the tar-
get while the others were set as targets only. Electron and
photon energies as well as the probability for emission for
®Ga were extracted from the RADDECAY v3 software (Char-
les Hacker, Griffith University, Gold Coast, Australia). This pro-
gram uses data from Radiation Shielding Information Center
(RSIC) at Oak Ridge National Laboratories (USA), whereas the
energy spectra for the beta-particles were obtained from the
RADAR website [23]. To calculate the S values, each source
organ required individual simulation. To maintain the
statistical error of the simulations below 1%, 50x10° source
particles were simulated. All simulations were performed on
a 96 nodes Linux cluster using a 64-bit compiled version of
the MCNPX 2.6¢ code. To calculate the energy deposited in
the target sources, the *F8 tally was set for each target. An

*F8 tally gives the energy deposition in MeV per primary par-
ticle.The S-factor was calculated as follows [24]:

ZF‘Elrt X (*F8),.n, )
M

S(rper,)=16x10""

T

where (xF8), is the energy deposited from particles emitted
with energy E, in the target organ t-in MeV-as obtained from
MCNP4c2, and n; is the number of particles per decay for the
particles of energy E. The (*F8):n, values were summed for all
emissions (photons and electrons) and divided by the mass
of the target organ M, in g. The factor 1.6x107"° was used to

-1 _-1

obtain the S-factorvaluesinGyBq ™ s ™.

Calculation of effective dose
The effective dose of each organ was concluded by the equ-

ation 5:
E= Z Hp X wp (5)
T

Hr = Z Drr X wg

T

where H; is the equivalent dose in a tissue or organ. D;is the
absorbed dose in tissue T by radiation type Rand w; is the ra-
diation weighting factor, w, is the tissue-weighting factor ac-
cording to ICRP publication 103 [25].

Results

The radiation absorbed dose of organs estimated in humans
according to therats data are presented in Table 1. The amo-
unt of the absorbed dose to a human was calculated by mul-
tiplying the converted rats' cumulative activity (using rela-
tive organ mass extrapolation) to the S factor. S factor calcu-
lated by MCNP simulation and also this factor has been ta-
ken from the tables presented in MIRD pamphlet No.11.
Hence, two absorbed dose are showninTable 1 fororgans.

The estimated absorbed dose for total body after injec-
tion of 185MBq of “Ga-NODAGA-glycine was 0.063mGy
when S factor calculated by MCNP simulation. The highest
absorbed dose is observed in the kidneys with 3.510mGy,
and the organs that received the next higher dose were lun-
gs, spleen, liver, and red marrow with the magnitude of 0.
453,0.335,0.268, and 0.239mGy, respectively. Furthermore,
the estimated absorbed dose for total body after injection of
185MBq of *“Ga-NODAGA-glycine was 0.053mGy when S
factor has been taken from MIRD pamphlet No.11. The hig-
hest absorbed dose was observed in the kidneys with 3.
110mGy, and the organs that received the next higher dose
were lungs, liver, spleen, and red marrow with the
magnitude of 0.438, 0.209, 0.203, and 0.203mGy, respec-
tively. AsdemonstratedinTable 1, our estimation shows that
all organs received doses when S factor calculated by MCNP
simulation in comparison with when S factor had been ta-
ken from MIRD pamphlet No.11.0n the other hand, as docu-
mented in ICRP 80 [26], the total body absorbed dose after
injection of 185MBq of *"Tc-DTPA was 1.517mGy. The hig-
hest absorbed dose was observed in the bladder wall with
14.245mGy, and the organs, which received the next higher
dose were uterus, kidneys, lower large intestine (LLI) wall,
and ovaries with the amount of 1.850, 1.054, 1.036, and 1.
017mGy, respectively. This discrepancy between our MCNP
simulation and MIRD pamphlet No.11 could be attributed to
the different in simulation assumptions. In MIRD pamphlet
No. 11, the absorbed fraction (AF) is considered zero for elec-
trons and beta particles, unless target organ and source or-
gan are the same, in which case AF is 1. The same holds true
for X-rays or y-radiation with energies less than 10keV in M-
RD pamphlet No. 11. These assumptions are not considered
in this study.

The comparison of our estimation of human absorbed
dose of “Ga-NODAGA-glycine with *"Tc-DTPA in accor-
dance with ICRP 80 [26] is depicted in Figure 1. As demons-
trated in Figure 2, our estimation showed that all of the or-
gans, except kidneys and lungs received higher doses when
*"Tc-DTPA was prescribed in comparison with “Ga-NODA-
GA-glycine.

Discussion
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Table 1. Estimation of human absorbed doses from rat data after intravenous administration of “*Ga-NODAGA-glycine.

Target organs® Absorbed Absorbed Absorbed Absorbed W.° Effective Effective
dose dose dose dose absorbed absorbed
(mGy/MBq)° (mGy/MBq)°  (mGy)™' (mGy)*' dose dose
(mSv)™ (mSv)™'
Kidneys 1.68E-02 1.90E-02 3.11E+00  3.51E+00 0.12 3.73E-01 4.22E-01
Liver 1.13E-03 1.45E-03 2.09E-01 2.68E-01 0.04 8.36E-03 1.07E-02
Red marrow 1.10E-03 1.29E-03 2.03E-01 2.39E-01 0.12 2.44E-02 2.86E-02
Lungs 2.37E-03 2.45E-03 4.38E-01 4.53E-01 0.12 5.26E-02 5.44E-02
Spleen 1.10E-03 1.81E-03 2.03E-01 3.35E-01 0.12 2.44E-02 4.02E-02
Muscle 1.22E-04 1.34E-04 2.26E-02 2.48E-02 0.12 2.71E-03 2.97E-03
ULI wall 5.90E-04 6.09E-04 1.09E-01 1.13E-01 0.12 1.31E-02 1.35E-02
LLI wall 7.43E-04 8.01E-04 1.37E-01 1.48E-01 0.12 1.65E-02 1.78E-02
Stomach wall 4 17E-04 4.68E-04 7.71E-02 8.66E-02 0.12 9.26E-03 1.04E-02
SI 9.44E-04 10.55E-04 1.75E-01 1.95E-01 0.12 2.10E-02 2.34E-02
Uterus 6.73E-05 7.20E-05 1.24E-02 1.33E-02 0.12 1.49E-03 1.60E-03
Adrenals 3.52E-04 4.33E-04 6.51E-02 8.01E-02 0.12 7.81E-03 9.61E-03
Testes 2.81E-06 3.74E-06 5.20E-04 6.92E-04 0.08 4.16E-05 5.53E-05
Bladder wall 4.27E-05 4.87E-05 7.90E-03 9.01E-03 0.04 3.16E-04 3.60E-04
Thyroid 3.80E-05 4.19E-05 7.03E-03 7.75E-03 0.04 2.81E-04 3.10E-04
Pancreas 2.42E-04 2.77E-04 4.48E-02 5.12E-02 0.12 5.37E-03 6.15E-03
Ovaries 1.31E-05 1.95E-05 2.42E-03 3.61E-03 0.08 1.94E-04 2.89E-04
Skin 4. 41E-05 4.69E-05 8.16E-03 8.68E-03 0.01 8.16E-05 8.68E-05
Total body 2.89E-04 3.43E-04 5.35E-02 6.35E-02 1 5.35E-02 6.35E-02

°LLI; lower large intestine, ULI; upper large intestine, SI; small intestine. *S factors have been taken from MIRD pamphlet No.11 for calculations of

absorbed dose and effective absorbed dose. S factors calculated by MCNP simulation for calculations of absorbed dose and effective absorbed dose.

“Tissue weighting factors according to International Commission on Radiological Protection ICRP103 (ICRP2007) [25].

'Ifinjected 185MBq activity of radiotracer.

The extrapolation of animal data to humans is far from an
exact procedure. However, according to ICRP 62 recommen-
dations, results from such studies represent an important fir-
st step in the evaluation of radiation dose, before moving
forward to human measurements from a small number of
volunteers [27]. Also, several studies have demonstrated the
usefulness of using animal distribution as a model for absor-
bed dose estimationsin humans [28-30].

In this study, we predict and compare the absorbed dose
from “Ga-NODAGA-glycine and *"Tc-DTPA. Galium-68
gamma rays with 511keV and higher energies have lower

cross section to the neighbor organs and therefore lower
dose deliveries occur [14]. As represented in Figure 2, *"Tc-
DTPA delivers higher doses compared to “Ga-NODAGA-gly-
cine. The kidneys and lung received to times higher dose
when *Ga-NODAGA-glycine was injected compared to
*"Tc-DTPA. This condition was in reverse order for other or-
gans. Our prediction and documented data from ICRP sho-
wed that the absorbed dose ratios for *"Tc-DTPA/*Ga-NO-
DAGA-glycine in the other organs such as ovaries, thyroid,
pancreas, adrenals, red marrow, and liver were about 282.05,
35.79, 7.58, 4.61, 1.70, and 1.24, respectively. These results
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Figure 2. Comparison between our estimation of radiation absorbed dose for “Ga NODAGA-glycine
versusdata from *"Tc-DTPAin humansbased on ICRP 80 data[26].

are in accordance with previous results, which compared
®Gavs ”"Tc, ""'In vs. ®Ga and ®Ga vs “Ga [14, 31, 32]. One of
our limitationsin this study is that we compare our estimated
absorbed dose from “Ga-NODAGA-glycine with the real
value data derived from ICRP 80[26].

According to title 21 of the Code of Federal Regulations (21
CFR 361.1) [33], the radiation dose to the whole body, active
blood-forming organs, lens of the eye, and gonads cannot be
more than 3rem (30mSv) in a single study, and a total of gre-
ater than 5rem (50mSv) per year during the entire study. For
all other organs, the limits are 5rem (50mSv) per single study
and 15rem (150mSv) annually. As shown in Table 1 all organs
received less than the permitted absorbed dose which is a
good factor to use this radiopharmaceutical. Also, our pre-
diction indicated that the absorbed dose to these organs did
not exceed the threshold dose, consistent with ALARA law.

Planar imaging provides limited structural information,
low-quality images, and poor quantitative data. These draw-
backs could be overcome by using a tomographic imaging
technique such as SPET or PET. However, conducting a clinical
dynamic SPET study is technically challenging. The clinical SP-
ET camera depends on rotational movement (step-and-sho-
ot) of detector heads, which cannot be used for renography
due to fast pharmacokinetics exhibited by the renal agents
used. Positron emission tomography overcomes these tech-
nical challenges and enables the use of tomographic imaging
for renography and also uses a series of detector blocks arran-
ged in a cylindrical geometry around the subject, which al-
lows acquisition of imaging data with high temporal and spa-
tial resolutions. In addition, clinical PET provides substantially
superior quantitative data and also better structural informa-
tion due to high sensitivity, spatial resolution and signal-to-
noise ratios than SPET cameras [11, 34]. Thus, the higher amo-
unt of radiation dose for kidneys and lungs can be lowered by
alower prescribed dose of “*Ga-NODAGA-glycine.

In conclusion, in this study, comparison between human
absorbed dose estimation for these two renal imaging agents

indicated that the absorbed dose of the most organs, except
for kidneys and lungs, after injection of *Ga-NODAGA-glycine
was lower than the amount after *"Tc-DTPA injection. Also,
*"Tc-DTPA to *Ga-NODAGA-glycine total body absorbed do-
se ratio was nearly equal to 24. Furthermore, the *"Tc-DTPA
remains longer than “Ga-NODAGA-glycine in kidneys and
lungs, and *Ga-NODAGA-glycine requires injecting lower do-
se. Our results suggest that “Ga-NODAGA-glycine delivers a
lower dose to the patients and by using PET study may be a
better candidate forimaging the kidneys giving less radiation
doses to patients compared to *"Tc-DTPA.
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