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Abstract
Purpose The aim of this work is to develop a Physiologically Based Pharmacokinetic model (PBPK) for the radiophar-
maceutical Tc99m-Tetrofosmin in humans, from literature SPECT imaging data, to carry out in-silico dosimetry studies in 
children and extrapolate dosing.
Methods A whole body PBPK model was developed from literature data from humans of Tc99m-Tetrofosmin tissue distribu-
tion. A data driven approach to estimate partition coeffects, permeability parameters and clearances was carried out, while 
some parameters were determined using a standard in silico PBPK method. Paediatric PK data for all tissues were simulated 
by changing the physiological parameters from the adult to paediatric values. Absorbed and effective doses for children of 
all ages were calculated using S-values from literature of Tc99m that have been computed from anthropomorphic phantoms.
Results Using the results from each tissue, satisfactory goodness-of-fit was achieved, assessed by visual inspection and a 
coefficient of determination of  R2 = 0.965 while all estimated parameters had good standard errors. Paediatric simulations 
of Tetrofosmin distribution showed that paediatric profiles are not very different to the those of adults. The effective doses 
per unit of administered activity for 15 yo, 10 yo, 5 yo and 1 yo children were calculated to be 1.2, 1.7, 2.6 and 4.8 times 
higher, respectively than the adult value. Based on these calculations maximum administered activity scale more than pro-
portionately to body weight.
Conclusions A PBPK model of tetrofosmin in adults has been developed from SPECT imaging data and was extrapolated 
to conduct in-silico dosimetry studies in children of all ages.
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Abbreviations
A0  Administered dose, MBq
Aorgan(t)  Instantaneous fraction of administered dose 

distributed in organ at time t, %
Aorgan,ev(t)  Instantaneous fraction of administered dose 

distributed in the extravascular compartment 
of organ at time t, %

Aorgan,v(t)  Instantaneous fraction of administered dose 
distributed in the vascular compartment of 
organ at time t, %

CLorgan  Clearance in organ, L/min

Corgan(t)  Instantaneous Fraction of administered dose 
distributed in organ per organ volume unit at 
time t,  L−1

E  Effective Equivalent Dose in the whole body, 
mSv/MBq

HT  Absorbed Dose in the Target Organ, mGy/
MBq

Kgb  Flowrate of gallbladder contents emptying, L/
min

Kp,organ  tissue:blood partition coefficient for organ
Ns  Residence time for organ S  per unit of admin-

istered activity, sec
PSorgan  Vascular to Extravascular Permeability- sur-

face area product for organ, L/min
Qorgan  Organ Blood Flow, L/min
R  Blood to plasma ratio
S(T ← S)  Dose Fraction Value corresponding to the source  

(S) and target (T) organ, mGy/(MBq·sec)
Vorgan  Organ Volume, L
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Vorgan,ev  Organ Extravascular Compartment Volume, L
Vorgan,v  Organ Vascular Compartment Volume, L
WT  Weight for converting the contribution of 

absorbed dose of organ T to the whole body 
effective dose

Introduction

It has been widely reported that children are not small adults. 
Both the relative sizes of their organs as well as developmen-
tal factors, alter the pharmacokinetics and limit the use of a 
simple “mg-per-kg” approach for drug dosing. For radiophar-
maceutical diagnostics used in applications such as SPECT 
imaging, it is important to recommend doses that are well 
below a safety limit determined by the radioactivity that a 
patient is exposed to. This is done by carrying out dosimetry 
studies that quantify radioactivity in each organ with respect 
to time, by doing whole body scans in volunteers. From these 
images the kinetics of the compound are calculated and the 
radioactivity exposure in each tissue is determined, which 
consists of what is contributed by the presence of the drug in 
that tissue and what is radiated to that tissue by all other tis-
sues. Finally, the total health hazard, called “effective dose”, 
is calculated by averaging up the radioactivity exposure in 
all tissues. These steps are carried out with use of complex 
anthropomorphic phantoms [1], that are realistic computa-
tional models of the human anatomy.

Phase 1 studies such as full body scans are difficult to con-
duct on healthy volunteers, as this is considered unethical, 
while if this is conducted in patients in a phase 2 rationale it is 
feasible but still difficult [2]. Therefore, dosage recommenda-
tions for radiopharmaceuticals in children largely use kinetics 
of adults. Anthropomorphic phantoms for children of all ages 
exist to carry out the calculations of the “effective dose”.

One way to address this problem is by modelling and 
simulation (M&S) which has offered in the recent years ways 
to carry out virtual or in silico clinical trials with various 
degrees of impact depending on the application. One of the 
important tools or M&S methodologies in drug development 
is Physiologically Based Pharmacokinetic (PBPK) models 
[3], which are mathematical models parametrized appropri-
ately, using mechanistic information that allow extrapola-
tions and are anatomically and physiologically constrained. 
From a methodological point of view PBPK models are 
developed using either in vitro or preclinical data and then 
extrapolated to humans, since data from humans that offer 
mechanistic information (e.g. drug levels from individual 
tissues) are difficult or impossible to obtain.

Effort has been made to bridge the gap between PopPK 
and physiological models, such that the latter can be 
informed by clinical and not only by in vitro or preclinical 
data. Utilization of clinical data to inform PBPK models 

and incorporation of variability is useful since in this way 
physiological parameters can be associated to the source 
of observed variability, and more accurate predictions and 
extrapolations can be made to special patient conditions or 
patient populations that can be difficult or indeed impossible 
to gain data from, such as paediatric or geriatric patients, or 
various scenarios of co-medications and comorbidities.

One way to do this is to develop PBPK models directly in 
humans by using information from tissues. Invasive or non-
invasive techniques that can sample drug concentration from 
tissues and fluids exist such as biopsies, Fine Needle Aspira-
tion and microdialysis. However, these are invasive techniques 
that can be part of a therapeutic intervention or diagnostic 
procedure while pharmacokinetics is a secondary endpoint. 
Also, they offer drug concentrations in specific tissues or flu-
ids of particular interest, not PK in all tissues as needed for 
Whole Body PBPK models. A technique that can do this is 
radiolabelling with imaging. This includes Positron Emission 
Tomography for some limited applications and scintigraphy.

The aim of this work is to develop a PBPK for the radiop-
harmaceutical Tc99m-Tetrofosmin in humans, from literature 
SPECT imaging data, in order to extrapolate dosing to children 
and essentially conduct an in silico dosimetry study in children.

Methods

Datasets

Literature data from healthy male volunteers [4] of Tc99m-
Tetrofosmin tissue distribution after IV administration of a 
dose (3.7-4.7 mCi, mean 4.1 ± 0.2 mCi), were available for 
blood, urine and compact organs, i.e. heart, lung, liver, gall-
bladder, kidney, thyroid and GI. The data, represent the aver-
age percent of activity from 12 volunteers (from 2 clinical cen-
tres) while individual data were not available. Also, the data 
were corrected for background and decay taking into account 
the half-life of Tc99m. The organs had been measured by pixel 
counting from imaging data and included 7 time points up to 
24 h, namely at 5, 30 min, 1, 2, 4, 8 and 24 h post-injection (an 
additional time at 48 h was available for urine) and all patients 
had the same time points. These corresponded to the beginning 
of the scan, a procedure that was reported to last 18 minutes in 
one of the two centres and 20-26 min (avg 23 mins) in the other 
centre averaging to 20.5 mins. Since this is not a negligible 
duration it would be wrong to assume that the signal measured 
at each time point, represent the value at the start or end of the 
measuring process. Therefore, the % activity measured is con-
sidered to be the value at the middle of this duration (~10 min) 
and was introduced as a time lag to the available data points.

Distribution in the brain is negligible as the drug is known 
not to cross the BBB. All measurements were available as 
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a percentage of the administered dose and are tabulated in 
Tables S1 – S3 in the Supplementary material.

Model Structure

A PBPK model was considered with explicit compartments 
for the following tissues: Arterial and venous blood, heart, 
lung, liver, gallbladder, kidneys, GI, thyroid, skeletal muscle 
and adipose, as pictured in Fig. 1. Furthermore a vascular and 
extravascular compartment was considered for each of tis-
sue, namely for heart, lung, liver and kidneys while the model 
selection between this type of model and the simpler model 
with a single compartment was carried out by goodness of fit 
criteria. Model parameters that were estimated included the 
partition coefficients, permeability parameters as well as clear-
ances, while physiological parameters such as blood flows and 
organ volumes were taken from literature [5], Tables S4-S5 in 
the Supplementary materials. The Kp parameters for muscles, 
adipose, spleen, pancreas and GI were calculated using stand-
ard PBPK in silico methods namely the Rogers and Rowland 
method, since no usable data for these tissues were available. 
The inputs for the calculations appear in the Table I, while the 
equations can be found in [6].

Due to the nature of the data, being percent of radioac-
tivity administered coming from a specific region and not 
actual tissue concentration, as in classic PBPK models, the 
following assumptions were made: (a) The amount of drug 
in the GI is considered to include the GI contents and in fact 
it is dominated by it, since the drug is accumulated in the 
GI by enterohepatic recirculation through the bile [13]. (b)
The blood in the heart chambers is considered to contribute 
to the measured radioactivity found in the data.

Organ Specific Models

The differential equations for the PBPK model follow, 
describing the fraction of administered dose at time t in each 
organ or tissue,  Aorgan(t). The various quantities and param-
eters values that appear in the equations are the following: 
 Qorgan is the blood flow in that organ,  Vorgan is the volume of 
the organ,  Kp,organ is the partition coefficient in that organ, i.e. 
the ratio of the concentration in the organ over the blood con-
centration at steady state and R is the blood to plasma ratio 
of the drug taking the fixed value 0.8, which was calculated 
using Simcyp PBPK software (Simcyp, Certara).

Arterial blood

dAart

dt
= Qlung

(

Alung

Kp.lungVlung

−
Aart

Vart

) Fig. 1  Schematic diagram of the tetrofosmin PBPK model structure.
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Venous blood

Lungs are considered to follow a perfusion limited model:

Heart is considered to follow a permeability limited 
model and is divided into vascular (v) and extravascular 
(ev) compartments

Where  PSheart is a permeability x surface parameter. The 
heart total amount is the amount in the vascular and extravas-
cular spaces plus the blood in the heart chambers

For muscles (perfusion limited),  Amuscles

For brain,  Abrain,v, follows the same model as the heart and it 
is considered that  PSbrain = 0 and therefore  Abrain,ev = 0 always, 
since tetrofosmin does not cross the BBB.

The hepatic system comprises of the Liver, Gallbladder, GI, 
Pancreas, Spleen and the GI contents compartments

dAven

dt
=input − Qlung

Aven

Vven

+ Qmuscle

R × Amuscle

Kp.muscleVmuscle

+ Qheart

Aheart,v

Vheart.v

+ Qbrain

Abrain,v

Vbrain.v

+ Qliver

R × Aliver

Kp.liverVliver

+ Qthyroid

R × Athyroid

Kp.thyroidVthyroid

+ Qadipose

R × Aadipose

Kp.adiposeVadipose

+ Qkidney

Akidney,v

Vkidney,v

+ Qother

R × Arest

Kp.otherVother

dAlung

dt
= Qlung

(

Aven

Vven

−
Alung

Kp.lungVlung

)

dAheart.v

dt
= Qheart

(

Aart

Vart

−
Aheart.v

Vheart.v

)

+ PSheart

(

R×Aheart.ev

Kp.heartVheart.ev

−
Aheart.v

Vheart.v

)

dAheart.ev

dt
= −PSheart

(

R×Aheart.ev

Kp.heartVheart.ev

−
Aheart.v

Vheart.v

)

Aheart,total = Aheart,v + Aheart,ev + Vheart chambers

(

Aven

Vven

+
Aart

Vart

)

dAmuscle

dt
= Qmuscle

(

Aart

Vart

−
R × Amuscle

Kp.muscleVmuscle

)

The total amount in the GI is

Kidneys are divided into vascular and extravascular com-
partments, while urine is also considered to accumulate.

Adipose follows perfusion limited kinetics

For thyroid,  Athyroid follows the same model as adipose.

Modelling Procedure

For the human data, first, a model was developed first for 
each of the tissues, in an open loop mode, using an empiri-
cal forcing function as blood input for each of the respec-
tive tissue ODEs. More specifically, the available blood 
data were assumed to be venous blood and were fitted to 
an empirical multi-exponential model to be used as a forc-
ing function for an open loop model of the lungs. Then the 
arterial blood exiting the lungs was considered as an input 
function for open loop models of all the other organs. For 
each tissue kinetics, a perfusion limited vs a permeability 
limited model was selected based on goodness of fit, mainly 
by visual inspection. Special cases were the liver and the 
kidneys, as shown in organ specific model equations. The 
open loop step was performed so that the appropriate model 
for each tissue can be selected and a first estimate of the 
drug specific model parameters, i.e. partition coefficients, 
Kp, permeability x surface area parameters, PS and clear-
ances could be obtained.

dAliver

dt
= −

Qliver

Kp.liver

R×Aliver

Vliver

+ Qhepatic

Aart

Vart

− CLliver
Aliver

Vliver

+
QGI

Kp.GI

R×AGI

VGI

+ Qpancreas

R×Apancreas

Kp.pancreasVpancreas

+ Qspleen

R×Aspleen

Kp.spleenVspleen

dAgb

dt
= CLliver

Aliver

Vliver

−
KgbAgb

Vgb

dAGI

dt
= QGI

(

Aart

Vart

−
R×AGI

Kp.GIVGI

)

dAGI,contents

dt
=

KgbAgb

Vgb

dAspleen

dt
= Qspleen

(

Aart

Vart

−
R×Aspleen

Kp.spleenVspleen

)

dApancreas

dt
= Qpancreas

(

Aart

Vart

−
R×Apancreas

Kp.pancreasVpancreas

)

AGI,total = AGI + AGI,contents

dAkidney,v

dt
= Qkidney

Aart

Vart

− CLrenal
Akidney,v

Vkidney,v

− Qkidney

Akidney,v

Vkidney,v

+ PSkidney

(

Akidney,ev×R

KP,kidneyVkideny,ev

−
Akidney,v

Vkidney,v

)

dAkidney,ev

dt
= −PSkidney

(

Akidney,ev×R

KP,kidneyVkidney,ev

−
Akidney,v

Vkidney,v

)

dAurine

dt
= CLrenal

Akidney,v

Vkidney,v

dAadipose

dt
= Qadipose

(

Aart

Vart

−
R × Aadipose

Kp.adiposeVadipose

)

Table I  Input Parameters for Rogers and Rowland equations found in 
[6] to Calculate the Kp Values for Muscle, Adipose, GI, Spleen and 
Pancreas

Attribute value

Molecular Weight(g/mol) 898.86
LogPo:w 1.14
Compound Type Monoprotic base
pKa 8.3
Blood/Plasma ratio 0.8
Fu (fraction unbound) 0.7353
Distribution model Rogers and Rowland 

[6]
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Finally, a whole body, closed loop model was constructed 
with the ODEs of all tissues as well as two ODEs for the 
blood (arterial and venular) in a large system of 19 ODEs in 
total. In this closed loop model an extra compartment was 
added  (Aother) accounting for the other tissues not included 
explicitly in the dataset, mainly to maintain mass balance. In 
total, 11 parameters were re-estimated by fitting the model 
to all tissue data simultaneously. Parameter estimation was 
carried out in the software NONMEM (version 7.4, Icon 
plc.), and proportional error model was assigned to each 
of the responses for the maximum likelihood estimation, in 
the form, Y=F*(1 + ERR(N)), where Y is the observation, 
F is the prediction and ERR(N) is the random variable for 
the error for the Nth compartment, therefore a separate error 
term was estimated for each tissue.

The next step was to scale the model to paediatric patients 
of 1, 5, 10 and 15 years of age by changing appropriately the 
physiological parameter values, i.e. the organ volumes and 
blood flows. (Tables S4-S5). These values were obtained 
from [5, 12].

Kp values were kept the same for the paediatric models. 
This is a common choice for extrapolation of PBPK models 
across species [3] An alternative choice is to keep the Kpu 
constant, but for tetrofosmin, protein binding in blood is 
considered limited so the two options are not very different. 
Furthermore, here extrapolation is considered from adult 
humans to children therefore differences are not anticipated 
to be very pronounced. PS values and clearance values were 
scaled allometrically according to the following formula

where a is an allometric exponent taking the value 2/3 for 
PS and 3/4 for clearance based on geometrical arguments 

(1)PSchild = PSadult

(

Vorgan,child,v

Vorgan,adult,v

)a

and is often used in PBPK models [3]. The rationale behind 
these choices is that surface scales with a power of 2/3 with 
respect to volume (or size in general) while permeability 
remains constant. For clearance, an allometric law has been 
observed in nature where metabolic rates scale proportion-
ately to the 3/4 of body or organ size and is a common choice 
for PBPK models in the absence of contrary information [3], 
particularly in paediatrics.

From the paediatric PBPK models, profiles of the tetro-
fosmin can be simulated in all tissues. Also the activ-
ity (aorgan) of Tc99m in an organ can be simulated by multi-
plying the tetrofosmin profile  (Aorgan), for a dose of 1 MBq, 
by the exponential radioactive decay of Tc99m which has a 
radioactive half-life of 6.02 hours (=361.2 mins). i.e.

The model was implemented both in MATLAB (version 
R2019b, Mathworks) and in NONMEM and was solved 
numerically using functions ode15s and ADVAN8, in the 
two softwares, respectively. Exploratory simulations as well 
as simulations for the paediatric models were carried out 
in MATLAB, while parameter estimation, was carried out, 
as mentioned, in NONMEM using the FO method setting. 
Standard errors where calculated using the $COV subroutine 
of NONMEM.

Dosimetry

For all tissues, radiation dosimetry calculations were carried 
out to assess the safety of the proposed doses. This was per-
formed following the MIRD procedure [7]. The workflow of 
entire procedure is summarised in Fig. 2. More specifically, 
the AUC values for the activity profiles, Eq. (2), as a fraction 

(2)aorgan(t) = Aorgan(t) ⋅ e
−0.0192t

Fig. 2  A schematic diagram of the workflow for the in silico dosimetry study in children. From the adult PK tetrofosmin data, a PBPK model for 
adults is constructed which is then scaled to produce paediatric PBPK models for children of different ages for tetrofosmin. With these PBPK 
models virtual PK data of tetrofosmin are simulated for children of all ages. Using appropriate S-values for Tc99m which have been produced 
from paediatric anthropomorphic phantoms, and combined to the PK data of tetrofosmin absorbed doses per activity unit, are generated for all 
organs for children of all ages. These absorpbed doses are averaged using appropriate weights, to effective doses per activity unit for children.
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of the administered dose  (NS, often referred to in literature 
as “residence times”), for all tissues were calculated and 
these were multiplied by Dose Fraction values, also called 
S values, according to the standard procedure recommended 
by MIRD. S values were obtained from the RADAR website 
[8] specifically for Tc99m and for ages 1, 5, 10, 15 years old 
and adult (Tables S6 to S10 in the Supplementary material). 
These parameters have been calculated from computational 
anthropomorphic phantoms of appropriate ages [9]. They 
calculate the radiation contribution to each organ coming 
from the organ itself as well as from all other organs, after 
the injection of a radioactive agent. Bladder emptying was 
considered to occur every 3 hours while the GI contents 
were considered to empty every 24 h.

The following formula was used to calculate the absorbed 
dose per activity unit administered (mGy/MBq) for all tissues

Furthermore, the effective dose per administered activ-
ity can be calculated (E), in mSv/MBq units, by summing 
up the absorbed doses  (HT) of all organs with appropriate 
weights  (WT) according to ICRP103 2007 (Table S11 in 
Supplementary Material) [10].

Dosing in Children

Maximum allowed children activities that can be adminis-
tered were chosen based on safety, based on the assumption 
that the effective dose (mSv) in children should not exceed 
the equivalent effective dose produced by the maximum 
allowed administered activity for adults, reported in the 
Myoview SPC, being 1200 MBq [11]. That is, the effec-
tive dose after administration of 1200 MBq is calculated in 
adults and then the administered activity is determined in 
children that produces the same effective dose.

Results

PBPK Model Development for Adults

For the first step of the model development, where a sepa-
rate model for each tissue is developed, a bi-exponential 
function was found to describe best the blood data and was 
used as a forcing function for the tissue open loop mod-
els, namely, Cven = 25.98 e−0.3004t + 0.3530  e−3.533t, where 
 Cven =  Aven/Vven .

(3)HT =
∑

S

NS ⋅ S(T ← S)

(4)E =
∑

T

WT ⋅ HT

Perfusion limited open loop models were used for most 
tissues as detailed in the ODEs found in the methods section, 
while permeability limited models including vascular and 
extravascular compartments were considered for the heart 
and the kidney. Gallbladder data were not used as they were 
very erratic. In the second step of the modelling procedure 
the resulting parameters were used as initial estimates for 
the final closed loop whole body PBPK model which made 
no use of the bi-exponential function and fitted all tissues 
and the blood simultaneously. This was found to sufficiently 
describe the data, including the blood. In order to measure 
the goodness of fit, the results from all tissues were used 
and the coefficient of determination  (R2) for all datapoints 
was calculated giving  R2 = 0.965 indicating a good fit. 
Also, to verify the goodness of fit graphically, a Predicted 
vs Observed plot was generated (Fig. S1, Supplementary 
material) which showed the predicted values are in accord-
ance with the observed and no apparent pattern of point 
distribution was observed.

As mentioned, the Kp values for the muscle, adipose, GI, 
spleen and pancreas were calculated using the Rogers and 
Rowland equations, found in [6] and are shown in Table II 
using as input parameters the physicochemical properties of 
the drug shown in Table I.

The estimated model parameters are shown in Table III 
together with the corresponding standard errors which 
all take reasonably low values and the residual errors for 
each tissue are reported in Table IV. In Fig. 3 the simulated 

Table II  Calculated Parameters 
using the Rogers and Rowland 
equations found in [6]

Parameter Value

Kp,adipose 1.04
Kp,GI 0.26
Kp,spleen 1.18
Kp,pancreas 1.28

Table III  Estimated Model Parameters with Standard Errors (SE) and 
Relative Standard Errors (RSE)

Parameter Estimate SE %RSE

Kp,lung 1.56 0.466 29.9
Kp,heart 8.17 0.919 11.2
PS,heart (L/min) 0.016 0.0021 13.1
Kp,kidney 29.1 4.58 15.7
PS,kidney (L/min) 0.247 0.09 36.4
Kp,liver 1.88 0.53 28.2
Kp,thyroid 13.4 3.89 29.0
Kp,other 19.0 3.16 16.6
CLrenal (L/min) 0.156 0.009 5.8
CLliver (L/min) 0.0683 0.0197 28.8
Kgb  (min−1) 0.005 0.0029 58.0

454 Pharmaceutical Research (2023) 40:449–458
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profiles of the model are plotted together with the data. 
Note that satisfactory fitting of the model to the data can be 
observed for all tissues.

Simulations with the PBPK Model for Children

Using the developed model for adults paediatric models for 
ages of 1, 5 10, and 15 years, were constructed by chang-
ing the physiological parameters to match those for children 
(Tables S4-S5 in the Supplementary materials). Physiologi-
cal parameters were taken from literature [5, 12] while drug 
related parameters were kept to the values estimated from 
adults. Note that permeability and clearance parameters were 

scaled rather kept constant according to the scaling relation-
ships, Eq. 1, shown in Methods.

Using the paediatric models, simulations were carried 
out for the activity of Tc99m-Tetrofosmin in all tissues. In 
Fig. 4, comparative plots for tetrofosmin profiles are shown 
for ages 1, 5, 10, 15 years and adults.

Dosimetry for Children

The PBPK models for children offer the kinetic models 
for activity that can calculate the Absorbed Doses in each 
organ, using Eq. 3 and the S-Values for Tc99m found in 
Tables S6-S10 in the Supplementary material section. These 
Absorbed Doses are calculated using anthropomorphic phan-
toms and account the radiation absorbed in each organ from 
the activity that originates from the organ itself, as well as 
from neighbouring organs. Table S12 (Supplementary) lists 
the Absorbed Doses for ages 1, 5, 10, 15 years and adults.

Furthermore, the health hazard caused from the expo-
sure to the Absorbed Doses is summarised in the Effective 
Dose which averages the Absorbed Doses with appropriate 
weights (Table S11, Supplementary) according to Eq. 4, that 
reflect the susceptibility of the various organs to risks such 
as developing cancer [8]. The Effective Doses for ages 1, 5, 
10, 15 years and adults are shown in the Table V together 
with the ratio of the Effective Dose for each age compared 
to adult’s. Note that for the 1yo the Effective Dose for the 

Table IV  Proportional Residual Errors for each Tissue for Adult 
Model

Tissue Value %RSE

Venous Blood 0.409 29.09
Heart 0.128 29.29
Kidney 0.285 29.96
Liver 0.629 28.45
Lung 0.785 40.89
Thyroid 0.777 38.22
Gastrointestinal 0.222 27.70
Urine 0.045 29.77

Fig. 3  Profiles of the tetrofosmin model fitted to the data from adults for the various tissues.
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same administered dose is 4.8 fold, which means that a child 
of 1 yo will have the same health hazard with an adult when 
administered about 20% of the adult dose.

Based on these calculations, the upper limit of the 
dose bracket can be calculated on safety grounds, namely 
from the Effective Dose that corresponds to the maximum 
allowed dose in adults as stated in the Myoview SPC 
which is 1200 MBq [11]. The doses that correspond to 
this effective dose (7.24 mSv) are reported in Table VI. 
Note that if these doses are not exactly proportional to 
body weight. Maximum doses that correspond to other 
ages, not reported in Table VI, can be calculated by linear 
interpolation.

Discussion

Phase 1 studies in children are avoided and cannot be 
carried out in volunteers, therefore these are replaced by 
phase 2 studies that are carried out in paediatric patients 
but even these are difficult to conduct. Dosimetry studies 
of radiopharmaceuticals are such examples. On the other 
hand, in the recent years, the field of modelling and simu-
lation has started to gain significant role in drug develop-
ment with, lately, regulatory impact. The role of modelling 
in the past has been limited to describe in a more effective 
way existing clinical evidence, which evolved to the more 
impactful role of assisting deigning prospective studies. 
The future prospect of modelling in the form of in silico 
clinical trials is to waive or replace real clinical trials.

Fig. 4  Profiles of the tetrofosmin model predictions for various tissues and various ages.

Table V  Effective Doses

Age Effective Dose (mSv/MBq) Ratio to adult

Adult 0.0059 1
15 y 0.0070 1.2
10 y 0.0102 1.7
5 y 0.0152 2.6
1 y 0.0285 4.8

Table VI  Recommended Activities for Children

Age Max activity (MBq) 
based on effective 
dose

Max activity per body 
weight (MBq/kg)

Adult 1200 16.4
15 y 1011 18.1
10 y 694 21.7
5 y 466 24.5
1 y 248 24.8
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In this work an in silico dosimetry study in children has 
been carried out based on an adult dosimetry study. As out-
lined in Fig. 2, from the adult PK tetrofosmin data, a PBPK 
model for adults is constructed which is then scaled to pro-
duce paediatric PBPK models for children of different ages for 
tetrofosmin which are handled as if they were real generated 
clinical data to produce the effective doses per activity unit for 
children. The results of the study are reasonable and in many 
ways, expected.

One of the main clinical findings of this work is that the dis-
tribution of tetrofosmin between the different organs does not 
differ drastically for the different ages. This means that using 
the adult “residence times” in children for dosimetry is not a 
very bad approximation. This result is in line with dosimetry 
studies carried out directly in children which find satisfactory 
agreement with adult studies [2].

From a methodological point of view this study in one of 
the first to develop PBPK models directly in humans from 
imaging data. This offers significant advantages but also has 
limitations. The advantages include the fact that no extrapo-
lation step is carried out from animals or from in vitro data. 
The model is developed directly in the species of interest, the 
human. An additional potential advantage, which has not been 
exploited here yet, is the prospect of including interindividual 
variability in the model, if the individual data were available. 
In the disadvantages we have to include that the fact this kind 
of imaging data carry large uncertainties. Also there were sev-
eral missing tissues for which data were not available. This 
missing information needed to be replaced by assumptions, 
where the partition coefficients were calculated using in silico 
PBPK formulae, as used routinely in PBPK softwares such as 
Simcyp or PKSim. Some of these problems though are not 
disadvantages of the general rationale proposed, but are par-
ticular to the specific modelling exercise due to its retrospec-
tive character using old literature data. More modern studies 
may carry richer information, of better quality, with smaller 
experimental variabilities.

As mentioned above the ultimate ambition of in silico clini-
cal trials, based on M&S approaches, is to be able to replace 
real clinical studies. This is what we call a regulatory applica-
tion with a high impact. However, in order for a PBPK model 
to have a high regulatory impact it needs to be qualified for the 
intended use. This means that the predictive performance of 
the model needs to be demonstrated in a sufficient number of 
cases such that confidence is built that the model’s outcomes 
are reliable as described in EMA and FDA guidelines [14, 
15]. This may include validation of the model with external 
datasets. One of the disadvantages of the present study is that 
no validation dataset has been used, for the extrapolation step 
since none was available. The PBPK model development step 
in adults may not need validation since it uses largely a data-
driven approach as explained above.

Conclusion

Overall, we have demonstrated a methodology to conduct an 
in silico dosimetry study in children from adult data by devel-
oping a PBPK model in adults which can be extrapolated to 
children of all ages, by changing the physiological param-
eters. Furthermore, this study is one of the first to develop 
a PBPK model from imaging data directly in humans. The 
results of the dosimetry study are reasonable and confirm 
findings in other products, i.e. Sestamibi [2] where the pae-
diatric study was similar to that of adults. This approach is 
in line with the prospect of in silico clinical trials which we 
believe in the future will have a higher impact and may be 
in a position to replace real clinical studies, saving time and 
resources, while minimising risks for patients and volunteers.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 022- 03412-w.

Funding Open access funding provided by HEAL-Link Greece. The 
research work was supported by the Hellenic Foundation for Research and 
Innovation (H.F.R.I.) under the “First Call for H.F.R.I. Research Projects to 
support Faculty members and Researchers and the procurement of high-cost 
research equipment grant” (Project Number: 1058).

Declarations 

Conflict of Interest Authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Xu XG. An exponential growth of computational phan-
tom research in radiation protection, imaging, and radio-
therapy: a review of the fifty-year history. Phys Med Biol. 
2014;59(18):R233–302. https:// doi. org/ 10. 1088/ 0031- 9155/ 59/ 
18/ R233.

 2. Azarbar S, Salardini A, Dahdah N, Lazewatsky J, Sparks R, Port-
man M, Crane PD, Lee ML, Zhu Q. A phase I-II, open-label, 
multicenter trial to determine the dosimetry and safety of 99mTc-
Sestamibi in pediatric subjects. J Nucl Med. 2015;56(5):728–36. 
https:// doi. org/ 10. 2967/ jnumed. 114. 146795.

 3. Peters SA. Physiologically –based pharmacokinetic (PBPK) mod-
eling and simulations, principles, methods and applications in the 
pharmaceutical industry. Wiley. 2012.

457Pharmaceutical Research (2023) 40:449–458

https://doi.org/10.1007/s11095-022-03412-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/0031-9155/59/18/R233
https://doi.org/10.1088/0031-9155/59/18/R233
https://doi.org/10.2967/jnumed.114.146795


1 3

 4. Higley B, Smith FW, Smith T, Gemmell HG, Das Gupta P, 
Gvozdanovic DV, Graham D, Hinge D, Davidson J, Lahiri A. 
Technetium-99m-1,2-bis[bis(2-ethoxyethyl) phosphino]ethane: 
human biodistribution, dosimetry and safety of a new myocardial 
perfusion imaging agent. J Nucl Med. 1993;34(1):30–8.

 5. Valentin J. (Ed.) Basic anatomical and physiological data for use 
in radiological protection: reference values. A report of age- and 
gender-related differences in the anatomical and physiological 
characteristics of reference individuals. ICRP publication 89. Ann 
ICRP 2002;32(3-4):5-265.

 6. Rodgers T, Leahy D, Rowland M. Tissue distribution of basic 
drugs: accounting for enantiomeric, compound and regional 
differences amongst beta-blocking drugs in rat. J Pharm Sci. 
2005;94(6):1237–48. https:// doi. org/ 10. 1002/ jps. 20323.

 7. Howell RW, Wessels BW, Loevinger R, Watson EE, Bolch WE, 
Brill AB, Charkes ND, Fisher DR, Hays MT, Robertson JS, Siegel 
JA, Thomas SR. The MIRD perspective 1999. Medical internal 
radiation dose committee. J Nucl Med. 1999;40(1):3S–10S.

 8. RADAR - the RAdiation Dose Assessment Resource. http:// www. 
dosei nfo- radar. com/ RADAR phan. html

 9. Stabin MG, Siegel JA. Physical models and dose factors for use in 
internal dose assessment. Health Phys. 2003 Sep;85(3):294–310.

 10. UNSCEAR-2008 Sources and Effects of Ionizing Radiation, 
Annex A page 40, table A1, United Nations, New York 2s010. 
http:// www. unsce ar. org/ docs/ repor ts/ 2008/ 09- 86753_ Report_ 
2008_ Annex_A. pdf. Accessed 3 Aug 2022

 11. Myoview. Summary of Product Characteristics. http:// www. hpra. 
ie/ img/ uploa ded/ swedo cumen ts/ Licen ce_ PA0735- 012- 001_ 20042 
02115 4544. pdf. Accessed 3 Aug 2022

 12. Edginton AN, Schmitt W, Willmann S. Development and evalu-
ation of a generic physiologically based pharmacokinetic model 
for children. Clin Pharmacokinet. 2006;45(10):1013–34. https:// 
doi. org/ 10. 2165/ 00003 088- 20064 5100- 00005.

 13. Mattsson S, Johansson L, Leide Svegborn S, et al. ICRP publica-
tion 128: radiation dose to patients from radiopharmaceuticals: 
a compendium of current information related to frequently used 
substances. Ann ICRP. 2015;44(2_suppl):7–321. https:// doi. org/ 
10. 1177/ 01466 45314 558019.

 14. EMA. Guideline on the reporting of physiologically based 
pharmacokinetic (PBPK) modelling and simulation. EMA/
CHMP/458101/2016. https:// www. ema. europa. eu/ en/ repor ting- 
physi ologi cally- based- pharm acoki netic- pbpk- model ling- simul 
ation. Accessed 3 Aug 2022

 15. FDA. The use of physiologically based pharmacokinetic analyses 
— biopharmaceutics applications for Oral drug product develop-
ment, Manufacturing Changes, and Controls Draft Guidance for 
Industry FDA-2020-D-1517-0002. https:// www. regul ations. gov/ 
docum ent/ FDA- 2020-D- 1517- 0002. Accessed 3 Aug 2022

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

458 Pharmaceutical Research (2023) 40:449–458

https://doi.org/10.1002/jps.20323
http://www.doseinfo-radar.com/RADARphan.html
http://www.doseinfo-radar.com/RADARphan.html
http://www.unscear.org/docs/reports/2008/09-86753_Report_2008_Annex_A.pdf
http://www.unscear.org/docs/reports/2008/09-86753_Report_2008_Annex_A.pdf
http://www.hpra.ie/img/uploaded/swedocuments/Licence_PA0735-012-001_20042021154544.pdf
http://www.hpra.ie/img/uploaded/swedocuments/Licence_PA0735-012-001_20042021154544.pdf
http://www.hpra.ie/img/uploaded/swedocuments/Licence_PA0735-012-001_20042021154544.pdf
https://doi.org/10.2165/00003088-200645100-00005
https://doi.org/10.2165/00003088-200645100-00005
https://doi.org/10.1177/0146645314558019
https://doi.org/10.1177/0146645314558019
https://www.ema.europa.eu/en/reporting-physiologically-based-pharmacokinetic-pbpk-modelling-simulation
https://www.ema.europa.eu/en/reporting-physiologically-based-pharmacokinetic-pbpk-modelling-simulation
https://www.ema.europa.eu/en/reporting-physiologically-based-pharmacokinetic-pbpk-modelling-simulation
https://www.regulations.gov/document/FDA-2020-D-1517-0002
https://www.regulations.gov/document/FDA-2020-D-1517-0002

	In Silico Dosimetry Study of Tc99m-Tetrofosmin in Children Using a Novel PBPK Model in Humans Built from SPECT Imaging Data
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Datasets
	Model Structure
	Organ Specific Models
	Modelling Procedure
	Dosimetry
	Dosing in Children

	Results
	PBPK Model Development for Adults
	Simulations with the PBPK Model for Children
	Dosimetry for Children

	Discussion
	Conclusion
	References


