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Objetivo

En la medicina nuclear diagnostica ocupa un papel importante la tomo-
grafia por emision de positrones (PET). En este tipo de exploraciones el
marcador mas utilizado es la *®F-fludesoxiglucosa (FDG), un radiofarmaco
que contiene al al isotopo radiactivo fltior-18, con el que se generan ima-
genes que permiten el estudio del metabolismo celular de la glucosa.

Right Medial

Un problema fundamental es calcular las desintegraciones en los distintos
organos como consecuencia de la administracién de FDG. Para ello se uti-
liza modelizacion compartimental que nos permite conocer la cantidad
x(t) retenida en un compartimento i. A partir de ello se calcula la dosis.

Para evaluar la dosis en los distintos 6rganos del paciente se emplea las
tablas de la ICRP 128, que se basa en el modelo compartimental: Hays y
Segall A mathematical model for the distribution of fluorodeoxyglucose in
humans. J. Nucl. Med. 40, 1358-1356.(1999). EURADOS ha detectado discrep-
ancias significativas con los valores de la ICRP 128.

Nosotros hemos modelado independientemente la metabolizaciéon del FDG
coincidiendo con los resultados de EURADOS. Nuestra aportacién mas
importante es que hemos obtenido las soluciones analiticas del modelo, lo
que facilita su aplicacion para distintos fines. Ademas, el modelo desarrol-
lado lo hemos integrado como parte de la aplicacion web BIOKMOD, permi-
tiendo que los usuarios modifiquen distintos parametros.

Puede ejecutarse en:
http://oed.usal.es/webMathematica/Biokmod/biokmodi3fluor.jsp o
http://oed.usal.es/webMathematica/Biokmod/index.html.
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El modelo general compartimental

Si el caso anterior lo extendemos a n compartimentos, la ecuacién que da el
contenido en cualquier compartimento i esta dada por

x(t) =Ax + b(t), t=o

X(O) = Xo
donde:
x(t) = {x,(1), x,(¢), ..., x,(©)}T x;(t) denota la cantidad o contenido de un

sustancia en el compartimento i en el momento t.
A: nxn es la matriz compartimental o matriz del sistema

b(t) = {b,(t), by(1), ..., by(t)}T {b;(t)} es la tasa de entrada hacia el
compartimento i desde fuera del sistema.

x(0) = {x,(0), X5(0), ..., X,(0)} T son las condiciones iniciales que
corresponden al contenido de un sustancia en el compartimento i en el
momento t = o.
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Time integrated activity coefficients (TIAC)

The time - integrated activity is calculated as the area under the curve
(AUC *) that describes the activity as a function of time in the source region
after the administration of the radiopharmaceutical . The time integrated
activity coefficient (TIAC) is defined as the time - integrated activity
divided by the administered activity and is given in hours .

(*) The area under the curve or AUC, in the field of pharmacokinetics, is
the definite integral of a curve that describes the variation of a drug concen-
tration in blood plasma as a function of time

Symbol Quantity Uns
A(rg,Tp) Time-integrated activity Bq-s

a(rg.Tp) Time-integrated activity coefficient s

D(rp) Absorbed dose to the target region 7 Gy

D Absorbed dose rate Gy/s

18.1.1. Basic concepts

The time-integration period is commonly chosen from the time of administration of
the radiopharmaceutical until infinite time. However, the integration period should
be matched to the biological endpoint studied in combination with the time period
in which the relevant absorbed dose is delivered (Tp).

TI)
Arg) = f A(rs.0) di = [ Ay ai=i(ry)- 4,
0

~ Is defined as the time-integrated activity coefficient,
a(re) = A(rg) being A, the administered activity;
S A it has the unit of time (e.g. s, or h).
0 In the MIRD Primer it was named ‘residence time’

(1 J/kg = 1 Gy) often mGy-(MBg-s)™!

D=AxS$
gay(@y) = / - T Gy(Bgs)

absorbed dose absorbed dose rate per

DEGH e unit activity, or absorbed
cumulated activity: dose per cumulated
decays that take place activity (or absorbed

in a certain source dose per decay)

region
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Modelo biocinético del F-18
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Table 1: Transfer rates* of the compartmental model for '*F-FDG by Hays and Segall.

Organ Parameter Transfer rate (min™') Transfer rate (min™')

From To Arithmetic mean Geometric mean
Plasma RBCs K 4.8 4.07
RBCs plasma K2 8.07 7.35
Plasma Urine bladder B3 0.0088 0.0085
Plasma WM Fast k4 0.054 0.052
WM Fast  Plasma K 0.109 0.10
WM Fast WM Slow k6 0.045 0.042
WM Slow WM Fast K7 0.0058 0.0055
Plasma GM Fast k8 0.102 0.099
GMFast  Plasma K 0.13 0.115
GMFast  GM Slow K10 0.062 0.059
GMSlow GM Fast K1 0.0068 0.0066
Plasma Other Fast K2 0.371 0.348
Other Fast Plasma K3 0.102 0.097
Other Fast Other Slow K4 0.0167 0.015
Plasma Liver Fast K5 0.068 0.038
Liver Fast Plasma K16 0.219 0.186
Liver Fast Liver Slow K7 0.018 0.006
Plasma Myocardium K8 0.0053 0.003
Plasma  Lungs K9 0.0017 0.0016
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The half-life of '®F was taken from ICRP 107 (ICRP, 2008): T, = 109.77 min, i.e. the physical decay

constantis 2. = 0.0063 min'.

La resolucion del modelo compartimental nos dara la funcién respuesta
(contenido de F presente en un compartimento i, tras la inyeccion en t= o,
en el compartimento 1 de una cantidad q(o) = 1; r(t). Lo hemos calculado
utilizando ambos tipos de tasas de trasferencia
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El paquete
El modelo lo hemos incoporado en un paquete de Mathematica
.- Needs["Biokmod  OIRModels™ "]

SysModel, version 2.0.b7 2020-11-30

OIRModels 1.1b2 2022-03-24

- CompartmentalnumbersF

ourr- {{Plasma,1}, {RBCs,2}, {Urine,3}, {WhiteMatterFast,4}, {WhiteMatterSlow,5},
{GrayMatterFast,6}, {GrayMatterSlow,7}, {OtherTissueFast,8},
{OtherTissueSlow,9}, {LiverFast,10}, {LiverSlow,11}, {Myocardium,12}, {Lungs,13}}

Caracteristicas isotopicas

IsotopeDecayModes ["Fluorinel8"]

"BetaPlusDecay"

IIBII"-Q-"
1.73.

633.02376. keV

BetaPlusDecay
B+
outtls 1.00
633.023 keV
fluorine-18 soore | ["Properties”]
outl]= {atomicmass » atomic number , atomicsymbol , | binding energy per nucleon ,  biological half-life |,

biological lifetime ',  branching ratios ,  critical diameter ',  critical mass , critical organs ,

daughter nuclides |, decay constant |, Q-value , decay modes , decay modes , decay products ,
diagnostic applications |, | diagnostic applications to diseases ,  effective half-life ,  effective lifetime ,

entity classes , | entity typelist , | Eyel , @ half-life 1,,, , excited state lifetimes ,  excited state parities |,
excited state spins , widthA , external exposure advisory , | final decay products , full symbol ,

half-life ,  half-value layer , isotope abundance , 'mean lifetime , magnetic moment , mass defect ,
mass excess , 'massnumber , diagnostic applications , memberships , molar mass , molar radioactivity ,
name , neutronnumber , | parity , electric quadrupole moment , type of particle , radioactivity ,

specific activity , 'spin , spinparity J™ , stable ', brief symbol , tenth-valuelayer , width }

fluorine-18 isoroe ["HalfLi'Fe"]

outl-] 109.73 min
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¥ Funciones respuesta:

- qF18Injection[t] // Chop // Short

{x;[t] >0.395683 ¢ 131132% . 9.430092 ¢ 51053t |

<«<4>> +0.000262063 e 291934551 | g 9161431 ¢ 290868373 T

X [t] = <1>>, <9, <I>, Xi3[t] > <155 + «<21> e ™17}

- qF18InjectionG[t] // Chop // Short

{x1[t] >0.379079 e *1"*%" . 0.454068 e 404" 4

<«<4>> +0.000254002 ¢ °"*1PPT 1 9.0183932 ¢ °-09F777T,

X [t] » «<1>, <«<10>>, Xg3[t] - <«<15>> + <«<21>> <e<<1>>}
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Incoporaciones de distinto tipo

A partir de la funcion respuesta pueden realizarse multitud calculos. Por
ejemplo; El total, como suma en todos los compartimentos, o realizarse
representaciones graficas

Total[Table[x;[t], {i, 1, 13}] /. qF18Injection[ t]] // Chop

- 5.55112x10 7 e 131132 4 3,21965%10 1 e 07197 1 2,08167 x10 1 e O 92T
1.38778x10 1% e 1899  5.55112 10 Y e 0150732 1 1.43219x10 14 e 00242281

2.62984><19715 6—0.0105465t + 6.24223X10714 e—0.00868373t +1. 6—0.00631449t

- u[t_] = xg[t] /.qF18InjectionG[t] // ExpandAll // Chop

o). -0.0114592 ¢ 11:6304t _ g 455206 70465429t _ g 90851962 72194332t _ 9, 9589342 ¢ 0-170587 T _
0.0411823 ¢ -14%48 , 9.516291 ¢7-9278955t | 9 000818364 ¢ 2019303t | g 582123 ¢ 2-90835775 T

Plot[u[t], {t, ©, 100}]

7 02

o1

Inputs multiples

- inputs = {{5, @, 1.5}, {9, 2}, {2, 30, @.3}, {2, 40}, {3, 70, 1}, {8, 90, 2}};

Plot[gMultiple[inputs, {u[t], t}, t1], {t1, o, 150},
PlotRange » {0, 10}, ExclusionsStyle » {Blue, Blue}, ImageSize - Large]

10
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Incorporacion constante.

- compf = {"Plasma", "RBCs", "Urine", "WhiteMatterFast",
"WhiteMatterSlow", "GrayMatterFast", "GrayMatterSlow",
"OtherTissueFast", "OtherTissueSlow",
"LiverFast", "LiverSlow", "Myocardium", "Lungs"};

wr1- LogPlot[Evaluate[gqF18InjectionCte[ t, 100]1],
{t, 1, 500}, PlotRange » All, PlotLegends - compf]

©0.001 f-
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- ResponseReport["Fluorine"”, "Injection",
"Acute", "AritmeticMean", "GraphicsReport", {1, 500}]

— Plasma — OtherTissueSlow
RBCs — LiverFast
Urine — LiverSlow

— WhiteMatterFast — Myocardium
— WhiteMatterSlow Lungs
— GrayMatterFast
— GrayMatterSlow
OtherTissueFast

ResponseReport ["Fluorine"”, "Injection",
"Acute", "GeometricMean", "GraphicsReport", {1, 500}]

— Plasma — OtherTissueSlow
RBCs — LiverFast
o Urine — LiverSlow
0010 \ — WhiteMatterFast — Myocardium
o — WhiteMatterSlow Lungs
. — GrayMatterFast
w0 ‘ ‘ ‘ ‘ — GrayMatterSlow
100 200 300 400 500
OtherTissueFast

Time integrated activity coefficients (TTIAC)

ResponseReport["Fluorine"”, "Injection",
"Acute", "AritmeticMean", "ResponseFunction"”, t] // Chop // Short

{x1[t] >0.395683 e *1132% . 0.430092 e *71%T 4 <4>> +0.000262063 e 10T 4

0.0161431 e 29873 115 ) xg3[t] 5 <155 + «<21>> e«l»}

ResponseReport["Fluorine"”, "Injection",
"Acute", "GeometricMean", "ResponseFunction"”, t] // Chop // Short

- ResponseReport["Fluorine"”, "Injection",
"Acute", "AritmeticandGeometricMean", "TIAC", 1000]

Plasma RBCs Urine WhiteMatterFast WhiteMatterSlow GrayMatterFast GrayMatterSlow OtherTi
0.123683 0.0735088 0.17182 0.0481276 0.178739 0.0759195 0.358863 0.36
0.123683 0.0735088 0.17182 0.0481276 0.178739 0.0759195 0.358863 0.36

11
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Se han integrado en BIOKMOD
http://oed.usal.es/webMathematica/Biokmod/biokmodi3fluor.jsp
0

http://oed.usal.es/webMathematica/Biokmod/index.html.

® 0O \Dn Biokmod | Guillermo Sénchez Le: X | [ INDICE x |+

C @ A Noseguro | oed.usales/webMathematica/Biokmod/index html AN+ SR « N I

Home Compartmental Mod~ ICRP 66/78 Models~ ICRP 130/134/137 modelsv Inhalation UO2/U308~ Utilitiesv

Co model Cs model | model U model F 18 model Bioassay fit Bioassay fitb Bioassay Multifit

Here is the BIOKMODWERB site. It can be used for solving yourself compartmental models or to make use of the ICRP biokinetic models (including the new ICRP 130/134/137 models). It
can be applied in internal dosimetry, bioassay evaluations, nuclear medicine, pharmacokinetic, and more. It have been developed using the Wolfram Languaje Mathematica,
webMathematica

I WOLFRAM WEB MATHEMATICA'
and Java.

BIOKMODWEB uses the Mathematica toolbox: BIOKMOD. The most usual features of BIOKMOD are available here (use the left side menu). It runs entirely within your web browser.

What things you can do with BIOKMOD?

It can be used to solve systems of differential equations, to fit coefficients, convolution, and more, with application for modeling Linear and Nonlinear Biokinetic Systems. Most of the ICRP
biokinetic models are included and they can be applied in internal dosimetry and bioassay evaluations.

(i) The user can build and solve its own compartmental model (constant and variable coefficients can be used).

(ii) All ICRP30/66/78 are solved for most isotopes (including some specific options for Lung and Respiratory Tract)

obtaining the Intake Retention Fractions (IRF), their analytical expressions (intake retention functions), the compartmental contents and the graphic representations. Acute, constant -
chronic, continuous (variable in the time) and multi-inputs, even random, intakes can be used. One can accept the default parameters or introduce specific values. They can be used for
bioassay evaluations and for research and education purposes

(iii) (New) The new ICRP 130/134/137 models for Co, I, Cs, U and F-18 have been added. They can be applied for bioassay evaluations.

(iv) An optimal design function is included. It can be used to establish the best moment for experimental sample or bioassay.

(v) Fitting functions for non linear fitting.

vi) A function for evaluating uncertainties analytically.

If you have any comment send me an e-mail: guillermo2046(at)gmail.com.
Some papers have been published where BIOKMOD has been used (below are referenced some of them). For additional information visit: BIOKMOD.

Guillermo Sanchez-Leon, Maria Antonia Lopez, Montserrat Moraleda, Juan M.Rodriguez-Diaz; "Bioassays in workers exposed to long time random intakes" Radiation and Applied
Radiation and Isotopes (180) 2022. href="https://doi.org/10.1016/j.apradis0.2021.110057
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