Individual optimization of therapeutic applications and dosimetry of radiopharmaceuticals with the help of compartmental analysis.
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Introduction

The successful application of radiopharmaceuticals requires a patient-specific optimization of the activity to be administered, in order to deliver the desired therapeutic dose to the target organ while saving the healthy tissues. For a therapy specifically tailored on the characteristics of the patient, the correct knowledge of the morphology of the regions of interest, of the fractional uptake and of the related kinetics is necessary. 

Compartmental analysis is a modelling tool used to describe a system as a series of units (compartments), where the quantities of interests (variables of state, Qi) can be considered to behave in a uniform and homogeneous way. The mathematical description of a compartmental model is a series of differential equations in the variables of state:
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(1)
where n is the number of compartments, Rij are the exchanges from compartment j to compartment i (these can be dependent on time and on the Q's), and the index 0 indicates the external environment. Different compartments can correspond to separate physical units, or can also correspond to the same unit where the quantity under investigation may be present in different chemical or physical forms. The exchange processes can thus be physical transfer of material from one unit to another unit, or also some biochemical or radioactive transformation of the substance investigated.
In radiation protection, compartmental models are commonly employed by the International Commission on Radiological Protection ICRP to describe distribution and retention of incorporated radionuclides. In this case, the compartments are the organs and tissues where the radionuclides are deposited, and the variables of state are the corresponding activity functions that are used for the dose calculations. The equivalent dose rate 
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at time t in a target region T after incorporation at time t0 is actually given by:
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(2)
where qS,j is the activity curve of radionuclide j in the source region S, SEE is the specific effective energy and c is a constant (dependent on the units). In nuclear medicine this formula is presented under a slightly different form (MIRD Formula):
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where D(rk) is the dose to the target region rk, A0 is the administered activity of the radiopharmaceutical, S is the specific energy (analogously to SEE in (2)), and h is called "residence time", although it is more correctly defined as the number of nuclear transformation occurred in the source region rh (i.e., the time integral of the activity curve).

Usually, when dosimetric calculations are performed in common nuclear medicine applications, the time-activity curve is obtained by simply fitting a proper function to the available measurements, generally performed only in the tissue of diagnostic or therapeutic interest. The use of compartmental modelling would require an effort in term of data collection and analysis which is not affordable in the clinical practice. However, for selected applications, compartmental models can be a valid support in defining and optimizing administration modalities. Additionally, it should be remembered that national and international directives require individual dose estimations in patients undergoing therapeutic treatments.
Two preliminary studies, conducted at the State University of Milano in collaboration with local hospitals, will be here presented as examples.

Case study 1

The first study, carried out at Ospedali Riuniti di Bergamo (Bergamo, Italy), dealt with the application of 186Re-HEDP (hydroxyethyliden-diphosphonate disodium salt) for palliation of pain due to bone metastases of primary carcinomas. 
This therapy is administered to patients that are not responding to standard pain palliation treatments. Aim of the study was originally to define an optimized, individualized schedule for the drug administration, and also to obtain information on possible alternative administration modality, like fractionated administrations or infusion.
The study was conducted in seven patients (age 58-72 y) with painful bone metastases from prostatic cancer. Activity measurements in whole blood, blood plasma, serum and urine collected at fixed times were performed using a NaI detector in well geometry. Activity determination in selected tissues (metastatic sites, healthy bone, kidney, urinary bladder) was conducted with a calibrated ELSCINT Helix gamma-camera. Additionally, spiral-CT scans were performed in order to collect information on the geometry of the regions investigated and to determine the parameters used for quantitative determination (correction factors due to self-absorption and absorption from interposed tissues).
It turned out that it was not possible to describe the data collected in the biodistribution studies (blood and urine activity concentrations) using a simple physiological model. The modelling suggested the presence of two components with different kinetics. Radiochromatographic measurements were then performed, that showed actually the presence of a small portion of 186Re in the form of perrhenate in plasma (see Figure 1) and a larger portion of 186Re-perrhenate in urine. It can be reasonably assumed that the radiopharmaceutical partly dissociates after entering the circulation, probably due to a sudden change of pH and temperature.
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Figure 1: Activity concentration in plasma for 186Re-HEDP and for free 186Re-perrhenate. 
HEDP-bound 186Re follows the kinetics of the diphosphonate salt and is therefore stored in the bone, and particularly in the metastatic sites, whereas the free perrhenate is distributed to the other organs and excreted through the renal pathway. On the basis of these findings, a model with separate compartments for 186Re bound to HEDP and for free perrhenate was introduced (Figure 2) The yellow compartments represent the portion of unbound 186Re (perrhenate).
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Figure 2: Proposed model for the biokinetics of 186Re-HEDP with possibility of molecule dissolution and formation of free perrhenate (yellow compartments). 
Using this model, it could also be estimated that one of the alternative administration modalities considered, i.e. infusion, did not represent any advantage for the patient, since the longer administration only increased the probability of dissolution. 
Case study 2
The second study was conducted in patients suffering from hyperthyroidism due to autonomous thyroid nodule (ATN) syndrome. In these patients, the great challenge is represented by the healthy lobe surrounding the malignant nodule.
21 patients (6 M and 15 F, mean age 63y [45-85]) with a single autonomously functioning nodule, suppressed TSH and normal or higher than normal FT3 and FT4 were considered. The protocol used at the Ospedale Maggiore Policlinico di Milano includes a pre-treatment dosimetric study with 123I for the determination of the uptake and clearance times in nodule and extranodular tissue. For this purpose, images of the neck at 2, 4, 24, 48, 72 and 120 hours were collected using a Prism 2000XP (Philips) Gamma camera equipped with a Low-Energy-High-Resolution parallel-hole collimator and calibrated with a neck phantom. 

The activity of 131I required for delivering the desired radiation dose to the malignant tissue was determined on the basis of the parameters collected in the dosimetric study. Also after the therapeutic treatment the kinetics of 131I kinetics was studied at 2, 4, 24, 48, 96 hours and, for the most of the patients, at later intervals up to a maximum of 46 days with the same gamma camera as before, equipped with a High-Energy-General-Purpose collimator. 
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Figure 3: Preliminary model for describing the biokinetics of radioiodine in ATN patients. 
Urinary excretion was monitored in 3 patients during the dosimetric studies and in 6 patients after the therapeutic administration. Activities in urine samples were determined with calibrated NaI counters.

The data were analysed with a compartmental model, the preliminary structure is presented in Figure 3. However, this structure was not able to describe the data collected at later time, and for both nodule and lobe a compartment describing long-time retention had to be added.

Since 123I has a smaller radioactive half-life than 131I, it is difficult to determine the long time retention in the dosimetric study. Figure 4 shows for each patient, the ratio between the actual dose as calculated using all 131I data available, and the dose that would have been predicted if only the data up to 5 days (i.e., the time range of the dosimetric study) had been used. It can be observed that in some cases the actual dose is up to 60% than the predicted one.
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Figure 4: Ratio between 131I dose to the nodule calculated using all measurements (Dact) and dose to the nodule calculated using the uptake data only up to 120 h (D120). Each point represents one patient. 
Current status of this work is to elaborate a general model structure and to define an optimized data collection schedule in order to be able to increase the accuracy of the dosimetric study. Furthermore, it is intended to use the model structure to try to elucidate some still unclear questions, such as the differences in the biokinetic behaviours often observed between dosimetric and therapeutic administrations.
Conclusions

The examples presented have shown that compartmental models, although still excessively demanding for being used in the daily routine in nuclear medicine departments, can be a valuable tool in preliminary studies to provide better, individualized dosimetry for the patient, to improve and optimize the time schedule for data measurements, to improve and optimize the modality of drug administration and to improve the understanding of the underlying pharmacokinetics and pharmacodynamics.
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