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PMOD Kinetic Modeling Tool (PKIN)

The PMOD kinetic modeling tool represents a flexible environment for the simulation and
fitting of models over time. While initially aimed at the compa rtment models employed in
Positron Emission Tomography (PET) and Single Photon Emission Computed Tomography
(SPECT), models for other modalities such as magnetic resonance or optical imaging can also
be easily incorporated due to the general approach and the plug-in structure for the models.

PKIN incorporates the following features:
8 import of time -vectors from measurements of blood and tissue activity via text files or
directly from the PMOD Volume -Of-Interest (VOI) tool,

8 fitting of plasma fraction curves to derive tracer activity in plasma from whole blood
activity,

8 fitting of metabolite correction curves to derive free tracer activity from total plasma
activity,

8 representation of the plasma and whole-blood activity by a model for data smoothing
and extension beyond the last measurement,

8 selection of a comprehensive list of compartment models, reference models and
graphical plots,

8 weighted or non -weighted fitting of the selected model to the measurement whereby the
parameter can be enabled or fixed, and canoptionally be restricted within a
physiological range,

8 coupled fitting of measurements from different tissues to improve the accuracy for
parameters assumed to be identical across tissues,

calculation of goodness-of-fit criteria usable for model compariso ns,

Monte Carlo simulations to assess the identifiability of model parameters using a
standard or user-defined distribution of the measurement errors,

8 sensitivity analysis of compartment models to quantify the correlation between the
model parameters,

8 visualization of the relative contributions of the different compartments to the model
curve,

8 generation of synthetic studies representing compartmental kinetics for testing the
performance of simplified pixel -wise models,

8 batch mode operation to fit or Monte Carlo simulate a set of prepared studies,
8 saving of the fitted parameters into text files for further statistical investigations.
Please note that the following description is intended as a reference and not as a tutorial. For

practical examples how to wo rk with the PKIN software please refer to the PMOD
Workbook , which is also distributed as part of the PMOD documentation.
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Introduction to Modeling in PET

For the understanding of data processing in PKIN will be help ful to understand the basic
modeling concepts in PET. The following sections present short introductions of
compartment and reference models. Other model types are described in the PKIN Model
Reference(on page 115) section.

For in-depth understanding of PET Kinetic Modeling we strongly recommend the PMOD
users to attend one of the excellent yearlyPET Pharmacokinetics Coursehese courses include
theory as well as practical work and are organized by the the top experts in the domain.

Here the link to the 2011 website http://www. .

Compartment Models

A physiologic system is often described by decompaosition into a number of interacting
subsystems, calledcompartmentsCompartments should not be understood as a physical
volume, but rather as a mass of well-mixed, homogeneous material that behaves uniformly.
Each compartment may exchange material with other compartments. Examples of
frequently used compartme nts are

8 Authentic (unchanged) tracer in the arterial plasma that can be extracted into the tissue.
The concentration of authentic tracer as a function of time during the PET acquisition is
called the "Arterial Input Function" (AIF), or simply the "Input Cu rve".

Free tracer in tissue that can be bound or that may diffuse back into the blood.
Tracer in tissue that has been specifically bound, for instance, at the target receptor site.

8 Tracer in tissue that has been nonspecifically bound to other than the t argeted cell
components.

Compartment models are visualized by diagrams wherein the rectangles symbolize
compartments and the arrows represent material exchange, as illustrated for the different
models below. Although the mechanisms of material transport be tween compartments may
differ, models that can be reasonably analyzed with standard mathematical methods assume
first-order processes. As a consequence, the change of tracer concentration in each
compartment is a linear function of the concentrations in th e other compartments. Because of
the tiny amounts of tracer material applied in nuclear medicine it is usually assumed that the
observed system is not disturbed by the tracer. It is furthermore assumed, that the

physiologic conditions do not change during the study, so that the rate of the material
exchange can be considered constant.

Model Structure

In the following, the compartment models are illustrated using a tracer that is injected
intravenously as a bolus and is not freely dif fusible. Please refer to the consensus paper of
Innis et al http://www.nature.com/jcbfm/journal/v27/n9/full/9600493a.html  [56] for the


http://www./
http://www.nature.com/jcbfm/journal/v27/n9/full/9600493a.html
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details of the nomenclature and the interpre tation of the models in the context of brain
receptor tracers.

When the tracer arrives in the heart chambers, it is well mixed with blood and distributed by
the arterial circulation. It finally arrives at the capillary bed where exchange with the tissue
can take place. Some fraction of the tracer is extracted into tissue and metabolized, the rest is
transported back to the heart, from where a new circulation starts.

3T PUwWUDOXxODPI Pl Ew? xT aUPOOOT b EtissucdriphrtnenErodelE 1 wU UE O U(
(1TCM):

K
Cp — C
2 i 1

Because of mixing it is assumed that, the arterial tracer concentration is the same throughout
the body, so that it can be measured in a peripheral artery. The tracer concentration in tissue
Ci(t) increases by the extraction of tracer from the arterial blood plasma. A usual condition
for a quantitative analysis is, that only the unchanged tracer, called the authentic traceor
parent can enter tissue, whereas labeled metabolites which may also circulaé cannot.
Because extraction is described by a firstorder process, the transfer of material is
proportional to the parent concentration C #(t). Parallel to the uptake, tracer in tissue is
reduced by a backwards transfer (or washout), which is proportional to the concentration in
tissue. Both processes compete, so that the change over time of the net tracer concentration
in tissue (dC4(t)/dt) can be expressed by the following differential equation

TGO _k e,k 0
dt
The two transfer coefficients, Ki and k2, have a somewhat different meaning, indicated by
using capital and small letters. K: includes a perfusion-dependent component and has units
of milliliter per minute per milliliter tissue, whereas k - [min ] indicates the fraction of mass
transferred per unit time. For example, if k - equals 0.1[mint1], material leaves the tissue
compartment at a rate of 10% per minute. The parent concentration Gs(t) is not a
compartment, but considered as a measured quantity and appears as the nput curve driving
the system.

The differential equation of the 1 -tissue compartment model can be analytically solved
(integrated), yielding the following equation for the concentration of tracer in tissue:

Cl (r) = Kl CP(I) ® e_kjf — Kl Cp(rk_kl (E—T)dr

& ey

Hence the time course of the tissue concentration essentially results from a convolution A of
the input curve with a decaying exponential. K 1 acts as a scaling factor of the concentration
course, whereas the washout coefficient k has an impact on its form.

More complex compartment models distinguish different forms of tracer in tissue, which is
usually interpreted as follows. After entering a cell, the tracer is available for binding in a
free form at a concentration Ci(t). Free tracer can directly be bound to its target molecule,
C:(t), but it also may bind to some cell components that are not known in detail, C s(t).
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Considering these pathways, a 3tissue compartment model (3TCM ) with six transfer
coefficients is established, whereby G and Cs communicate only by C..

K4 ks
C c c
P K 1 Ky 2

ke | [Ks

Cs

The system of differential equations can be derived in analogy to the 1-tissue compartment
model, but is much more complex. The equations describing this model are given by

O = K G-+ + R GO+, OO+ G0
dc,(t) _
b k GO -k, C,0)
;7)) —
SO ks G0~k G0

This system contains six unknown parameters (Ki to ke) that are difficult to assess
experimentally. For practical purposes, the system is therefore most often reduced to a 2
tissue compartment model (2TCM) by treating free and non-specifically bound tracer as a
single compartment C:(nhon-displaceable compartment).

K k3
C: — C (o
P K 1 ke 2

This simplification is justified if the exchange free @ nonspecific binding is significantly
faster than the exchange free? specific binding. Otherwise specific and nonspecific binding
cannot be distinguished, and the resulting transfer coefficients cannot be attributed to
specific binding alone. The simplified two -tissue compartment model is given by

Lif) = K Co()—(k, + k) C(D) + K, C,)(1)
dc,(t) _
=5 = ky C(H)—k, C,(0)

By using a mathematical method called Laplace transformation, analytic solutions can be
derived for linear multi -compartment models, but the mathematical formulas are
complicated expressions already for two compartments. However, they demonstrate that
generally K: represents a scaling factor like in the solution given for the one-tissue
compartment.

Model Simplification

While complex models are a more realistic description of the involved processes, they
include many parameters. PET data from dynamic measurements has a limited statistical
quality, and represents the summed contributions from all compartments. When trying to
estimate a large number of model parameters from such data, the variance of the resulting
parameters tends to be too high for reliable interpretation. Therefore, only relatively simple
models with 2 to 4 (at most 6) parameters are feasible in practice.
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When the 3-tissue compartment model is simplified to a 2 -tissue compartment model, and

further to a 1-tissue compartment model, the meaning of the transfer coefficients changes

(exceptforKi). 3T 1T w? OUOx1 E2 wxEUEOI Ul UUwWOi wOT T wUPOxOPI Pl Eu
parameters of the complex models as shown in the tables below. Note that k.and ks have a

different meaning in the different models, as well as C ..

Parameters in LTCM | Expressed by parameters of | Expressed by parameters of the
the 2TCM 3TCM
K K Ki
ke k, k,
1+ /k, I+ ik by + K/ kg
Parameters in 2TCM | Expressed by parameters of the 3TCM
K1 K1
k2 k,
1+ & [k
ks k;
1+ £k /K,
k4 k4

The term 1/(1+ki/ks) represents the free fraction of tracer in the non-displaceable tissue
compartment which is available for transfer back to blood or for specif ic binding, and is
often called f-.

A good summary on the configuration and interpretation of linear models for receptor
tracers is given by Koeppe et al. http://www. [15]. Starting from the 3-tissue model it is
nicely shown how the parameters of simplified models are related to the true rate constants.
PKIN can take these relations into account when switching from a more complex model to a
simpler one. This behavior can be switched on by the Model Conversion check on the
Extras panel.

Relation of K1 with Perfusion
As mentioned earlier, K is related to tissue perfusion F. With a capillary model, the relation
KizEF

can be derived. E represents the unidirectional first-pass extraction fraction (i.e., the fraction
of tracer that penetrates the capillary wall and is extracted into the tissue during the first
pass of tracer through the capillary). The reverse transport is not regarded in the calculation
of E. Renkin [40] and C. Crone [41] calculated the extraction as

E=1¢ ersF


http://www./
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P denotes permeability, and S, the surface of the endothelium by which the capillary
exchanges with the tissue. The relation demonstrates that the extraction depends on the
properties of the endothelium with respect to the tracer (PS), as well as the perfusion F. The
higher the perfusion, the smaller the extraction, because the average time spent close to the
capillary wall decreases. However, total mass transport in general still increases with flow,
as the reduced extraction is more than compensated bythe higher abundance of tracer (F in
the term EF). For tracers with very high permeability, the extraction is virtually independent
of perfusion and E approaches 1 (such as forsO-labeled water). In this case, k equals
perfusion.

Volumes of Distribution for Receptor Tracers

For receptor tracers, it is important that the extraction from plasma to tissue is sufficient,
such that the kinetics is not limited by the extraction step. Additionally, the relation of the
transfer coefficients for specific and nonspecific binding determines whether these different
types of binding can be distinguished.

Naturally, the main interest is in specific binding. Besides the individual rate constants k s
and k., which are often difficult to estimate precisely, the distributio n volume of specific
binding V sis a measure which is often used to quantify specific binding. V sis defined by the
ratio of specific binding concentration to total parent at equilibrium (which may not occur
during the experiment). However, it can also be calculated from the rate constants of the 3
tissue compartment model as follows.

Vs = Ki/k2*ka/K4 3-Tissue Compartment Model

Under the assumption of a rapid equilibration between the free and non -specific
compartment the same expression with the rate congants from the 2-tissue compartment
model is often used as an approximation of Vs.

If the assumption of rapid equilibration is not justified one must resort to considering the
entire tracer concentration in tissue as an indicator of specific binding. The measure used in
these cases is called the "total distribution volume" V. In general it is defined as the ratio of
the tracer concentration in tissue to total parent in plasma at equilibrium. AV +equal to 20
hence means that the tracer is being concentratd in tissue by 20:1. \» can be easily
computed from the rate constants of the compartments model.

V= Ki/k2 1-Tissue Compartment Model

V1 = Ki/K2 (1+ks/K ) 2-Tissue Compartment Model

Kk can be interpreted as the distribution volume of the first tissu e compartment C.. In
receptor tracer experiments, this compartment is usually called the non-displaceable
compartment, and K/k- the distribution volume V o of non-displaceable uptake,

Vo = Ki/kz 2-Tissue Compartment Model

This naming indicates that the concentration of free and non-specifically bound tracer in

tissue is not reduced when a non-labeled ligand is brought into the tissue, competing with
binding to the same receptor as the tracer. The rational for this assumption is that the
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potential for non -specific binding to various cell components is practically unlimited as
compared to the number of specific binding sites.

Rate Constants and Binding Potential for Receptor Tracers

k2 represents the fractional rate constant for the washout of free tracer from tissue to plasma.
Itit is a composite rate constant and is related to flow in the same way as K.. Consequently it
is often reasonable to assume that the ratio K/k: is insensitive to flow and regionally
constant. This property can be exploited as a restriction in a model fit, hereby reducing the
number of fitted parameters.

ksis regarded as the rate of association of the ligand with the specific binding sites. It is a
function of the concentrations of the free radioligand, the available binding sites and
intrinsic second order association rate constants. Consequently it is a pseudo first order rate
constant incorporating the concentration of available binding sites.

kais considered as the dissociation rate constant of the receptotligand complex; often it is
assumed to be invariant, what is still a matter of debate.

The binding potential (BP) quantifies the equilibrium concentration of specific binding as a
ratio to some other reference concentration. Particularly, the ratio at equilibrium of
specifically bound radioligand to that of non -displaceable radioligand in tissue is referring to
as BRo (unitless) and equals the ratio ka/ka.

Input Curve

With rare exceptions only a fraction of the tracer in blood is exchangeable with tissue and
thus needs to be determined from blood aliquots which are withdrawn from an artery
during the whole study.

A whole blood sample comprises tracer in the red blood cells and different tracer categories
in the plasma: free tracer, tracer bound to plasma proteins, tracer chemically changed by
metabolite processes (metabolites). Depending on the tracer ligand, exchange processes are
continuously going on between the different tracer pools in blood.

Blood Sample Analysis

The following blood analysis steps are required in quantitative PET studies to determine the
free tracer in plasma as the Arterial Input Function (AIF).
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1) Separation of the plasma from th rd blood cells by centrifugation.

Plasma represents abmxt 60% of the total blood volume.

2) Further separation of tracer in plasma into tracer metabolites and unchanged tracer by
filtration

or HPLC (High Performance Liquid Chromatography).
2500 H

2000
Metabolites unchanged

1500 -

cpm

1000 -

500 -

0 . IR RN NN R0 T CEENNNNNN FUASECO0 I T A )7 Ea e |
0 5 10 15 20 25 30 35 40 45 50

Time {min.) A

8 Determination of the free fraction of unchanged tracer in plasma (f ), i.e. the fraction of
tracer not bound to plasma proteins. Often f, is difficult to measure and thus not
explicitly used. Hereby, f, =1 is assumed, and the urthanged tracer concentration is
regarded as the input function.

After the different tracer fractions in blood have been separated, it is necessary to calculate
their activity concentrations. This is done by measuring them in a radioactivity counter and
dividing the activity by the fractional volumes.
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Fitting of Blood Curves by Models

Due to the experimental procedures involved the blood activity measurements are typically
noisy and contribute a considerable amount of uncertainty to the analysis. Therefore it is
often reasonable to fit analytical functions to the blood -related measurements, which is also
applied for the interpolation between the samples, as well as for the extrapolation at late
times when blood samples might be lacking.

The example below illu strates the blood model approach.

8 The black triangles represent the activity of tracer (free, bound to proteins, metabolites)
in the arterial plasma during the study. A tri -exponential function which was fitted to
these measurements and shown as the blacKine.

8 The green circle represents the measurements of the fraction "Unchanged tracer in
plasma" to "Total tracer in plasma". A model was fitted to these fraction values and
shown as the green line.

8 The arterial input function (AIF) is obtained by the mult iplication of the two model
functions and represented by the red curve, implicitly assuming f » = 1.

Note the sharp concentration changes at the early times after injection. To capture these
changes adequately, rapid blood sampling is required during the f irst minutes after tracer

injection.
40 1
4 Cpp measured
35 4 — Cyp fitted
foarem Measured 0.8
30 “ Fraremt fitted

— AF
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Calculation of the Model Curve

The signal of a dynamic PET measurement represents the averaged activity in the image
pixels at a number of acquisition times t starting at tracer injection. It is described by the
operational equation

Cipoa (D) = (1= VB) Cri () + VB Cy1py (1) = Cppr ()

This equation means that the activity concentration Crer measured by PET in a certain tissue
volume i s composed of two contributions:
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8 tracer which has been extracted into tissue, where it has an instantaneous concentration
Of CTissue(t).

8 tracer which is circulating within the blood, with a concentration C  sia(t).

Hereby it is assumed, that the fractional volume vB is composed of small capillaries (2%-5%)
filled with whole blood, and that the fraction (1 -vB) represents tissue. The blood activity
Caios must be measured during the acquisition. In tissue, the tracer may be present in
different spaces or forms (eg. free specifically bound, nespecifically bounyd which are
described by the compartments of the model. All compartments contribute to the tissue
signal, so that it is modeled by the expression

tyend
1 L

Cfissue (rk) = Z L end  begin. I C{' (f) dt

end
i (rk - rk ) t. begin

wh ereby

8 Crissue(t) represents the average concentration of tracer in tissue during the acquisition k
which starts at tkeesn and and lasts until txend

8 Ci(t) represents tracer concentration in compartment i at time t . These expected
concentrations are cdculated from the differential equations using the current model
parameters and the plasma input curve(s).

The operational equations used for other than compartment models are specified in the
PKIN Model Reference section (on page 83).

Fitting and Residual Weighting

Least Squares Optimization

The fitting methods available optimize the agreement between the measurements and the
model curve. Effectively, they minimize the difference between them, whereby the
difference is described by the Chi Squares criterion (cost function) below:

ZQ = Z“": [CPET(IJ') — Cipoaer (fs)]g

This expression implies that the squared residuals (measured value minus estimated model
value) are multiplied by weights. To satisfy the requirements of least squareftting, the
weights wi should be related to the variance sz of the measurements by

1
W, =—
o;

In this case, and provided that the distributi ons of the measurement error are normal, the
estimate obtained is the maximum likelihoodstimate. Under the same premise it is also
possible to obtain standard errors of the model parameters as the square root of the diagonal
elements in the covariance marix.
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Weighting of PET Data

The variance of reconstructed PET data is dependent on many factors, including the

duration of the acquisition, the time since the scan start which needs to be compensated by a
decay correction, scatter and random correction, the sampling volume, the reconstruction
method, etc. Therefore, PET variance models used in weighting of the residuals during

fitting are always approximations.

In his presentation Parameter Estimation: Least squares and why it gives yo(Haadouts of
Pharmakokinetic Course 2009) Richard E. Carson gives the following hints on using weights:

8 Uniform weights (ordinary least squares fitting): Even if the data does not have uniform
variance the estimates should be unbiased, but the parameter standard errors will be
higher than they could be.

8 Wrong weights: The greater the error in the weights, the larger the loss of precision in
the parameter estimates (more important for uC than =F).

Reference Tissue Models

The measurement ard analysis of the blood samples for kinetic modeling is an invasive and
demanding procedure. Therefore, methods have been developed to obviate the need for
invasive blood sampling. The solutions found replace the arterial input curve by an indirect
input curve, namely the time activity curve of some reference tissue. Therefore they are
called reference methodReference methods are not able to provide a full kinetic analysis.
However, assuming certain relations between the kinetics of the tissue of interest and the
reference tissue, they can provide valuable measures of interest.

Most of these reference methods are dedicated to reversibly binding neuroreceptor tracers. A
reference tissue must be found which is devoid of receptors, and then it is assumed that the
distribution volume of the non -displaceable compartment (free tracer in tissue and non-
specific binding) is the same among the tissues. Under these assumptions a measure of the
receptor concentration called binding potentialcan be calculated from the two time -activity
curves.

Model Structure

The compartment models are usually based upon the following configuration:

Tissue C(t) with specific binding
K, ks
Cep C, C,
ky k,
Ky
(o C,
k,*
Reference tissue C'(t)

In the model equations C'(t) represents the TAC from the reference region (k=0 in the 2
tissue compartment model), and C(t) the TAC from a receptor -rich region (k =>0).



Introduction to Modeling in PET 15

However, the various reference methods differ in their mathematical approaches, and they
show substantial differences with regard to noise sensitivity and processing speed. They are
described in the following sections.

Determination of an average k2'

Some of the reference methods require an a priori average value of k', while other methods
such as the MRTM or the SRTM reference method estimate k' together with the other
parameters.

Dr.

1)

2)

3)

4)

5)

6)

7

8)

9)

Ichise recommendation how to calculate an "average" k.' value:

k2' is the tissue clearance rate from the reference region, e.g., cerebellum. This reference
tissue is always a region (ROI), not a voxd for both ROI based PKIN or PXMOD
parametric imaging. If you define a reference region, there should be only one correct k'
value for that particular subject (scan).

Logan in her original formulation of her reference tissue model suggested to determine
k2' by using arterial data for a group of subjects and use this mean k-'.

However, we showed that this k ;' can be estimated for each individual without arterial
data using MRTM or SRTM (three parameter estimation, one of the three parameters is
k2").

| prefer to use k' estimated this way for each subject for the subsequent MRTM2 or
SRTM2. This would be more accurate than the mean k' estimated for a group of subjects
as above.

Now the accuracy of k.' estimation depends on the following (see [52]): A) noise in the
PET data, B) the magnitude of k' and C) the ratio of k2'/k- or ko/k2' determined by MRTM
or SRTM.

The bias and variability of k 2' estimation by MRTM is less as k:' is larger and k:z'/k: or
ka/k-' ratio is further away from unity. This ratio for fall ypride using cerebellum and
striatum should be greater than 3, | think. In that case, k2" estimation from cerebellum
and striatum (use ROIs) should be minimum (see figs in the paper).

Even using the ROIs, k' estimation is affected by noise and hence it isgood to run
MRTM a few times choosing ROIs with high BP wareas (say right striatum and left
striatum) k2/k.ratio is further away from 1) and average the k' values. This averaging is
within the subject and totally different from population average.

Please use the Kk determined as above for estimation of BPw for the cortical regions. The
k2" estimated with cerebellum and cortical regions is not accurate because k'/k:is closer
to unity.

One advantage of MRTM over SRTM. To use SRTM, both cerebellum anl target must be
1 tissue (1T) kinetics (use of the SRTM for 2T will bias BRo). However, MRTM is good
for tracers with 2T kinetics such as Fallypride. Only thing here is that you have to give a
t* value.
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Chapter 1

PKIN Data Processing
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General Assumptions in PKIN

The following is generally assumed:

8 All loaded data has been decay corrected to the same time point. This means that the

PET scanner and the blood sampling times must have been synchronized.

8 Theinput curve Ce(t) represents the authentic ligand in arterial plas ma which is
available for exchange with tissue.

8 Thetotal blood curve Csooa(t) represents the activity of whole blood.

A geometrical spillover correction can optionally be performed for the calculation of the
operational equation in the form of

Choget = VB*Caiood +(1-VB)*Crissue

where vs represents the fractional volume of the blood space in the VOI, Csoo(t) the
concentration of all forms of tracer in a sample of blood, and Cisse(t) the summed
concentrations in all tissue compartments.

8 The results of non-cardiac flow models are returned per cmstissue. To convert to flow

per g tissue the values must be divided by the tissue density.

Exceptions to these rules are specified in the description of the individual models.

Processing Overview

Data processing of studies with PET or SPECT tracers typically consists of the following

parts:

1. Data 8 Create a new data set.

Loading 8 Load the whole blood curve (total activity concentration of tracer in
the blood samples).
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Load the plasma activity curve. Depending on the preparation of the
blood data the plasma activity curve can represent

the unchanged tracer (parent) in plasma, or total tracer in the plasma
of the blood samples including the metabolites. In the case of total
tracer the metabolite correction has to be performed in PKIN.

An alternative to loading the plasma activity curve is loading the
plasma fractioncurve. In this case the total plasma activity is
calculated by multiplying whole blood activity with the plasma
fraction.

Load the parent fraction curve (fraction of unchanged tracer in
plasma). This is only necessary if the loaded plasma curve
represents total tracer activity in plasma including metabolites.

Load the average time-activity curves of one or multiple tissue
regions.

2. Input Curve

Define interpolation functions (called models) for the different types
of blood data and fit them to the data.

Configuration
The input curve is obtained as the multiplication of the plasma
model with the parent fraction model.
3. Kinetic Select a region with a "typical" time -activity curve (TAC) from the
Model Region list.
Configuration Select a simple model from the Model list.
Enable the parameters to be fitted by checking their boxes;
unchecked parameters remain at the initial values entered.
Select a weighting scheme of the residuals; variable or constant
(default) weighting is available.
4. Kinetic Fit the model parameters by activating the Fit current region button.
Model Fitting Consult the residuals to check whether the model is adequate; there
should ideally be no bias in the residuals, just random noise.
If the model is fine, configure Copy the model to all regions to
Model & Par , activate the button to establish then save initial model
configuration for all TACs, then activate Fit all regions .
Check the fit result for all the TACs.
If the model is not yet fine, test more complex models.
5. Kinetic Switch between compartment models of different complexity and
Model fit. The parameters are either maintained for each model type, or
Comparison converted, according to the Model conversion setting in the Menu .

Check the residuals for judging model adequacy.

Check the different criteria on the Details tab (Schwartz Criterion
SC, Akaike Information Criterion AIC, Model Selection Criterion
MSC) to decide whether a more complex model is supported by the
data.

Check for parameter identifiability. As an indicator of the parameter
standard errors (%SE) are returned from the fit. They should remain
limited for all relevant parame ters. Additionally, Monte Carlo
simulations can be performed to obtain statistics of the parameter
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estimates.

8 If justified by physiology, try to improve the stability of parameter
estimation by enforcing common parameters among regions in a
coupled fittin g procedure.

8 Compare the outcome of compartment models with that of other
models, such as reference models or graphical plots.

8 Save all model information together with the data in a composite

6. Saving
text .km file which allows restoring a session.
8 Save a summary of all regional parameters in an EXCEL-ready text
file .kinPar.
7. Batch Lengthy calculations such as coupled fits with many regional TACs or
Processing Monte Carlo simulations can be run in a batch job. The results are saved

both as .km files and in an EXCEL-ready text file.

Starting the Kinetic Modeling Tool

The kinetic modeling tool is started with the Kinetic button from the PMOD ToolBox

Kinetic

or by dir ectly dragging kinetic modeling (.km) files onto the above button.

The user interface is organized as illustrated below. The left part of the display visualizes the
data, the model and the fit. The green squares represent the tissue measurement values
(tissue time-activity curve, TAC), the red circles the input curve, the yellow circles the blood
spillover curve (whole blood time -activity curve), and the blue circles the calculated model
curve with the current model configuration shown to the right. The lo wer curve display
shows the residuals, i.e. the difference between the measurement and the model curve.
Weighted and unweighted residuals can be shown.
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Data

The right part gives access to the different operations which are described in the following

sections.

CPFPX-Bolus-2TC { PKIN1 ) 2010-10-25 X ’/DASBVSRTM(PK\NZ)ZM(HUVZS X rITCMw\mMslahr-hlea(PKINS)ZMDJ}BJ? X rﬁta sets
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Fit current region || Fit all regions

Standard | Details | Increment |  Restrictions | Weighting |  Sensitity |
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07124 miicemimin 5.0
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Display type _Copy to All Regions Copy Blood Gurves Tools

& Repoit Study. &

Seen: #0 o F owgll B L -

Tool buttons ‘|

The Menu is located in the lower left corner and is used for data operations such as loading,

saving or closing.

EmE ouit

E License ID

& Settings 3
Batch Mode

751 Parameters Aggregation

Study Compare Dialog

B

&

Coupled Studies Dialog
Create Synthetic PXMOD Study
Create Synthetic KM Study
Clear all KM Data

Close Current Study
New Study

Save all Model Curves
Save all Time Activity Curves
Load Time Activity Curve 2

Load Parent Fraction
Load Plasma Fraction
Load Plasma Activity
Load Whole Blood

v v v v

Save KM Parameters File »
Save KM File

Load KM File{s)

Add KM File(s)

= ionuz| 8=

LEODREEE QEOm > x|

Tz

Loaded data sets can be added into new tabs so multiple data sets can be available

simultaneously and selected for processing using the named tabs.

Loading/Saving

Most models require both blood and tissue data.
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Tissue Activity Data

The tissue TAC data can most eafly be brought into PKIN by outlining VOIs in the PVIEW
tool and sending the time -activity information in the different VOIs directly to PKIN. This
approach has the advantage that the standard deviations within the VOlIs are also
transferred and can potentially be used for weighting. As an alternative, the information can
be prepared in a text file and loaded.

Blood Data

The blood information is typically the result of blood sampling, plasma separation and
activity counting in a separate device. In these ca®s the measurement results must be
arranged properly in a text file and loaded. If the separation of tracer metabolites in blood is
not necessary or can be achieved by multiplication with a correction function, and blood
activity can be derived directly fr om the images (eg. in cardiac studies), it is also possible to
use the VOI approach.

Data Organization

Several data sets can be processed in parallel. They are shown on separate pages in the
PKIN tool, with selection through the upper tabs. The New study entry in the Menu can be
used for creating a new empty data set, to which the blood and tissue measurements can be
loaded. The same result can be obtained with the_* | tab. The Load entries overwritethe
inform ation in the currently selected data set. With Add KM file a complete study can be
loaded into a newly created tab without overwriting existing data.

Note: All PKIN models assume that the loaded data have already been decay corrected.

File -based Data Import

There are slightly different formats for the time -activity data of blood and tissue. With blood
data it is assumed that instantaneous sampling was performed at well -defined time points.
With tissue data it is assumed that the measurements represent the average tracer
concentration during a certain observation period, the PET frame duration defined by start -
time and end-time.

Blood Data

PET tracers are usually applied by intra-venous injection and then brought to the tissu e of
interest by circulation. Often, a part of the tracer may be bound to red blood cells. Another
part may be processed in organs and end up as labeled metabolites circulating in blood
plasma. The remaining fraction of tracer (unchanged tracer, or parent) is available for
exchange with tissue and represents theinput curvefor modeling.

In PKIN, the following four types of blood data are supported to model the contributions of
the different forms of tracer in blood to the expected PET signal:

1) The concentraion of all forms of tracer in Whole Blood samples: As the average signal
from a VOI always contains a fraction of signal from blood vessels and capillaries, the
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concentration in whole blood is needed for modeling the blood content in the expected
PET signal.

2) The concentration of all forms of tracer in plasma (Plasma Activity) : Although the
unchanged tracer in plasma is required as the input curve of the models, it is common
practice to measure the tracer activity of the whole plasma sample.

3) The fraction of unchanged ligand in plasma (Parent Fraction): As a result of the
metabolite analysis of plasma samples, the relative concentrations of the unchanged
tracer and the metabolites are known. This information is represented by the ratio of
unchanged tracer to total tracer. This fraction starts with a value of 1 at the time of
injection (all tracer is unchanged), and gradually decreases as the metabolites build up.
Since plasma analysis is often experimentally complex and therefore error-prone, it is
advisable to fit a smooth curve to the measured parent fraction.

4) The Plasma Fraction: An alternative to using the measured plasma activity is the use of
the ratio of plasma activity to whole blood activity, called the "Plasma Fraction". If the
plasma fraction is known it can be multiplied with the whole blood activity to calculate
the plasma activity. For tracers without metabolites this obviates the need for the actual
blood analysis.

Whole Blood and Plasma Activity

The whole blood and plasma activity concentrations must be prepared in text files, and can
be loaded using Load Whole Blood and Load Plasma Activity from Menu . Such text files
with the blood data can be prepared for example in MS Excel and then saved as tab
delimited or csv separated text files. There aretwo variants of the format:

1) Separate files for whole blood and plasma activity. In this case separate files are
prepared with a header line, the sample time in the first column and the sample value in
the second column.

sample-time[seconds] plasmalkBg/cc]

0 0
6 0.01
12 0.02999957
18 37.94988615
24 118.4692892
30 138.4187542
36 96.68874303
42 68.22877186
48 55.90871407
54 38.498845
and
sample-time[seconds] whole-blood[kBg//cc]
] ]
6 0
12 0.02
18 22.64
24 71.19
30 81.84
36 52.8
42 41.62
48 33.72
54 23.76

2) A composite file containing whole blood and plasma activity. Note that in this case the
keywords sample-time, plasma and whole -blood are required to define the meaning of
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the columns.
sample-time[seconds] plasmalkBgfcc]  whole-blood[kBag/cc]
] ] ]
6 0.01 ]
12 0.02999957 0.02
18 37.94988615 22.64
24 118.4692892 71.19
30 138.4187542 81.84
36 96.68874303 52.8
42 68.22877186 41.62
48 55.90871407 33.72
54 38.498845 23.76

Plasma and Parent Fractions
The plasma and parent fractions need to be prepared in a similar file

time[minutes] parent-fraction[1/1]

0 0.27184857
0.5 0.986298884
1 0.980287666
1.5 0.96249071
2 0.92520486
2.5 0.865100226
3 0.779710538
3.5 0.666156902
4 0.645169911
4.5 0.558181271
5 0.577178078
5.5 0.50647541
6 0.480742985

and loaded using Load Plasma Fraction or Load Parent Fraction from Menu.

Notes:

1. If no whole blood data is loaded into PKIN, the plasma concentration is used for blood
correction.

2. If the activity of unchanged tracer in plasma is loaded instead of the total plasma activity,
no correction with the parent frac tion is required. No further action is required in this case,
because per default it is assumed that the parent fraction equals the constant of 1.

3. There are models which require two input curves, and in principle models with up to 10
input curves can be handled in PKIN. For these models the sub-menu contains appropriately
labeled entries.
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Tissue Time -Activity Data

Tissue time-activity curves are similarly organized in tab -delimited text files. The frame start
and end times are arranged in the first two columns. Next come columns with the
measurements from different tissues. Note that the TAC value units are specified after the
heading of the secondcolumn.

start[seconds] en amy re amy i mtl re

0 60 229234465 198046206 2.74814255
60 120 5.01681393 6.57439037 681311774
120 180 6.18648905 547218649 687476477
180 240 657449309 658147725 7.33382369
240 300 595458466 6.59546425 7.65397945
300 360 7.06336248 7.3919664 7.21261065
360 420 7.07207865 8.066492 6.83445489
420 480 644191169 7.89309654 7.34035093
480 540 573063921 5.38436545 7.231256
540 600 6.35527845 7.03980869 7.31066749
600 900 6.04079722 651268169 6.96765792

Tissue time-activity curves are loaded using Load Time Activity Curve from Menu .

Data Units
Typically the data will arise in the following units:

8 [seconds], [minutes] or [hours] for the time specification, and

8 [kBqg/cc], [uCi/cc] or [1/1] for the value specification.

The unit string in square brackets should immediately follow the column header. If units are
not defined in the column headers or not recognized, it is assumed that the units specified in
the configuration apply. They can be defined in the configuration dialog as illustrated below.

Paths Display PKIM

Model [1 Tissue Compartment] r Blood Model [Measured] r Plasma Fraction Model [Measured] r Parent Model [Measured] ‘

[]vB Value 0.05 [¥] Restrict oo 10 0.2 N
[¥] K1 Value 0.5 [v] Restrict: (Lower 0.0 Upper 8.0 ) Search (0.2 mliccrmimin
[v] k2 Value 0.035 [v] Restrict: (Lower 0.0 Upper 8.0 ) Search [0.02 1imin

Blood TABULATED Units (value, time) |kBg/cc

1

seconds -

kBa/cc
uCifce
MBgl/cc
kepslce
GCurve controls position |kentfce
kBq
Center model parameters display ccm

mis
HD curve model display [T

Tac TABULATED Units {value, time} seconds A

miB

EHl

Note: During loading, the input unit specification will be used to convert the activity values
into the internal representation of kBg/cc. All loaded data will be displayed with these
values after conversion.

Data Import from VOlIs

An important usage of the VOI analysis is the generation of time -activity curves (TAC) for
subsequent kinetic modeling. This can easily be achieved in PVIEW by the following steps
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1. Definition of the VOlIs

The image data is loaded as a dynamic series with thecorrect acquisition timeand the correct
input units. This is important, because otherwise the acquisition start/end times in kinetic
modeling will be wrong, and the TACs may be different in magnitude with  respect to the
blood data. Such problems result in erroneous model parameters.

In dynamic image series there is generally not enough anatomical information to delineate
VOls. Often, averaging of a subset of the acquisition frames resolves the problem. TheVOls
are then delineated in the summed images, transferred to the dynamic images, and
optionally saved to a file.

2. TAC generation

Switch the tool to the dynamic study, and activate the button

=5

A dialog win dow appears which allows defining the proper type of the calculated TACs
(REGION =tissue TAC, INPUT = plasma curve, SPILLOVER= total blood curve)

W1 [Recion |v|jws -

> |REGION P -
INPUT _

3 |sPiLover  |KHIi ~

[v]4 |REGION w (|Striatum re -

w5 |REcioN | |[striatumi -

& |REGION ~ ||Frontal re -

The window is organized in three panels:

1) The left panel (red) allows defining the proper type of the calculated TACs. All the TACs
selected in this panel are going to be send to theKinetic modeling tool.

2) The central panel is a plot which displays the calculated TACs.

3) The right panel (blue) allows the selection of the the TACs to be displayed in the graphic
area.
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NOTE: The selection in the right panel (blue) does not affect the selection on the left panel
(red) while the selection on left panel is immediatly reflected in both display area and right

panel.

[¥] 1 |REGION - ((WB

kByjcc
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[¥]3 |REGION w [[KHIi
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INPUT
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[#[xTelefsTe e ]elele]s]s ]

a \ Inverse || Select All
™%

N
TACS selected fﬁlﬂ\ppend TAC data = Kinetic Modeling expects [kBa/cc] as TACs Units [] Global Scale factor to [kBaicc]

kinetic modeling

| Send [SET] H Send [ADD] H Cancel |

TACs enabled for

display

The Send buttons initiate the transfer of the activity curve data to the PKIN tool. Selecting

the Send[SET] button transfers the TAC data to the currently selected tab in the PKIN tool.

If the Append TAC Data box is checked, the curves are appended as new curves to the data
existing on the PKIN tab, otherwise the data is over-written. Send[ADD] first creates a new
tab in PKIN, to which the data is added. If PKIN is not running, the tool is first started and

the data added.

The + button in the curve controls allow for simple operations such as curve scaling before
sending the data to PKIN. Both the average value and the standard deviation within the

VOls are transferred, as well as patient and study information. The standard deviation may
be used for weighted fits in PKIN.

If the PKIN option is not available, the TACs of a dynamic series can also by obtained with
the statistics button as illustrated below.

i1k, VoI Statistics
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The Calculat e in range box allows restricting the TACs statistics to the subset of pixels with
values in a specific range.

Note the radio box in the upper section which allows switching between kBg/cc and the
SUV, if all required information is available. The Statistic type selection list allows choosing
the type of statistics to be displayed in the graphic area.

The statistics numbers selected in theSelected Statistic(s) [For Save] area of the VOIs
selected in Selected VOI(s) [For Save] can be saved into a text file with Save, appended to
an existing one using Append , or copied or the Clipboard .

There are different statistic formats available for saving procedure:

8 STATISTICS saves all selected information.

8 PKIN TAC(s) saves the acquisition times and regional averages in a text file which can
directly be loaded with the Load Time Activity Curve entry of the PKIN Menu .

8 PXMod TAC (Group AVERAGED) saves the average of all grouped VOIs in a two-
column text file suitable for usage with PXMOD.

Data Saving

Data can be saved in various formats using the following Menu entries:

Save KM File Saves all data and the configuration in a comprehensive text file with
suffix .km. Loading a .km file restores the state of the previous
processing with the exception of the display settings.

Save KM Generates and saves a summary of the model parameters in all regions.

Parameters File Resultis a tabdelimited text file with extension .kinPar, which is
readable with any text editor and with numerical programs such as
Excel. There is aSave and an Append sub-menu, the latter for
combining results of several studies in a single file.

Save all Time Saves just the timeactivity data in a multi -column text file. This option
Activity Curves  may be helpful to export TAC data fo r visualization in a different tool.

Another useful application of Save/Load Time Activity Curve is to
append a TAC from a different tissue: first save the current TACs, add
the TAC of a additional TAC as a new column in Excel, then load the .tac
file again.

Save all Model  Exports the tissue model curves of all regions into a text file. Note that

Curves these curves are not interpolated between the frame mid-times. To
obtain smoother curves please use theCreate Synthetic KM Study
menu item.

Note: Unit s of the saved data are always [kBg/cc] and [seconds].
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Curve Layout

The curve display supports the visualization of the different loaded measurement as well as
the calculated model curves. The available curves depends on the selected th.

Curves with selected Tissue Tab

After data loading the time -activity informations of the current region are shown in the
curve display in a default layout. The large area contains

8 the Measured TAC values representing the tissue TAC;

8 the Input curve mod el which is used as the input curve for the model calculations; it is
calculated from the available plasma data;

the Whole blood model used for blood spillover corrections;

8 and the Model Curve which results from evaluating the current model configuration
with the input curve.

8 Initially, only the Measured TAC and the Model Curve are enabled for display by the
check box in the control area. Depending on the context some additional curves
available for display which are hidden per default (box initially not ¢ hecked). In the
example below the compartment concentrations C: and C: of the 2-Tissue compartment
model can be shown.

KBuicc Bl
101, -D.0557] - 34 [87.5, 0.8885] =
252795 ¢ 1
o
202122 -
16145 |
o
|e Input curve
100777 %
o
=]
°
5.0105 o . o o
Model curve =
&~ 88— 8 g
o
- | 3
-0.0567 - (T
00 10.3 206 310 413 516
minutes |~
A e x4 I [
=] = -~ [v] Input curve model =] : e [¢] Whole blood model
uElMeasuredTAC u -+ [¥] Wodel Curve
=] = - [] C1 (free & non-spec.) = -~ [] C2 (specific)
KBufce
1[04, - 0572] - 34 [57 5, 0.0428]
L0.8573 F‘-'—'—---- = = e o w w =
0381 _Residuals = Measured - Model
-13.0128 = : : : : )
0.0 103 206 30 41.3 51.6
minutes
P a

The small residuals curve display at the bottom visualizes the agreement between the
measurements and the model curve. The aim is to find a model which has no significant
trend in the residuals left.
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The general manipulations available in the PMOD curve display are explained in the next
section.

General Curve Display Functionality

A common curve display object is used in all PMOD tools. It consists of a curve area and a
controls area underneath.

[ [11]: X=750.0, Y= 691965332

______ 10 [11.115, 6.987] - 17 [45.863, 4.358]
36.8

w4 Right mouse button

Range (Zoom )
Reset Zoom <Click=
Select Active Curve =Cirl+Click=

221

Toggle Point =Shift+ Click=

Switch OFF all Points in visible area
Switch QM all Points in visible area
~a € Hide/Show Controls

Hid

e/Show Grid -
S o A

147

D"——.-—._.

B o

240 36.0 48.0 60.0
minutes {

TIEI Input curve model Il EIEI Plasma model Curve Controls
H oL~ IEI Whole blood model [l ED Parent fraction model
D |w IEI Measured =] Mnde\ Curve

L e

In some contexts the control area may initially be hidden. The context menu can be used to
show it

Curve Area

The curve area shows the curves which are enabled for display. There is always anactive
curve which is shown in bold. A curve can be made active by holding down the CTRL key

and clicking at one of its points, or by pushing its button in the controls area as illustrated
with the Model Curve above.

The definition of the active curve is relevant for the tools which interrogate the curve values:

8 There are two small handles at the top of the curve area:a little rectangle to the left, and
a line to the right. These are handles which can be moved left/right using the mouse, and
the gray vertical lines move with them. The values at the top center of the curve area
represent the interpolated (x/y) values of the active curve at the location of the handles.
To get the measurements of a different curve just CTRL+Click at that curve to get the
values updated.

8 Only in some curve displays: When the cursor is brought close to a point of the active
curve, its x/y value pair is shown at the upper left of the curve area.

To zoominto an area of the curve just click the left mouse button to the corner of the area of
interest and drag a rectangle. After releasing the mouse button the display is zoomed into
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the defined rectangle. An alternative is to define the axesRange in the context menu. A

single mouse click into

Context Menu

By clicking the right mouse button into the curve area a context menu with some additional

the curve area is sufficient to reset the zoom.

options can be opened.

Range { Zoom )
Reset Zoom <Click=
Select Active Curve =Ctrl+Click=

Toggle Point =Shift+Click=

Switch OFF all Points in visible area
Switch ON all Points in visible area

HideiShow Controls
HideiShow Grid

Hide/Show Density
Hide/Show Markers

View in Separate Window
Properties

Save All Curves
View Yalues (visible curves)

-

One curve in one file
Allin one file

Switch all curves ON

Switch all curves OFF
The functions are:

Range (Zoom)

Reset Zoom

Select Active Curve

Toggle point

Set the range of the x and y-axis by entering a numeric value.
18.22485

-1.65517

[seconds] : (0.0 3944_3§

Fix as curves display range

If the box is checked, the range is mairtained during all
manipulations. Otherwise, a single click resets the range to the
default.

To reset the curve range to the default full range. It is grayed if the
display is not zoomed or the range is fixed.
Mouse operation: single Click into curve area.

Selects the curve nearest to the point clicked with the right mouse
button to open the context menu.

Mouse operation: CTRL+Click at a curve.

Disable a measurement of the active curve. This is reflected by
setting the symbol to gray.
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Switch ON/OFF all
points in visible area

€ Hide/Show
Controls

Hide/Show Grid

Hide/Show Density

Hide/Show Markers

View in Separate
Window

Properties

Save All Curves

View values
(visible curves)

Save All Curves
ON/OFF

Disabled measurements
(Shift + Click)

In the context of model fitting measurements marked in gray are
regarded as outliers and not considered when evaluating the cost
function.

Mouse operation: select the relevantcurve to active, then
SHIFT+Click at measurement.

In combination with zooming this option allows to quickly
disable/enable contiguous points of the active curve.

Allows hiding the controls if the curve display area is small, and
to show them again.

Controls the display of the grid lines.

Reflects the density (coded distance) of points in the graph as a
colored map. More points close together produce a "higher” color.

Controls whether the measurement markers are shown.

With this option, the curve display can be opened in a separate,
large window to closely examine the p lot.

With this entry a configuration dialog is opened for setting the
annotation Font size, and for enabling curve Antialiasing (smooth
curve appearance).

Allows saving the numeric data of all curves in a single or
separate tex files.

Opens a dialog window which shows the numeric values of all
visible curves in a dialog window. The window contents can be
copied to the Clipboard and pasted to a different application.

To quickly change the visibility of all curves. When switching all
off, the active curve is still shown.
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Curve Control Area

The control area lists the curves which are available for display. There are several elements
to modify the curve appearance:

sty!e

visible

=] Model Curve

save
values

Show/Hide

Active
curve

Style

active

To show/hide a curve check/uncheck the visible box.

To set a curve to active click at theactivebutton, or directly CTRL+Click
on the curve itself. The line/symbols get bold.

The list selection can be used to change the style of a curve:
oL |v
L Normal line
L2 Bold line

] Dots only

oL |Dots and line
FL  |Filled area

Further useful interface elements:

Connection

S

Changes the shape of the lines defined by the measurements:
Ve Linear

SN Cubic
0 4~ | B-Spline
S [a]

Note that calculations are not based on the display representation of a
curve.

Saves the numeric data of a curve as a text file with two columns. These
files obtain a .crv suffix and can easily be opened in Excel or a text editor.

When working with a database the curve can be attached to a particular
image using the Attach to Patient (Serie) in the appearing dialog.

Database: [+ Pmod ¥ [ DataBasel/*.cw ]

Enter name |.ﬂ.uthentic CPFPX in pl |

|| Y@ Attach to Patient (Serie) I

If this button is enabled, each curve is normalized to its own maximum and
shown as percent values. This mode is helpful for comparing shapes when
the dynamic range of the curves is very different.

Creates a capture of the curve area. The captured image can be saved as a
JPEG, TIFF or DICOM file. It can also be copied to the Clipboard to paste
it into some office application.
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Blood Model Configuration

The tracer activity in blood is normally only sampled at a few time points during the
acquisition. However, when calculating the operational equations (eg. by numerically
integrating a system of differential equations), the blood activities must be available at any
arbitrary time point during the acquisition period. This means that the blood curves must be
interpolated according to some underlying model, hence called a "blood model". The models
available for the different blood curves are described in the next sections.

Input Curve (AIF)

PKIN supports four types of blood data which together allow computing the input curve.
All of them are functions of the acquisition time which are represented as curves in the
display window.

1) The traceractivity concentration in whole blood. This information is used for the
spillover term in the compartment models as well as in combination with the plasma
fraction.

2) The total activity concentration of tracer in plasma.

3) The plasma fraction, the ratio of tracer in plasma to tracer in whole blood. The plasma
fraction is multiplied with the whole blood concentration to calculate the total
concentration of tracer in plasma.

4) The parent fraction (ratio of unchanged tracer to total tracer in plasma). The parent
fraction is multiplied with the total plasma concentration to calculate the input curve.

For the evaluation of the kinetic models, the input curve needs to be available at any
arbitrary time. It is calculated by multiplying the interpolated plasma concentrat ion with the
interpolated parent fraction at any particular time.

Note that the plasma options 2. and 3. above are excluding each other. If plasma activity has
been loaded, the plasma fraction option can not be used. On the other hand, if the plasma
fraction has been loaded, the plasma activity option can not be used.

The different possibilities to calculate the input curve work as follows:
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8 As soon as a whole blood curve is loaded and no other information is available, the
plasma mode is set to "fractional" and a Fix model is applied with a factor of 1. This
means in practice that the plasma activity is set equal to the whole blood activity.

8 As soon as a plasma activity curve is loaded any plasma fraction data is discarded, and
the plasma mode set to "actvity". The activity interpolation mode defaults to Measured.
The parent fraction is not changed.

8 As soon as a plasma fraction curve is loaded any plasma activity data is discarded, and
the plasma mode set to "fractional”. The fraction interpolation mode d efaults to
Measured. The parent fraction is not changed.

8 A parent fraction equal to 1 is applied as long as no parent fraction curve is loaded, or no
analytical parent fraction model selected.

The different blood -related informations are readily available for inspection in the curve area
of the Tissue tab as illustrated below.

Whole Blood and Plasma Activity

The interpolation of the activity curves of whole blood and plasma are performed in the
same way.

Whole Blood Model Configuration

It is assumed that the time-course of the tracer activity in whole blood has been loaded with

Menu/Load Whole Blood. To configure the interpolation model of whole blood please select
the Blood tab, and set theWhole blood radio button. A list of models is available which can
be shown with the arrow button indicated below.

[ Tissue | Blood | Coupled | Mi-Carlo | Coupled Mt-Carlo | Extras |

Whole Blood |3 Exponentials h n

‘ ® Whole blood (2 Plasma ) Metabolites
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Default is Measured, which just represents linear interpolation between sample times. To
replace linear interpolation by a smoother function select an appropriate definition from the
list. As soon as a model is selected, the parameters are updated in theStandard pane, and a
corresponding model curve is shown in the curve window as Whole blood model .

CPFPX-Bolus-2TC ( PKIN1 ) 2010-10-25

[- ]

kByjicc

&[01,0.0]- 4331 [67 5,3 8658]

Tissue rB\ood rCoup\ed rMLCann rCnup\edMlLarlo rExtras

62.84 5 ® Whole blood 0 Plasma ) Metabolites
v EGHRARRI -
e |- (]~ ][@]
1 Standard r Details r’ Increment rRasmmmns r Weighting ‘
48.704 ,” % Parameter Currentvalue Unit % SE
k| [ Delay 0.0 sec  —
P e [ Begin 300 sec  —
33136 2 oo Amplitude 1 40.92 kBgicc —
° Halfime 1 15 min  —
7 ° Amplitude 2 |40 92 kBagicc —
16.688 13 ks [¥] Haltime 2 250 min  —
%3 ° o Amplitude 3 1.0 kBgicc —
ok e N = = ‘ f t [l Halfime 3 40.0 min - —
oo 180 60 54.0 720 an.o ChiSquared 548145.459009
minutes
S - a

u - [ ] Input curve model [ = o [] Plasma model
u o [v] Whole blood EDWmIe blood model

KkBaice

1[0, 0.0]- 29 57 5, 0.6563]

: L) il
- i H m H
21111 o i
m B

755807 3 "
ag
-1140.0505 B : : : : J
0o 18.0 36.0 54.0 720 a0.0
minutes Display type  Copy to All Regions Copy Blood Curves Tools
S a e ] |Slandard w || Model & Par. || a || Region to Plasma ” a H View Par. ” a ‘

In the example above the model has not yet been fitted so that the distinction between the
measurement and the model (sum of exponentials) is clearly visible. The parameters of the
blood model can be configured for fitting purp oses by enabling the check boxes. Activating
the Fit Whole Blood button starts a fitting process which adjusts the model parameters such
that the interpolation curve comes into optimal agreement with the measurements. Fitting
works exactly in the same way as explained for the tissue model below (on page 49).

Plasma Activity Model Configuration

It is assumed that the time-course of the tracer activity in the arterial plasma has been loaded
with Menu/Load Plas ma Activity . The configuration of the interpolation model works in
exactly the same way as for whole blood.
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Please select theBlood tab, and set thePlasma radio button. Note the label Plasma activity
which indicates that the current working mode uses mea sured activities, not a derivation
from whole blood activity. The Clear activity data button is available to change this mode. If
it is activated, the loaded plasma activity data is discarded and the mode of plasma switched
to plasma fraction. In that case the assumption is that an analytical plasma fraction function
will be applied to the whole blood activity curve to derive the plasma activity.

|/T|55ue rB\ood ’/Coup\ed er-Cann rCnup\ed Mt-Carlo ’/ Extras |

() Whole blood @ Plasma | ) Metabolites

Plasma aclivity |F'\asma |v||rv|easured ‘v 2 ‘ICIear activity data I

‘ Fit plasma activity ‘ ‘B“‘ H - H =] H 2 |

Standard rDetalls rlncrement rRestnmmns ’/Welgmlng ‘

Parameter  Currentvalue  Unit% SE
Delay 00 sec  —
ChiSquared 0.0

The same list of models is available as for the plasma activiy as for whole blood.

Available Whole Blood and Plasma Activity Models

PKIN provides the following choice of interpolation functions for blood or plasma activity.
Measured:

This is the default model, whereby the input curve is linearly interpolated betw een
measured values. Outside the measured values the interpolation rules are as follows: The
input curve is

8 setto zero for all times t<=0,

8 linearly interpolated from t=0 until the first sample,

8 remains at the value of the last measurement for times pag the last sample. For short
blood curves it is therefore recommended to interpolate the tail by using the sum -of-
exponentials model.

3 Exponentials:

In this model the tail of the input curve from a starting point to be specified is replaced by a
sum of up to three exponentials. The input curve before the start time is linearly interpolated
as for the measured model.

lin. interpolated between samples t < Begin
C 1) = > uln?2/ . .
piasma (1) DA e 2T, t > Begin, u =t — Begin
=

Compartment Model, 3 Eigenvalues:

This model has been developed for the FDG tracer [14]. Itis the result from modeling the
distribution and delivery of FDG in the circulatory system by a compartment model, and is
given by

0 t < Begin
CPfa.sma (t) = [

Aju— A, — A ]e ™ v 4, ™" 1 4,6 1> Begin,u =t — Begin
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Compartment Model, 2 Eigenvalues:

This is a reduced version of the above nodel given by

. - 0 t < Begin
Plasma\" /) — [Al " AQ] efu]nl I + A2 e*ﬂh‘l?--fg > Begiﬁ', u=1f— Begi?‘}

Metabolite correction (deprecated):

This model has been developed for correcting the buildup of the CO :metabolite in 1C acetate
studies [22]. The model assumes that the concentration of auttentic ligand in plasma can be
calculated from total blood activity by the following simple equation

Inl
CPMS?M (t) = Cm’l‘en’a! (f) 1- met|:1 ¢ T I:|

where metdenotes the metabolite level which is finally reached, and T represents the half
time of the exponential metabolite build -up. This model can be applied for other tracers with
a similar behavior of metabolite buildup.

Note: the Metabolite correction model can not be fitted against the blood data. One way to
use this metabolite correction is to determine the two parameters externally and enter them
as constants in the model. An alternative is to estimate the metabolite parameters together
with the kinetic parameters during a fit of the kinetic model (with the  Fit blood parameters
check enabled).

Bolu s/Infusion optimization:

This model has been developed for the optimization of the activity ratio between an initial
bolus and a subsequent infusion [23]. The aim is, that the activity level in plasma and in the
tissue gets constant as soon as possible.

Mu ltiinjection, HOT or COLD:

These models are used in combination with the model for multi -injection studies with 1C-
Flumazenil as described by Delforge et al. [26]. With the HOT model, there is an analytical
correction for the buildup of metabolites includ ed. The COLD model is entirely derived
from the hot input curve based on the relative doses and includes similar metabolite
correction.

The Blood Delay Parameter

All standard blood models have a Delay parameter to correct for a timing error between
tissue and blood data. Positive delays represent delayed blood information and hence shift
the blood curves to earlier times (to the left). This parameter is only relevant for fitting of the
kinetic model. Therefore, when fitting the shapeof the blood curve wi th Fit plasma or Fit
whole blood , it is automatically disabled.

However, when fitting Tissue compartment models, it is possible to fit the blood delay as an
additional parameter to the parameters of the kinetic model.
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Blood delay fitting

1) Onthe Blood tab, selectPlasma, and then check the fitting box of the Delay parameter.
2) Disable the fit boxes of all parameters except Delay in all blood models

3) On the Tissue tab, check theFit blood param box.

4) Then activate Fit current region the Tissue tab.

To find out the fitted blood delay, select the Blood tab after fitting. The fit value is shown,
and the input curve model appears shifted accordingly.

CAUTION: When Fit blood param is enabled, all checked parameters of the input curve
model are fitted. So if other parameters than Delay are also enabled, theshapeof the input
curve will also change!

Default Values of Model Parameters

Each model has default values. Initially, they are factory settings, but they can be re-defined
by the user if he wants to establish a default configurations which is more adequate from
him. Note that the configurations are valid per PMOD login, so different logins could be
prepared for processing types of data requiring different initial parameter values.

= Saves the current configuration of the model as the new default. Included are the
values, the fit flags, and the restrictions of all parameters.

@ Retrieves the default configuration of the model.

Plasma Fraction

It is assumed that the time-course of the plasma fraction has been loaded with Menu/Load
Plasma Fraction. To configure the interpolation model please select the Blood tab, and set
the Plasma radio button.

lesslle rBIood rCoaned th-CarIo r/Coupled Mt-Carlo r Extras ‘

) Whole blood @ Plasma | () Metabolites

Plasma fraction ‘Plasma |v||ru|easured |v-ﬂ ? ‘ICIearfraclion dalal

| Fit plasma fraction | |B“‘ ” - Hﬂ ” < ‘
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Note the label Plasma fraction which indicates that the current working mode uses a
function to derive plasma activity from whole blood activity. There is a list of models which
can be fitted to the plasma fraction data. As soon as a model is selected, the parameters are
updated in the Standard pane, and a corresponding model curve is shown in the curve
window as Plasma fraction model .

KkBaice [ Tissue | Blood | Coupled | MtCarlo | Coupled MtCarlo | Extras |
1[04, 0.0137] - 29 [87 5, 0.5723]
183125 ' Whole blood @ Plasma (O Metabolites
Plasma fraction |F‘Iasma |v||3—Exponentia\ |v ? H Clear fraction data|
1.4844
* Fit plasma fraction | |ﬁ"' ” - H =] ” - ‘
Standard r’ Details r Increment rResmmmns rWalght\ng |
11377 ¢
Parameter Currentvalue  Unit % SE
[]1Begin 0.0 sec —
07608 Amplitude 1 1.0 1M 36368
Halfime 1 |8.899691 min 512787.55
[¥] Amplitude 2 |0.493647 11 7.36E8
04441 [¥]Halfime 2 [3.901834 min 1039198 41
Amplitude 3 |0.157074 mn 9929
-8 "
L0ars ﬂ——__._\__‘ Halfime 2 |245.288505 min  4173.95
il 18.0 36.0 540 720 50.0 ChiSquared [19.741711
minutes
S A o]
Eﬂ m [/ Plasma fraction H s [v] Plasma fraction model
=] = -+ []Input curve model [ El [] Plasma model
=] : o [[]whole slood model
KBuice
1[0, 0.9863] - 28 [37.5, -0.4658]
T T
-491.3854 r
]
-1632.866
m i | :
-2674.3437 m i i i )
0o 18.0 36.0 54.0 g0.0
minutes Display type Copy to All Regions Copy Blood Curves Tools
S a (1 |Standard ‘v | Maodel & Par. ” a ‘ Region to Plasma ” a || Edit Data || a |

The Clear fraction data button is available to remove the loaded plasma fraction data. In that
case the assumption is that an entirely analytical plasma fraction function will be applied to
the whole blood activity curve in order to derive the plasma activity.

Plasma Fraction Mode Is

The following plasma fraction models are available. For information about model fitting
options please refer tofitting of kinetic models (on page 41).

Fix The concentration of free tracer is proportional to the concentration
of the loaded whole blood curve. The proportionality constant
Fraction has to be specified by the user.

There is nothing to fit with the Fix model.

Measured Only available if a plasma fraction curve has been loaded. Linear
interpolation is used for the calculation of intermediate fraction
values.

There is nothing to fit with the Measured model.

3-Exponential Sum of three decaying exponentials, starting after a time Begin. For
the interpolation of values before Begin linear interpolation of the
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measured values will be used.

Parent Fraction

The transformation of the plasma activity curve into the input curve is governed by the
configuration on the Metabolites tab. Two cases are to be distinguished.

Measured Parent Fraction Data is available

If a parent fraction curve has been loaded, it is shown in the curve area. Initially, the parent
fraction model is set to Measured so that linear interpolation between the samples is used to
calculated intermediate parent fractions. The model selection choice allows to select
smoother models, and fit them to the measurements using the Fit parent fraction button as
illustrated below.

1" Tissue | Blood | Coupled | MtCaro | CoupledMtCarlo | Extras
2105, 0 5863] - 21 [57.5, 0.2039]
1.0 " ) Whole blood () Plasma @ Metabolites

Parentfraction |Plasma | w || 3-Exponential [« || 2

. R Weasured
Fit parent fraction 7| Fix
Standard rDetalls I’Incremem RestrigHill —‘

o
-]
@
Q
06783 | % Watabe
n
O

0.8302 .

Parameter Current 1-Exponential
fo 1.0 2-Exponential

[ Begin 0.0 |3-Exponential
2] [v] Amplitude 1 1.0 11 33.96

05175+

[¥] Halime 1 |2 435514 min 66.07

Amplitude 2 [0.157188 11 12359
2 g 7] Haltime 2 [100.31582 min 1.94E10
01958 | ‘ . ‘ 7] Amplitude 3 [0.157188 11 12389
al 140 240 36.0 480 600 Haltime 3 [100.315829 min 1.94E10

minutes ChiSquared |13.606393
S - a

=] - [ ] Input curve model [ = &~ [ Plasma model
=] El Parent fraction =] Parent fraction model

03666 - .

=[]
=

1"
2[0.5, -0.0M37] - 21 [57.5, -0.0074]

Al- B o1 m
-1.8694 | -
-B.2162 ¢
-14.963 = H H i i A

0.0 120 240 36.0 48.0 60.0

minutes Display type  Copy to All Regions Copy Blood Curves Tools
S a ] |Standard |'| Model & Par. ” a || Region to Plasma ” a H View Par. ” a ‘

No Parent Fraction Data availab le

If no data parent fraction data have been loaded, the parent fraction model is set to Fix with
a free parent fraction f,=1. This is adequate for all tracers which do not require metabolite
correction, and for cases when the metabolite correction has ateady been applied to the
plasma data prior to loading them with Load Plasma Curve.
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In the case of a tracer which shows a characteristic buildup of the metabolites it may be
possible to derive an average parent fraction curve and fit a model to it. To apply a
metabolite correction the user can then simply select the appropriate model function and
enter the demographic parameter values, as illustrated below. To apply a demographic
correction, it must be ensured that time zero of plasma data always representsthe time of
tracer injection. Naturally, no fit will be possible in this situation.

0.3822 -

0.2028 -
0o

S -

=] = -+ [] Input curve model

=] l:l Parent fraction model

34 (0.5, 0.9829] - 3222 [57.5, 0.2425]

18.0

alytical metabolite ¢

Tissue rB\nod r/Cnup\ed rMI-CEﬂD rCnup\edMI-Carlo rEnms

(2 Whole blood () Plasma @ Metabolites

Parent fraction |Plasma |v||Watabe |vH 7 ‘

I | [=]~[@]-]
Standard rDelaiIs rlncremem rRestridmns rWewghIing ‘
rrection Parameter  Currentvalue  Unit% SE
fp 1.0 n
[]Begin 0.0 sec —

TEp—
" —
W —

A
z]
c 02

ChiSquared|66.509655

: H : 4
36.0 54.0 720 a0.0
minutes

=] = o [] Plasma model

Parent Fraction Models

The following parent fraction models are available. All of them include the constant f , which
must be determined externally and which is set to 1 per default. For information about the
fitting options please refer to fitting of kinetic models (on page 41).

Fix
(Default)

Measured

Hill

The concentration of free tracer is proportional to the concentration
of the loaded plasma curve.

Jower® = 1
There is nothing to fit with the Fix model.

The ratio unchanged/total tracer in plasma has been experimentally
determined and loaded. Linear interpolation is used for the
calculation of intermediate fraction values.

P
- Interpol(———
. P (R+M)

f parent (f)

There is nothing to fit with the Measured model.
The parent fraction is described by a Hill function

1 t<t,
A@t—1)°

fparem(r) = fpl 1-f —27 >t
(-1 +C ’
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with a delay to, and 0<A<=1, B>0, C>0. The delay allows for an initial
phase during the infusion without tracer metabolites. This function
was used with 11C-WAY -100635 data [53].

Watabe The functional form int roduced by Watabe for 11C-MDL -100907
data [54]:
1 <1,
Srwn® =, . -

| [1 HA@-1)f IC

with a delay to.

1-Exponential The functional form described by Wu et al for 11C-WAY -100635
data [55]:

1 t<t,
fm:'em("f) = fp{ }

4 B0 +(1-4) t>1,

wi th a delay to. foaren(t) is forced to fp at time to.

2-Exponential The functional form described by Wu et al for 11C-WAY -100635
data [55]:

1 [<1,
fparem(r) = fp { }

-B(1-1;,) —Ct
Ae '+(1-A)e t>1,
with a delay to. fraem(t) is forced to f, at time to.

3-Exponential Sum of three decaying exponentials

1 1<t
de® +4,e% +4,e% t>1,B=m2/T,

Sower® = S {

with a delay to. There is no restriction that feaen(t) equals f, at time to.

Note: The metabolite correction is applied to the plasma curve using the origina |l plasma
sampling times. The assumption is that the parent fraction and the plasma curve have a
common time scale. Only after the metabolite correction has been applied is the input curve
shifted by the blood sampling time delay.

Fitting of Kinetic Models

As soon as a kinetic model has been selected a model curve is calculated and shown in the
curve display. The model curve represents the values PET would measure if the model
correctly described the observed physical processes. Fitting assumes that the model
configuration is adequate and tries to find the set of model parameters for which the model
curve is in optimal agreement with the measurement.
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The following sections explain how a model is configured, fitted to data, and assessed for

goodness-of-fit.

Kinetic Model Configuration

The main functionality for the definition and fitting of kinetic models is available on the
Tissue pane. The upper part contains data and model selections, while the lower part gives
access to the model details and fitting results.

Tissue

Region |WB

[z < [~ ]

Reference

history

Model |2 Tissue Compariments ‘v” ? l bt x |

Fit current region Fit all regions Tl = | v E v I

Standard rDetaHs r Increment rRestric‘tmns rWewghting rSensitivihﬂ ‘

Parameter

Currentvalue Unit % SE

Clve
vl K1
[¥] k2
[¥] k3
[v] kd

fitable

0.05 n =
0.067135 mlficem/min | 5.0
0.126062 AUmin - [19.71
0.027427 1min  [94.56
0.050138 1min  |87.91

Vs

- vt
derived .,

k3fk4
Flux

0201315 micem  [pa23] €ITOr
0.823866 micem 727

053255 micem  [15.87
0547019 1 |4245
0.011996 mlfccm/min |86.51
ChiSquared7.010935 -

The main elements for the model configuration on the Tissue pane are:

Region

Reference

Model

When several regional TACs have been defined and imported, the
current regional TAC can be set using this list selection. The left and
right arrows allow stepping forwards and backwards through the TACs.

After region switching, the display is updated with the configured
model and the curves of the selected regbn.

Selection of the regional TAC serving as reference in models which have
the input curve replaced by a tissue TAC.

The PKIN tool includes a comprehensive list of standard kinetic models
and some auxiliary calculations. This list allows selecting among all
currently configured models. As soon as the model is changed, the pane
in the lower section is updated to show the parameters of this model.

Note that the models in the list can be rearranged, added or deleted
using the PKIN Models tab after selecting Config from the PMOD

ToolBox.

Button for showing a quick information about the current model.

Model Parameters

The Standard sub-tab shows the configuration of the currently selected model. It
encompasses different types of parameters:
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Input parameters which are needed to specify information used for model calculations.

8 Fitable parameters which require a starting value and show the results of model fitting.
A parameter is only optimized if its fit box is checked, otherwise it remains fix ed.

8 Derived parameters are calculated from model parameters in the upper part to instantly
provide composite information such as the distribution volume or the flux.

The fitable and derived parameters have four columns of information:

8 The Parameter name. In order to see a brief explanation of the parameter place the
mouse pointer over the name a. The explanation text is then displayed in the status line
at the bottom.

8 The Current value , which can be edited, and which is updated as the result of a fit.
The Unit of the parameter value.

The standard error %SE of the parameter expressed as a percentage of the parameter
value itself. It is only available, if a fit has been performed using the Marquardt -
Levenberg method.

Default Values of Model Parameters

Eachmodel has default values. Initially, they are factory settings, but they can be re-defined
by the user if he wants to establish a default configuration which is more adequate from him.
There are four buttons for saving and retrieving the parameter values.

=]~ ][@][

=3

v i
- By

Saves the current parameter configuration of the model as the new default for
the model type. Included are the values, the fit flags, and the restrictions of all
parameters.

= Saves the current parameter configuration in a file to be specified. In this way
defaults per tracer can be set up.

& Retrieves the default configuration of the model.
= Retrieves a configuration of the model which was saved in a file.

Note that the configurations are valid per PMOD login, so different logins could be prepared
for processing types of data requiring different initial parameter values.
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Visualization of Parameter Dependency

The Increment sub-tab is mainly used for visualization purposes. For each fitable parameter
the current value is shown next to an increment value and an increment slider. When the
arrow buttons are selected, the parameter value is incremented or decremented accordingly.
The slider allows to increment/decrement a parameter smoothly. The minimal and maximal
values for the slider as well as the initial increment are obtained from the values on the
Restrictions tab.

Standard rDetaiIS |Increment[Restricti0ns rSensitivity|

FParameter Increment slider
Lumped Constant

Increments

Plasma Gluc.
vB
K1
k2
k3
kd
Ki

mliccrmimin

MRGIu. 59.451388 pmalimini 00g
Vs 0.0 mliccm
Wi 0.0 mliccm
ChiSquared 1.942822

After every parameter change the curve display is updated, so that the user can observe its
effect on the global uptake (model curve) and on the uptake in the different compartments
(Ca(t), Ce(t)).

For instance, as shown below, it can be nicely demonstrated that a change in K simply scales
the model curve, but does not change the curve shape: Set the curve display to relative
scaling by selecting the % in the upper right and then change K. Nothing changes in the %
display, provided that the blood volume fraction is set to 0. Any modification of the other
parameters changes the curve shapes notably.

%

105, 0685] - 19 [57 5, 6.96]

K1 [0.44721[0.08 |[¢] O=—= [»]

k2 [0.15531)0.08 |[4]
k3 [0.11508[0.08 [ | =—= [»|
4 o0 001 [[«[CF—=[»]

241 36.0 48.0 9.9
minutes

[

Restriction of Parameter Range

The Restrictions sub-tab is relevant for fitting. For each fitable parameter there is a box for
enabling the restriction which is defined by the Lower bound and the Upper bound value.
The purpose of parameter restrictions is to ensure that the resulting parameters remain
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within a reasonable physiologic range. Without restrictions, there is a higher chance to end
up with a meaningless solution. Note that these bounds are also used for the sliders on the
Increment pane.

The Searchvalue is used as an initial step-size for iterative fitting. It is recommended to set
this value to about the same size as the parameter value itself, as it is automatically
decreased if needed. This approach is not successful if the value is very small fom the
beginning.

Standard rDetaiIs rlncrement IRestrictions|[/Sensitivity |

Farameter Lower bound Upper bound  Search
Lumped Constant
Plasma Gluc.

vB 0.0 [[1.0 |[0.01 |
K1 0.0 |[o.g] [0 |
k2 0.0 |05 [0 |
k3 0.0 [0.5 [[0.1 |
kd 0.0 |05 [0 |

Conversion of Model Parameters with Model Switching

There are certainrelations (on page 5) between the parameters of compartment models of
different complexity. Accordingly, PKIN can be configured to convert the rate constants
when switching between compartment models. This mode is mainly useful when
developing from a simple model towards a more complex one. Conversion is enabled with
the Mode | conversion check in the Extras pane.

Reference Models

When a referenceModel is selected which uses the activity in a reference region as an
implicit input curve, the blood -related items become disabled and theRReference region
selection becomes active.

[ Tissue | Blood ’/ Coupled r Mt-Carlo r Coupled Mt-Carlo r/ Extras |

Region |caudate - 4 ‘ L3

I Reference |cerebellum - »

Mogel [Simplifisd Ref. Tissue todsl [~/ 7 |

| Fit current region H Fit all regions | |B” || ~J || =] || v |

Standard rDatalls rlncremem rRastnmmns rWelgmmg I/Sensmwry |

Parameter  Curmrentvalue Unit % SE

R1 0.939974 M 282
[¥] k2 0.066159 1imin 46
BPnd  [1.43045 M 177
Resampling 5.0 sec
k2 |0.066829 1imin 6.95
k2a  [0.02712 1imin 5.47

ChiSquared 0.369044

Please select an adequate regional TAC as the model reference and theRit current region .

Residual Weighting

Residual Weighting in PKIN

In PKIN, several different weight definitio ns are supported. They can be specified on the
Weighting pane using the list selection with the three entries Constant weighting ,
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Prescribed weighting and Calculated weighting . The contents of the different selections are
illustrated in parallel below.

r\ncrement rRastnmmns rWelghtmg [Sens|t|V|ty |

IConstamwalgmmg IvH ? ‘ IPrescrmed welgmmglvH ? ‘ ICa\cu\aled weighlinglv” ? |

scaleloos | Load from file Scale[0.05

Value ——————————— Show measured stdv rUptake ——————
® TAC mean (® Not considered
) TAC max ) Measured value
0 All weights = 1 1 Measured value squared

r Duration

1 Not considered
® Frame duration

r Decay

(Z) Not considered

(® Frame mid-ime|

Constant With constant weighting the same weight is applied to all residuals. Its size

weighting can be adjusted by theScale factor and the radio button setting. In the case
of TAC mean siis obtained as theaverage of all values in the TAC
multiplied by the Scale factor. Similarly, with  TAC max si is obtained as the
maximal TAC value multiplied by the Scale value. With All weights =1 the
weights are all set equal to 1 independent of the Scale (si =siz2=wi = 1).

Prescribed  The default behavior of this method is to use the standard deviation of the

weighting pixel values in the VOI for calculating the TAC for weighting. This
information is automatically available if the TACs have been sent from the
PMOD viewing tool to PKIN, and can be visualized using the button Show
measured stdv as illustrated below.

1 [0.083, 0:3649] - 34 [57 5, 0.3785]

376

3.08

b ‘\N_

. ——n

0.1 176 350 515 70.0 87.5
minutes

S e

IEI Measured Weightings

This definition can be overwritten by user -defined weights which are to be
loaded with the Load stdv from file button. Please see below how the file
has to be formatted.

Calculated  With this selection the variance is calculated for each TAC value from an

weighting equation which may take into account the measured uptake, the correction
of the radioactive decay, and the duration of the acquisition. The full
equation is as follows:
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2 C t
ol - rer (1)

i

Q- p-m2
At e T,

1

It includes a Scalefactor a, the decay-corrected Uptake Cerer(ti) at frame mid-
time t;, the frame Duration Dti, and the Decay constant| which is obtained
from the half -life T2 of the isotope.

The settings of the radio buttons have the following effect on the equation
above for cdculating s

8

Uptake :

Not considered : Crer(ti) is replaced by 1.

Measured value : Ceer(ti) is used, corresponding to Poisson weightingThe
effect is that more emphasis is given on low-uptake values than on high-
uptake values. This may be helpful for example if the fit seems to not
account enough for the tail of a decreasing function such as the input
curve.

Measured value squared : Crer(ti) is replaced by Ceer(ti), corresponding to
Relative weightingWith this option the influence of the uptake is furth er
increased. It should be used with care because by squaring small uptake
values (<<1) very small variances are generated which transform into
heavy weighting. As a consequence, a few small uptake values may
have too much impact on the fit.

Duration :

Not considered: Dti is replaced by 1.

Measured value : The individual frame durations Dt are used, so that
longer acquisitions are considered more reliable.

Decay:

Not considered : € " is replaced by 1.

. . —At; . . .. .
Frame mid-time: € " is used, so that earlier acquisitions are considered
more reliable.

Each time the configuration is changed, the standard deviation si is calculated and plotted as
an error bar around the measurements. This feedback gives the user a visual feedback as a
help in judging the adequacy of the specified weighting.

5.4

™
43

3z

21

kBgicc

1 [0.083, -0.057] - 34 [57 5, 0.659]

_ Indication of
standard deviation

0.1 176

35.0 525 o ars
minutes

EZIEI Measured
~ |[8J5 Noise model

=] |E| Wodel Curve
=] |EI []C1 (free & non-spec.)
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Loading Externally Defined Weights

Some users might want to implement their own residual we ighting schemes. To this end
they should calculate the standard deviations si for the different acquisition frames from
which the weights will be calculated according to

1
W, =—
o;

The si should be prepared in a tab-delimited text file of the following form:

t[seconds] standard-dev[kBg/cc]

10 0.10300076
30 0.01717448
50 0.01195735
70 0.01010257
etc

The header line is required. The first column represents the frame mid-times (although the
values are not interpreted), and the second column the standard deviations in appropriate
units. The number of entries must be equal the number of acquisitions, and the columns
separated by spaces or tabs. For example, such a file can be prepared in MS Excel and then
saved as a text file with tab delineation.

This definition can be loaded by th e Load stdv from file button available with Prescribed
weighting .

Display of the Residuals

The curve area with the residuals contains the information of the raw unweighted as well as
the weighted residuals. The context menu as illustrated below (right mous e click into the
curve area) can be employed for showing/hiding the curve controls and using them for
changing the displayed information.

KBeice =)
1 (0083, -1 67E-4] - 34 [87.5,0.031]
0z h' ond 8 R - PP .i
28 i - .
right click =7 .. uae cune crcioe
Ol 1wl ey _ 984 oy € | Hide/Show Cnntmlsl
miuies) Hide/Show Grid

S Hide/Show Density

| =] EEEI Measured-Calculated| [l EE ® i1 weighted residuals | Hide/Show Markers

View in Separate Window

e Menus = 3 [[f] = | & PrintReport B Save All Curves »

View Values (visible curves)

Properties

Switch all curves ON

Switch all curves OFF
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Use of the Weights in Monte Carlo Simulations

Monte Carlo simulatio ns require the generation of noise which is defined by a distribution
type as well as its deviation characteristics. Assuming that the weights specification
corresponds to the standard deviation of the measurement noise, the regional weighting
specification is used in the Monte Carlo noise generation together with the distribution type.
Note that the Scale factor has no impact on fitting, but that it is highly relevant in Monte
Carlo simulations.

Kinetic Model Fitting

The main elements on the Tissue pane for model fitting are:

Fit current Starts the process which fits the model curve to the measurements of the

region selected regional TAC. For compartment models the fit is an iterative
optimization, while for other models only a single calculation may be
sufficient.

In case randomized fitting with a number n of trials is enabled, the
button text is changed to Randomized fit current region[n]

Fit all regions Performs fitting for all TACs of the study using the current regional
model definitions.

In case randomized fitting with a number n of trials is enabled, the
button text is changed to Randomized fit all regions .

Fitting and Initial Parameter Values

Except for linear and multi -linear regression, minimization of the Chi square expression
requires an iterative approach. The procedure starts with a set of initial parameter values,
generates the corresponding model curve, calculates the Chi square criterion, and adjusts the
model parameters such that Chi square is expected to be educed. The cycle

8 chi square calculation

8 parameter adjustment

is then repeated until a further reduction of Chi square is not any more possible. The final set
of parameters upon termination is regarded as the best-fit result. It is not analytically exac t

and may depend on the initial parameters, on the optimization procedure, and on the
termination criterion of the iterations. Fitting is started using the Fit current region button.

It is recommended to provide a set of reasonable parameter values at thestart of the
optimization procedure. If the initial parameters are too far from the optimal solution, there
is a higher danger of getting stuck in a local minimum. When fitting complex models, it may
be worthwhile to first start with a simpler model and de rive initial values from those results.

Automatic Parameter Initialization and Randomized Fitting

The Extras pane contains some settings related to fitting.
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|/T|ssue rB\nod r/Cnup\ed rm-carlo rCnup\ed Mt-Carlo ’/ Extras l

Parameters
initialization

Model
conversion

Random
Fits

[_] Parameters initialization

[] Model conversion

[] Fit blood
[[] Random fits

20

Fitting method Marquardt =

Max lterations 200.0

This configuration is only related to the compartment models and
determines which initial values are used for the iterative fitting:

8
8

Disabled: the user-defined parameters are used.

Enabled: an automatic procedure determines initial parameters
which should be reasonably close to the solution. This is done by the
linear least squares method (on page 86). Note that the initial values
are not shown to the user. However, to see the values, please switch
to the linear least squares method and fit.

This configuration is only related to the compartment models and
determines the behavior if the user switches the model between different
compartment models:

8

Disabled: the first time a model is selected, its default values are
used, and thereafter most recent set of parameter values of that
particular model. This behavior works on a per -region bases.

Enabled: Each time, the user switches between the models, the
parameters are converted. If switching is between models with the
same number of compartments, the conversion is exact. If the number
of compartments is decreased, the lumped parameters of the reduced
model are calculated (on page 5). If the number of compartments is
increased, the same values are used for corresponding parameters,
and the additional parameters set to the default values.

Note that when switching the model from 1 -tissue to 2-tissue and
then back, you will end up with differing K:and k. values due to this
conversion process.

This configuration is only related to models which require iterative
fitting:

8

Disabled: Only a single fit is performed and the result parameters
returned.

Enabled: Multiple fits are performed , and the result parameters of the
fit with minimal chi squared returned. The fits are started with
randomized sets of initial parameters using a uniform distribution

with °100% range.

Note: If Parameters initialization is enabled, randomization uses the
automatically determined parameters for the random number
generation.

Note: The purpose of randomized fitting is to avoid local minima, but
there is a chance that the returred solution may contain unphysiologic
parameter combinations.
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Fit blood

Fitting
method

Max.
iterations

If this box it is checked on, all parameters of the Input curves which have
the fit box checked are also included into the set of fitted parameters. This
feature has two uses:

8 Fittin g the relative time delay between the tissue and the blood data
simultaneously with the kinetic rate constants.

8 (Rarely) Fitting a shape parameter such as the halftime of a
metabolite build -up together with the rate constants.

Selection ofthe numerical optimization method applied for iterative
fitting:

8 Marquardt : Marquardt -Levenberg algorithm [59]. Usually works
faster and has the additional advantage that it accumulates
information about the covariance matrix. Therefore, an estimate of
the standard error can be calculated for the fitted parameters. They
are shown as%COQV (coefficient of variation), ie. as a percentage of
the parameter value.

8 Powell : Conjugate direction set method [59].

The iterative optimizations terminate, when no substa ntial improvement
can be found any more, or when the Max iterations restriction is hit.

Note: Several models (linear and multi-linear regression) are not fitted
iteratively because they have closed form solutions. In these cases the
Fitting type settings are not relevant.

Maximal number of iterations which are allowed in the Marquardt and
Powell fitting.

Potential Fitting Problems

In the case of a failed fit it is worthwhile to check the console output. For example, the
output text repro duced below clearly indicates that the 4th fit parameter caused a problem.

Singular Matrix -2

covar[1][1] = 2.1652603147908747E -6
covar[1][2] = - 5.120936302955895E -4
covar[1][3] = 2.862241687078937E -7

covar[1][4] = 0.0

covar[2][1] =

- 5.120936302955895E -4

covar[2][2] = 0.3918087002588389

covar[2][3] = - 2.0406232308544742E -4
covar[2][4] = 0.0

covar[3][1] = 2.862241687078937E -7
covar[3][2] = - 2.0406232308544742E -4

covar[3][3] = 1.4044964781403112E -7
covar[3][4] = 0.0

covar[4][1] = 0.0

covar[4][2] = 0.0

covar[4 1][3]=0.0

covar[4][4] = 0.0

Such problems might be caused by initial values very close to parameter restrictions.
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Model History

The system maintains a history of model configurations for each region. Each time the Fit
button is activated, the result is added to the history. The user can also manually add
configurations. The user can display a list of the configuration history, edit the list, and select

one of the historic configurations. This functionality is accessible by the elements close to the
model configuration

Model ‘2 Tissue Compartments ‘vH d H ') ” + H ru H > “‘

Adds the current model configuration to the history list.

Switches to the prior model configuration.
Switches to the following model configuration.
Clears all history entries.

Shows the history.

The history is shown in a dialog window which contains in the upper part the model
configurations, and in the lower part statistics.

& No | Type | Region | Model |ve | K1 | k2 k2 | k4 vt | vs | Kamk2 | Kaka | Flux |t
1 Fit WB 2Tissue Comp.. 0.05  0.0671350.1260620.027427 0.050136j0.8238. | 0.291315 053255 0547019 0.011996

2 Fit WB 1Tissue Comp.. 0.05  0.061412 0.083889 7320..

3 Fit WB 2Tissue Comp.. 0.05  0.067135 0.1260620.027427 0.050138)0.8238..] 0.29013150.53255  0.547019  0.011996

4 Fit WB Logan Plot (Leg... 9144..

5 Fit WB Logan Plot 9216.. 25.0
6 Defaults ~ WB 2Tissue Comp.. 0.05  0.0671350.1260620.027427 0.050136j0.8238. 0.291315 053255 0547019 0.011996

7 Fit WB 2Tissue Comp.. 0.05  D.067135 0126062 0.027427 0.050138j.8238. ] 0.2013150.53255  0.54702  0.011996

4] i I

No | Type | Statistics | Model |ve | K1 | k2 | k2 | k4 [ wt | vs | Start Lin. | End Lin. | Max. Er.
1 Statistics  average 005  0.0659.. 0.1176.. 0.0274.. 0.0501.. 0.8376... 0.2913.. 20.0 250.600462.. 10.0
2 Statistics ~ median 005  0.0671.. 0.1260.. 0.0274.. 0.0501.. 0.8238... 0.2913.. 20.0 250.600462.. 10.0
3 Statistics  stdv 0.0 0.0022.. 0.0168.. 5.8397.. 7.4795.. 0.0596.. 9.3148.. 0.0 0.0 0.0
[ I [

‘ Copy to Clipboard ” X Delete ” Select ” Close |

Fit indicates that the configuration was automatic ally added as a fit result. Defaults
indicates that the user added the configuration manually by using a defaults button. The list
can be sorted by clicking on the column headers. Activated list entries can be removed with
the Delete button. Select or double-clicking into the list restores the selected configuration
and closes the dialog window. Copy to Clipboard copies the numbers, so that they can be
pasted into another application. Close just closes the window.

Note that the parameters of the different m odels are sorted into appropriate columns. For
instance, Vt resulting from the different compartment models appear in the same column so

that they can easily be compared. The user can change the sorting order by clicking on an
arbitrary column header.

CAUT ION: This history mechanism does not account for changes in the loaded data or

changes in the configuration of the blood -related models. However, it includes the definition
of the residual weighting and the valid points.
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Assesdng Fit Results

The physiologic behavior of PET tracers is usually quite complex. A comprehensive model
accurately describing its kinetics therefore requires many compartments and exchange
parameters. However, as the PET signal is limited in quality and on ly represents the sum of
all tracer radioactivity, the model must be simplified to a degree that only a few parameters
remain. When estimating a model with many parameters, the variance of the parameter
estimates tends to be very high, so that a reliable nterpretation of the results becomes
impossible. A simplified model with fewer parameters will provide more precise results, but
these parameters may be biased. Therefore, the optimal tradeoff between bias and
uncertainty has to be sought by testing models of decreasing complexity.

After every model fit detailed information about the parameter estimates and the goodness -
of-fit is available on the Details tab.

fStandard [ Details rlncremem rRestrH:tmns rWelghtmg rﬁensmwty |

Parameter ~ Curentvalue % SE Conflow Confhigh  Unit

vB 0.05 = = = 1
K1 0.067135 50 006028 007399 miccm/min
k2 0.126062 19.71 0.07532 01768 1/min
k3 0.027427 94.56 -0.02553 0.08039 1/min
k4 0.050128 67.91 -0.01939 0.11987 A/min
Vs 0291315 2923 011746 046517 mliccm
vt 0.823866 7.27 070152 0.84621 miliccm
K1/k2 0.53255 15.87 035998 070512 mliccm
k3ik4 0.547019 4245 007282 1.02122 1
Flux 0.011996 6651 -0.0043 002823 milccm/min
Parameter Currentvalue
DOF 20.0

Sum3quared 4.485386
ChiSquare 7.010935

AlC 70.958472

8C 76.063914

MSC 2788165

R2 0.951367

Sy.X 0.386669
Runs test 1.0

AUC 11122 199461

Parameter Confidence Intervals

Nonlinear regression using the Marquart -Levenberg optimization reports a standard error
for each fitted parameter value. If the inherent fitting assumptions are true, a 95% confidence
interval can be approximated by the result parameter plus/minus two standard errors. Thi s
confidence interval is displayed for each fitted parameter ( Conf.low , Conf.high ).

There will be a 95% chance that the confidence interval contains the true parameter value. A
sufficiently narrow confidence interval indicates that the parameter could be d etermined
with a reasonable certainty, whereas a wide interval makes it necessary to revise the
configuration of the used model, or look for a more appropriate model.

Goodness-of -Fit

The following measures are defined which allow a direct or indirect asses sment of the
goodness-of-fit:

DOF Degrees of freedom defined as the number of valid measurements minus
the number of fitted parameters.

SumSquared Sum of squared (unweighted) residuals.
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ChiSquare Reduced Chi square. Sum of squared, weighted residuals, divided by the
degrees of freedom.

The reduced chi-square provides a useful measure of goodnessof-fit. If the
model describes the measured data, the reduced chisquare will mostly
represent the variance of the data and will be close to 1.0 (when weighting
is appropriate).

AlC Akaike Information Criterion . The AIC methodology attempts to find the
model that best explains the data with a minimum of free parameters. The
AIC is calculated with the second order correction for small sample size
(<40).

The preferred model is the one with the lowest AIC value.
SC Schwartz Criterion , also called Bayesian Information Criterion (BIC).
The preferred model is the one with the lowest SC value.

MSC Another criterion used in the ScientistSoftware (MicroMath, Saint Lou is,
Missouri USA) is the Model Selection Criterion.

The preferred model is the one with the highest MSC value.

R2 There is also a measure of the goodnes®f-fit, the coefficient of
determination R2, a number between 0 and 1. A value of 0 means that the
fit is not better than a horizontal line through the mean of all
measurements, whereas a value of 1 means that all measurements lie
exactly on the curve. High R2 values indicate that the model curve is close
to the measurement.

Sy.x Another information ab out the residuals is provided by the root mean
square value Sy,x. Itis defined as the standard deviation of the residuals
and can be used to generate synthetic measurements in Monte Carlo
simulations, provided all measurements have the same variability.

Runs test The runs test is a statistical test to decide whether the model curve deviates
systematically from the data. It is based on the number of runs resulting
from the fit. A run is a set of consecutive measurements which are above
(positive residuals) or below (negative residuals) the measurement. Given
the assumption that the residuals are randomly distributed, the probability
p of the occurrence of a number of runs can be calculated. If p is small (eg.
p<0.05) the measurements systematically deviatefrom the model curve.
Such a finding signals that most likely an inadequate model was fitted and
further investigations of the result are not sensible. The test is only
applicable for a sufficient number of positive and negative runs (>8).

1 means that the systematic deviation between model and measurement
(p<0.05).0 means there is no significant deviation.

AUC Area under the model curve.
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Criteria for Comparing Models

The following criteria can be used for comparin g different models which use the same
weighting and are fitted to the same data. The notation is:

n: Number of independent measurements considered in the fit

p: Number of fitted parameters
wi: Weight applied to residual of acquisition i

Akaike Informati on Criterion (AIC)

The Akaike Information Criterion [29] is defined by the formula
AIC =n ln[Zw(.[y(r{.) —j:’(!{.)]g z’n} +2p

If applicable, PKIN uses an adjusted procedure with a second order correction for small
sample size (<40) [58]

AIC = HIH[ZW{.[}’(II) _J:’("fx)]? ’In‘) + 2p +M
i n—p_l

The more appropriate model is the one with the smallerAlC value.

Schwartz Criterion (SC)

The Schwartz Criterion is defined by the formula
SC=n ln[Zw{.[y(f{.) —3@)[ xn] + pln(n)
The more appropriate model i s the one with the smallerSC value.

Model Selection Criterion

Another criterion used in the ScientistSoftware (MicroMath, Saint Louis, Missouri USA) is
the Model Selection Criterion

>l - 3@)f
MSC =In| - —— |-2p/n
Zwi [}’(-ﬁ-) - y(f{-)]

This criterion has the advantage that it is independent of the magnitude of the y i. Opposed to
the AIC and the SC the more appropriate model is that with the largerMSC.
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F-Test

Two nested models can be compared by an Ftest of their sum of squared residuals [38]. The
idea is to compare the total sum of squares into a component removed by the simpler model
and into a component additionally removed by the more complex model. For each
component, the mean square (sum of squares per degree of freedom) is calculated. The
residual mean square is an estimate of the variance of the original data. The ratio of the two
mean squares is the Fstatistic used to test for significance of the variance reduction by the
additional parameters, as follows:

F= (0, -0,)/(p, —p1)
0,/(n —p,)

where

Q: represent the sum of squares or the simple model with p. parameters,

Q:the sum of squares or the more complex model with p- parameters,

P1< P2
The Fstatistics has (p-p:,n-p2) degrees of freedom. If the calculated F is larger than the
tabulated value at a specified p value, the reduction of the residual variation by the addition
of the (p2- p:) extra parameters of the more complex model is statistically significant.
Usually, significance p=0.05.

Note: in MS Excel the R(pz-p1,n-p2) can be calculated by the function FINV(p;p2-p1;n-p2).

Analysis of Sensitivity and Identifiability

The following two approaches can be employed to investigate whether a selected model is
too complex for the data. The implementation in PKIN is based on the handoutKinetic model
evaluation with sensitivity functions and correlation matridgsDr. M.M. Graham, University of
Washington at the Technical Exhibition of the Society of Nuclear Medicine Annual Meeting
1995 (JNMvol 36, no 5, P1208). As to our knowledge, there is no follow-up paper about this
subject.

Sensitivity

If a parameter value is changed there should be some visual change in the model output.
Some parameters will cause more change than otler. The model is more sensitive to a
parameter that causes more change in the output.

The sensitivity functions Sens(ki) for the different parameters ki are obtained by calculating
the model function twice: with the initial parameter set, and after changin g the parameter ki
by 1%. Then, the expression

Sens(k,t)= 100*[Model(ki*(1.01), tyModel(k i, t)]/Model(k i, t)
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is calculated over time. When the 1% change of khas changed the output by 1% at a certain
time the sensitivity function is equal to 1. In PKIN, the sensitivity functions are calculated for
all model parameters, whenever the Sensitivity pane is selected. The example below shows
the sensitivity functions of a FDG data set.
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Examination of the sensitivity curves shows at what time a parameter has significant
sensitivity and how sensitive a parameter is compared to another. If the sensitivity curves of
two parameters have the same shape it is unlikely that one can tell which parameter has
changed (ie. they are not identifiable).

In the FDG example above the model is quite insensitive to vB. Furthermore, the K. and k-
curves have a quite similar (but opposite) shape throughout the acquisition duration,
indicating that there is a substantial correlation between these parameters.

Identifiability

The model output must change in a unique way when changing a model parameter. If the
change in the model output is the same when changing either of two parameters they can
not be independently identified. In this s ituation the model must be simplified further, or

one of the parameters can be fixed at a physiologic value. The latter approach is better since
simplification usually means essentially setting one of the parameters equal to zero or
infinity.

A more quanti tative way to look at parameter identifiability is to generate a correlation
matrix. It shows how the various parameters tend to correlate with each other. A low value,
close to 0, means they do not correlate and that they are identifiable from one another. A
high value, close to 1, means they are highly correlated and not independently identifiable.

The correlation matrix is calculated by:

1) generating the sensitivity matrix SM given from the sensitivity functions by
SM(i,j)=Integral(Sens(ki,t)*Sens(kj,t));

2) inverting the sensitivity matrix SM(i,j), resulting in the covariance matrix;
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3) normalizing the covariance matrix by dividing each element by the square root of the
product of the corresponding diagonal elements; result is the correlation matrix .

The correlation matrix is shown in the Sensitivity pane. Using the Save button the
correlation matrix and the sensitivity functions can be save into a text file.

Details rlncrement rRestridions rSensitivity |

%Param. change|(1.0

Correlation matrix vB K1 k2 k3 k4
vB 1.0 -0.2457 -0.1473 -0.0104 0.3431
K1 -0.2457 1.0 0.8861 0.6102 02438
k2 -0.1473 08861 1.0 0.8864 05444
k3 -0.0104 06102 0.8864 1.0 0.5359

k4 0.3431 02438 05444 08359 1.0

Note: Sensitivity functions are currently only suppo rted for compartment models.

Comparison by Data Cloning

PKIN allows to examine different models and compare their numerical output using the
History (on page 52) mechanism. Sometimes it is also helpful to compare the model curves
resulting from different model configurations in question. This can be achieved using the
Study Compare Dialog in the Menu .

A new dialog window is opened with a clone of the current data set. It supports al | features
of PKIN except for the functions related to data management. So the user can arrange the
original PKIN window and the dialog window next to each other and process/visualize the
same data in parallel.

Coupled Fitting for Improving Parameter Estimates

In some situations the introduction of prior knowledge can help to improve the stability of
model fitting. In receptor experiments it may be adequate to assume that the distribution
volume (K /k2) of the non-displaceable compartment and/or the dissociation rate from
specific binding sites (k4) are equal in certain tissues of the brain. Hence, a simultaneous fit
of selected regional TACs of a scan can be performed which finds separate Kand ks values
per TAC, but which delivers a K +/k2 and k. which is common for all TACs. As an example,
SanabriaBohorquez et al [63] have used a coupled k for solving the problem of unstable fits.
In PKIN this type of fitting is called Coupled Fitting .

The concept can be extended to the fitting of data from different scans of the same subject,
for instance test/retest scans which are replicate measurements under the same conditions
and where the parameters should be very similar if the regions are consistently outlined.
Plisson et al. [64] have applied simultaneous fitting with the data of pigs which were studied
in a baseline condition and with different degrees of receptor blocking by cold compound.
By applying the simultaneous fitting, they were able to get stab le estimates, which was not
possible with independent fitting. In PKIN this type of fitting is called Coupled Studies
Fitting and distinguishes two variants of coupling. GLOBAL coupling of a parameter results
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in single value which is common for all fitted TACs. REGIONAL coupling of a parameter
results in common value per region. For instance, if ks is defined as a parameter with
REGIONAL coupling and the coupled regions from two scans are caudateputamenand
frontal, a different ks estimate will result fo r each of these three regions, but each of them is
common across the TACs of the two scans.

The requirements for coupled fitting in PKIN are:

8 The same kinetic compartment model applies to the TACs of several tissue regions.
(non-compartment models may not be coupled).

8 There exists one or more parameter in the model configuration which can be assumed to
have a common value in the model for different TACs.

Common Parameters across Regional TACs of a Single Study

For a simultaneous fit of TACs from a single study the user specifies the coupling on the
Coupled pane:

(kM [‘mput [ Coupled | Mt-Carlo | Coupled Mt-Carlo | Fitting |

| Fit coupled
Coupled parameter Current value Unit
[lwe 0.05 111
k1 0.418785 mliml Tissfmin

226203 mlimiTiss
T P

p :
[lk3 5746 14min
Parametdié
503416 timin

Coupled region
[¥] ternp-lat-re
[v] ternp-lat-li
[v] temp-med-re
[ pit
put-re
put-li

Coupled
Regions

In the upper section the kinetic model parameters are listed. Check those parameteis which
are to be coupled among regions. The lower section lists all selectable regional TACs (having
the same model). Check all regions which are to be included in coupled fitting.

Fit coupled starts the fitting process as follows:

8 A global target curve is created by stacking the TACs of the checked regions (valid
points only).

8 The corresponding weights are calculated according to the weighting configuration for
each TAC.

8 A table of fitted parameters is formed by entering the common parameters once and
adding all the other fit enabled parameters in the coupled regions. The initial values of
common parameters are taken from the first checked region, for the other parameters
from the individual regional models. If Fit blood parameters is enabled on the Fitting
pane, the fit-enabled parameters of the blood curves are also taken into account.

8 The optimizer calculates the model curve in all checked regions, creates the global result
curve corresponding to the target curve, weighs all the residuals and forms the global
sum of squares as the figure of merit. The parameters are adjusted until the cost function
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has been minimized, and the resulting parameters are copied back to the individual

models.

Note: Coupled fitting may take significant processing time. Thus t he Batch mode facility
may be a helpful option to run such jobs at less busy times.

Common Parameters across Regional TACs from Different

Studies

Preparations

For a simultaneous fit of TA Cs from multiple studies the user first has to

8 load all of the data sets so that they are available on different tabs;

8 ensure that all of the TACs to be coupled have the same compartment model
configuration and the same residual weighting;

8 ensure that all models parameters have reasonable initial values by either fitting the

models, or propagating a model configuration.

The coupling is performed on a separate dialog window which can be opened from the

Menu with Coupled Studies Dialog entry.

Study and Model Selection

The dialog window opens on the first tab Study/Model selection containing three sections.

fStudy’fMudel selection rReg\cms selection rResult parameters |

Study selection

Sel & Study 1 Patient Description
[v] | Study1 PKIN1 PKIN1 ECPFPX Bolus] CPFPX Bolus Dynamic PET
v Study 2 PKIN1 PKIN1 [CPFPX Bolus] CPFPX Bolus Dynamic PET
v Study 3 PKIN1 PKIN1 [CPFPX Bolus] CPFPX Bolus Dynamic PET

Model selection

< Model

1 Tissue Compartment

2Tissue, K1/k2

Parameters selection

a No Parameter Coupling

1 vB NOT COUPLED
2 K1 NOT COUPLED
3 K1/k2 REG\DNAH
4 k3 NOT COUPLED l
5 k4 NOT COLPIFN ‘;

REGIONAL

NOT COUPLED

LOBAL
0%

The Study selection lists all open data sets. As soon as one of them is selected in the list, the

Model selection list is updated, showing the different models which are used for the TACs

of the study. In the example shown above one of the regions (which is not used four
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coupling) uses a1 Tissue Compartment model, whereas the regions intended for coupling
use the2 Tissue K1/k2 model.

After selecting the appropriate model, the Parameters selection list is updated showing all
parameters of the model together with a Coupling selection. A parameter can have one out
of three configurations:

8 NOT COUPLED : The parameter will be individually fitted in the different regional
models or kept fix depending on the state of the individual fit box.

8 REGIONAL : The parameter will be coupled among all regions with the same name. For
instance, the parameter will have a common value for all caudateegions, a different
common one for all putamenregions, etc. Note that with this configuration the state of
the individual parameter fit boxes is not relevant, the parameter will be modified in all
coupled regions.

8 GLOBAL : The parameter will be coupled among all coupled regions with the same
name. For instance, the parameter will have the same common value among allcaudate
putamen etc regions. Note that with this configuration the states of the individual
parameter fit boxes is not relevant, the parameter will be modified in all coupled
regions.

Regions Selection and Fitting

The next step is defining the TACs included in the coupled fit on the Regions selection pane
as illustrated below.

Study/Model selection | Regions selection I’Resunparameters

Fit settings
[ ] Randomfits |20
Regions selection
Include 4 Region

v Caudatus li
v Caudatus re
| Frontal li
1 Frontal re
= Set selected KH i
0 Selectall KH re
vl Selectnone Putamen l
v — Putamen re
vl a Striatum li
v / Striatum re
1 / Temporal li
1 i Temporal re

/

Selection context menu
0% |

The list contains all regions which are defined in the coupled studies with exactly the same
names Initially all regions are selected for inclusion. Regions can selectively be unselected by
checking their box. When working with large number of regio ns (e.g. from atlas definitions)
the context menu may be helpful which can be opened by right clicking into the list. It
contains Select all and Select none for quickly selecting or de -selecting all regions,
respectively.

Coupled fitting is started using t he Fit coupled button and proceeds as follows:
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8 A global target curve is created by stacking the TACs of all coupled regions from the
selected studies (valid points only).

8 The corresponding weights are calculated according to the weighting configuration fo r
each TAC.

8 Atable of fitted parameters is formed by entering the GLOBAL parameters once, the
REGIONAL parameters once per region, and adding all the other fit enabled parameters
in the coupled regions. The initial values of common parameters are taken from the first
study, for the other parameters from the individual regional models. Note that Fit blood
parameters has no impact on fitting, all the parameters of the blood curves remain fixed.

The optimizer calculates all model curves, creates the global result curve corresponding to
the target curve, weighs all the residuals and forms the global sum of squares as the figure of
merit. The parameters are adjusted until the cost function has been minimized. If the box
Random Fits is checked, the fitting will b e repeated as many times as specified with
randomly changed starting parameters and the result with minimal global chi square
returned.

Result Parameters

After the coupled fit has completed the resulting parameters in the coupled regions are listed
on the Result parameters pane which is immediately shown.

fSIudwru'!ude\ selection rRegmns selection rResu\lparamelers | REGIONAL G LOBAL

& No Study | Region Model vB K1 K‘g K3 k4 Vs vt k3
1 2 Striatum li 2 Tissue, K1/k2 | 0.05 0.0758... 0‘371893,’ 0.0057...|0.0272... |0.1839 |1.0557../0.210
2 2 Striatumre |2 Tissue, K1/k2 | 0.05 0.0713.. 034183#,’ 0.0044...|0.0272... J0.1363 | 0.9781...]0.161
3 2 Caudatus li 2 Tissue, K1/k2 | 0.05 0.07054 0‘30302‘6’ 0.0071...|0.0272... |0.2096... | 1.0126...| 0.261
4 2 Putamen re |2 Tissue, K1/k2 | 0.05 0.0776... 0‘9132’61 0.0042...|0.0272... |0.1432... | 1.0564... 0.156
5 2 Putamen i 2 Tissue, K1/k2 | 0.05 0.0788..|0.928 3’ 0.0045...|0.0272... |0.1550... | 1.0837...| 0.167
6 2 Caudatus re |2 Tissue, K1/k2 |0.05 0.0594... | 0.74 f 0.00373 |0.0272...J0.1024... | 0.8508... 0.136
7 1 Striatum Ii 2 Tissue, K1/k2 | 0.05 0.0754.. 03718@5 0.0056... |0.0272... |0.1822... |1.05418 | 0.209
8 1 Striatumre |2 Tissue, K1/k2 | 0.05 0.0713.. 0‘341816 0.0045...|0.0272... |0.1391... | 0.9810...| 0.165.
9 1 Caudatus li 2 Tissue, K1/k2 | 0.05 0.0703.. 0303@8 0.0070... |0.0272... |0.2080... | 1.0110...| 0.259
10 1 Putamen re |2 Tissue, K1/k2 | 0.05 0.0775.. 0‘913106 0.0043...|0.0272... |0.1472... | 1.0604... 0.161
1" 1 Putamen i 2 Tissue, K1/k2 | 0.05 0.0783.. &92%73 0.0044...|0.0272... |0.1527... | 1.0814...| 0.1644
12 1 Caudatus re |2 Tissue, K1/k2 |0.05 0.0595 |0.74¥593 |0.0038...]0.0272.. |0.1049... | 0.8533... 0.140.
13 3 Striatum Ii 2 Tissue, K1/k2 | 0.05 0.0755..|0.871893 | 0.0056...|0.0272... |0.1818... | 1.0537... 0.208!
14 3 Striatumre |2 Tissue, K1/k2 | 0.05 0.07144 |0.841836 | 0.0043...]0.0272... |0.1346... | 0.97646 | 0.159!
15 3 Caudatus li 2 Tissue, K1/k2  |0.05 0.0703..|0.803028 |0.0068...]0.0272... |0.2025... |1.00555 | 0.252
16 3 Putamen re |2 Tissue, K1/k2 |0.05 0.07766 |0.913206 |0.0042...]0.0272...|0.1407... [1.0539..] 0.154
17 3 Putamen li 2 Tissue, K1/k2  |0.05 0.0782..|0.928673 |0.0045...]0.0272... |0.1545... [1.0832.. 0.1664
18 3 Caudatusre |2 Tissue, K1/k2 |0.05 0.0596..|0.748393 |0.0037...]0.0272_.]0.1018... | 0.85022 | 0.136!
4] 1 I D
Mo Study Statistics Iodel vB K1 K1ik2 k3 kd Vs Vit
1 Statistics average 0.05 0.0721...|0.851172 | 0.0049...| 0.0272...| 0.1545... | 1.0056..
2 Statistics median 0.05 0.0734... | 0.856865 | 0.0044...0.0272... 0.15001 |1.0331..
3 Statistics stdv 1.3877...| 0.0063... | 0.062253 | 0.0010...| 0.0 0.0332... | 0.0769..
4] i | IC
|

| Fit coupled H Copy to Clipboard H Use results H Close |

Note in the example above that the REGIONAL parameter Ki/k: has the same value in all
regions with the same name, whereas theGLOBAL parameter ks has the same value in all
regions.

The results can be prepared for use in another program such as MS Excel with theCopy to
Clipboard button. The Use results button transfers the result parameters together with their
standard errors to the individual models and cl oses the dialog window, whereas the results
are discarded by the Close button.
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Special Processing Modes

Monte Carlo Simulations

The purpose of performing Monte Carlo simulations in kinetic model ing is to get
information about the standard error of the parameter values found in a fit. There are two
different kinds of sources which contribute to the uncertainty of the parameters:

1) All the input data are measured and hence prone to measurement errors.

2) The model may contain more parameters than supported by the data, so that the effect
of one parameter may be counter-balanced by another parameter.

The paradigm used for performing Monte Carlo simulations is described by Flannery et al.
[11]. The basic dea is to simulate a series of measurements and statistically analyze the
results when modeling these synthetic "measurements".

In PKIN Monte Carlo simulations can be performed for compartment models applied to a
single tissue (Mt -Carlo) and models coupled across several tissues Coupled Mt -Carlo) by
selecting the respective panes.

Single Tissue

f Tissue r r Coupled r Mt-Carlo r Coupled Mt-Carlo r Extras

| Start Monte Carlo

Add noise Moise parameters

imlEiss E
wsinoss covwen ]

[] Parameter noise | Gaussian E

Simulations 1000

Three types of "noise" can be defined. For each "noise" the distribution type as well as the
variance has to be cafigured. After selecting the distribution a dialog window appears for
defining the variance as described in the Residual weighting (on page 45) for model fitting.

1) Blood noise to be added to the blood data for simulating noisy input curves. This option
is only supported for blood models of type Measured.

2) Model noise to be added to the tissue model curve for simulating TAC noise. Note that
here only the noise distribution needs to be selected. The noise variances adopted from
the Weigthing tab on the Tissue pane.

3) Parameter noise to be added to the starting parameters for disturbing the starting
conditions from the ideal solution. The setting below is recommended to add 20% noise
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to the ideal parameter values.

[_] Parameter noise ‘ Uniform I" - |

Ik Weighting configuration

Calculated welghting |Z|

Scale|0.2|
Uptake

) Not considered
g Measured value (Poisson weighting)
Measured value squared (Relative weighting)
Duration

® Not considered
() Frame duration

Decay

® Not considered
1 Frame mid-time

Three distributions are available for noise generation, Gaussian, Poisson and Uniform . They
are applied for each individual measurement with the prescribed variance. There are
definitions with constant stand ard deviations for all time points, and others with variable
standard deviations.

When the Start Monte Carlo button is selected the following processing starts:

1)

2)

3)

An initial fit is performed. From then on it is assumed that the result parameters
represent the "true" parameters, and the model curve represents the "true” measurement
curve.

The number of Simulations times a noisy data set is prepared according to the
definitions and then fitted. Noise is added to the "true" curve (and optionally the input
curve). The "true" parameters, optionally disturbed by some noise, are used as starting
values, and the fit to the noisy data performed. The resulting parameter values are
recorded.

After all runs have completed, the distribution of the result parameters is ana lyzed
resulting in a mean and a standard deviation value for each fitted parameter. These
values are shown on the Tissue page, and the model curve with the mean parameters is
shown. Often, it does not follow the measurement as well as with the fitted param eters.
The Monte Carlo results should now be saved, because as soon as a parameter is
changed or a new fit is initiated, the results get overwritten.

rStandard r Details r Increment rRestridiuns rWeighlmg rSensithy |

Parameter  Currentvalue Unit % SE
L] 0.05 1 =
K1 0.067128 mliccmimin| 2,16
k2 0127046 imin
k3 0029199 1min Standard
k4 0.050291 1imin de\". Of
mean of MC Vs 0.306778 mliccm MC
vt 0.835155 mifccm
Kilk2 |0.528377 mifccm
k3/k4  |/0.580605 "

Flux 0.012545 mliccmimin - —
ChiSquared7.026279




PKIN Data Processing 65

It is possible to visualize a summary of the fit result s during the Monte Carlo runs by
switching back from the Tissue to the Mt -Carlo pane. In the curve display, a new curve
Monte Carlo appears with vertical bars. The end points of these bars mark the minimal and
the maximal value that any of the resulting mo del curves reached at a particular time point.
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Several Tissues Coupled

The same principle as for the single tissue Monte Carlo simulation applies to the Coupled
Monte Carlo simulation ( Coupled Mt - Carlo tab). In the upper section, the coupled
parameters and the regions to couple are defined. In the lower section, blood and parameter
noise can be specified. When starting, an initial coupled fit is performed to find the "true”
parameters and the "true" model curves. Then, noisy curves are generated and coupled fits
performed. At the end, the mean and standard errors are available as the regional
parameters.

Batch Mode

The Batch Mode serves for running a sequence of fits or Monte Carlo simulations with pre -
configured files. In principle it consists of the following steps:
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The user first selects a list of.km files configured with the right model definitions,
defines the type of processing,

specifies a result file into which the result parameters will be saved,

O 0 0 o

and starts the batch run.

To set up batch processing select theBatch Mode entry from the Menu . A multiple -file
selection dialog is opened which allows to add .km files from a database or from different
directories. For file-based selecton, browse to the directories, select the files to be processed,
and bring them to the Selected area using Add to SELECTED . After selecting Open the
following batch configuration dialog appears.

DASE MRTM { PKIN2 ) 2008-08-30 <71 8/340~/Pmod=
CPFPX-Bolus-2TC { PKINT ) 2008-08-30 <2/6/338MPmod=
FDG-2TC ( PKING ) 2008-02-21 =14/35/221FPmod=
FDG-Patlak ( PKIMN3 ) 2008-02-21 =14/35/220/~Pmod=

H20 Baseline ( PKIMN4 ) 2008-02-21 «<12/32/209/Pmod=
Files to process

Note: they are overwritten by result!

rOperation

) Fitthe active region per file

® Fit each individual region per file

) Perform one coupled fit per file

) Perform a Monte Carlo simulation for the active region per file
i) Perform a Monte Garlo simulation for each region perfile

) Perform one coupled Monte Carlo simulation per file

) Copy model parameters from KM to kmPar file

Same operations for all files

rKinetic Parameters file

For Save ” For Append

Save: [CIPmod3.0/datalexamplesikmiBatchExample kinPar]

It shows the list of selected .km files at the top. If the box Same operations for all files is not
checked, a file can be selected in the list and an action defined individually. If it is checked,
the same operation is performed for all files. The operations are:

Fit active region per file Only the TAC of the active region (ie. the current region
when saving the .km file) is fitted with the model as defined
in the .km file.

Fit each individual region All regional TACs are fitted with the models as defined in

per file the .km file.

Perform one coupled fit Performs coupled fitting with the model and coupling as

defined in the .km file.

Perform a Monte Carlo Using the noise and model definitions in the file a Monte
simulation for the active Carlo simulation o f the current TAC is performed.

region

Perform a Monte Carlo As above, but applied to all regional TACs. Can be used to

simulation for each region evaluate the sensitivity at different parameter combinations.
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Perform a coupled Monte Monte Carlo simulation using coupled fitting as defined in
Carlo simulation the file.

Copy model parameters Just a convenience to summarize the parameters of a series
from KM to kinPar file of files into one tabular text file. Note that a result file must

first be defined for the op tion to become available.

The For Save and the For Append buttons can be used to specify a file for saving the result
parameters of the batch run.

After the Run button has been activated each file is loaded, the processing performed, the
resulting parameters written into the result text file, and the input .km file is overwritten by
the result.

The recommended approach for batch processing therefore is:

8 Prepare all .km files to be processed with appropriate configurations (# iterations,
coupling, Monte Carlo parameters, etc) in aninput directory,

copy all of them to a new output directory,
select the files in the output directory for batch processing

and Run.

With this strategy the original files are maintained for a different usage.

Convenience Tools

In the lower right part of PKIN there is an ensemble of user interface elements supporting
some auxiliary tasks.

Changing Display Types
The Display type selection allows choosing which information is sho wn in the main curve
area.

Display type
Standard | w

‘Standard
Blood
Regions
Models

Standard shows all curves related to the current region. Blood shows only the blood
measurements. Regions shows all regional TACs,
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{ /il

and Models all fitted model curves

N

|1

Copy Operations
Copy to All Regions Copy Blood Curves
|Mnde\ & Par. ” a ” Region to Plasma ” a |
M Model & Par. M Region to Plasma
[0 Model [J Region to Whale Blood
[ Weighting I3 Plasma to Whole Blood
I3 valid I3 Whole Blood to Plasma
Copy to all  This multi -function button can be used to propagate a model from the current
Regions region to all regions in the study.
Model & Par. copies the model with the parameters (which can then be used
as starting values for Fit all regions ).
Model copies the model structure, with the current parameters.
Weighting copies the current definition how the residuals are weighted.
Valid copies the definition of the currently valid points to all regional TACs.
Copy This multi -function button allows transferring activity curves between the
Blood tissue and the blood.
Curves Region to Plasma copies the current TAC to the input curve.

Region to Whole Blood copies the current TAC to the whole blood curve.
Plasma to Whole Blood copies the input curve to the whole blood curve.
Whole Blood to Plasma copies the whole blood curve to the input c urve.
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Auxiliary Tools

Tools

Edit Patient | a

3 View Par.
I Save Par.
[0 Append Par.
[ Save KM
[J Edit Data
[ Edit Patient

3 Comments

The Tools multi -function button is particularly helpful, if the PKIN tool is opened as an
intermediate dialog and hence has no menu available. In this case,Save KM, Save Par,
Append Par just allow to save the data as a .km file, as a parameter summary text file, and to
append to a latter file.

View Par opens a dialog box and shows a quick summary of all regional model parameters.

Region wB k1 a f1k2 k3 kd D Dot ke3rfkd
temp-med-li 0.05 0.9863... |0.200259 1.0056... |0.0126... |23.0000... 23.389292 |79.580636
temp-med-re 0.05 0.5700... |0.540739 0.8762... |0.0292... [16.1950...| 16.735745 |20.949771
thal-re 0.05 1.0174... |0.644251 0.9772... |0.0226... |27.7964... 28.440699 (43.145348
par-li 0.05 0.3570... |0.670814 0.77528 |0.0426... [12.2008...12.871701 |18.188176
thal-li 0.05 0.6378 |D.762385 1.3881... |0.0390... |27.1281... 27.890519 |35.583258
caud-li 0.05 0.8208... |0.848832 0.7026... |0.0256... |23.2505... 24.099408 |27.391274
front-lat-li 0.05 0.5039... |1.155919 0.6253... [0.05029 |14.3736...| 15529568 |12.434827
front-med-re 0.05 0.5727... |1.203624 0.6377... |0.0527... |14.5465.. 15.750216 | 12.085657
put-re 0.05 0.5862... |1.50568 0.6709... (0.0370... |27.2841... 28.789807 |18.120805
put-li 0.05 0.5614... |1.534177 0.6394... [0.0361... |27.1606... 28.694798 |17.703702
par-re 0.05 0.4298... |1.641537 0.4168... [0.0484... |14.1228... 15.764425 |8.603453
front-med-li 0.05 0.5047... |1.008844 0.5068... (0.0702... |13.7693... 15678224 |7.213464
cer-li 0.05 0.5251... | 1.966003 0.4807... (0.0802... |11.7789... 13.744926 |5.991290
cer-re 0.05 0.5240... |1.973798 0.3827... [0.0562... |13.4274... 15401288 |6.802869
temp-lat-re 0.05 0.4187... |2.25203 0.3257... [0.0524... |13.9954... 16.247434 |6.214573
temp-lat-li 0.05 0.4478... |2.33575 0.2849... (0.0478... |13.0084... 16.244231 |5.95461
pit 0.05 0.3535... |2.339431 0.1154... [0.0233... |11.5835... 13.923019 [4.951455
caud-re 0.05 0.6627... | 2.750456 0.2296... [0.0203... |31.0287... 33.779252 [11.281328
front-lat-re 0.05 0.4339... |2.913144 0.2868... |0.0617... |13.5437... 16.45693 4.649198
pons 0.05 0.3388... | 3.884893 0.1211... [0.0233... |20.1306... 24.015535 |5.181775
occ-rad-li 0.05 0.4232... |4.6675 0.1550... (0.0415... |[17.4211... 22.088604 |3.732427
occ-med-re 0.05 0.5072... |5.070544 0.1634... [0.0623... |13.2920... 18.36256 2621418
occ-rad-re 0.05 0.3917... |5.11826 0.2015... (0.0714... |14.4310... 19.549334 |2.819528
occ-med-i 0.05 0.4517... |6.759734 0.1000... (0.0622... |10.8642... 17.623968 |1.607199

N Statistic WB k1 Kakz2 k3 k4 (3% Dttt k3ikd
average 0.05 0.5435... |2.280775 0.5029... |0.04458 |17.763... [20.044645 |15.492002
median 0.05 0.5072... [1.966003 0.4807... |0.0478... [14.431... [17.623068 |B.603453
stov 1.3877... |0.1760... |1.654951 0.3293... |0.01786 |6.1589... |5.800757 17.242344

| H save Par. ” Copy to Cliphoard ” Close |

Edit Data allows editing/processing the data values and generating new TACSs, for instance

by averaging TACs or adding noise, seebelow (on page 73).

Edit Patient allows changing the demographic patient data as well as the radionuclide, see
below (on page 75).

Comments opens a dialog window for entering arbitrary comments, see below (on page 75).
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Parameters Aggregation

The PKIN Menu contains an entry Parameters Aggregation . Its purpose is to concentrate the
parameter values which have been saved inKM Parameters Files for statistical analysis. It

opens a dialog window with three tabs as illustrated below.

[ Aggregate Components [
SELECT DATABASE ‘ P> Pmod - » |[ DataBase/ * kinPar ]
B ab| [
Patient Name l’ \ i Rikilnes g~ -
Patient ID [* || modified = v | Pil xR
= 1 8
Component name |CPFF‘X_ ]: LastUse . - . X B + Don h‘ bt 9
SexDz’ Size [m] |0.0 » :[50 4 Weight [kg] |0.0 » :{10000 | ¢ Body Pavt|:]3
Component name Patient name Patient id ¥ Modify time LastUse File size Sex Birth date Hi
CPFPX_9 PKIN1 Dyn. CPFPXb... | 2010-08-12 08:3... 2010-08-120...| 8098 M 1981.01.1 .0
CPFPX_8 PKIN1 Dyn. CPFPX b... | 2010-08-12 08:3... 2010-08-120...| 8079 M 1981.01.f .0
CPFPX_7 PKIN1 Dyn. CPFPXb... | 2010-08-12 08:3... 2010-08-120...| 8082 M 1981.01.f .0
CPFPX_6 PKIN1 Dyn. CPFPXb... | 2010-08-12 08:3... 2010-08-120...| 8096 M 1981.01.01 .0
CPFPX_5 PKIN1 Dyn. CPFPXb... | 2010-08-12 08:3... 2010-08-120...| 8096 M 1981.01.01 .0
CPFPX_4 PKIN1 Dyn. CPFPX b... | 2010-08-12 08:2... 2010-08-120...| 8091 M 1981.01.01 .0
CPFPX_3 PKIN1 Dyn. CPFPXb... | 2010-08-12 08:2... 2010-08-120...| 8088 M 1981.01.01 .0
CPFPX_2 PKIN1 Dyn. CPFPXb... | 2010-08-12 08:2... 2010-08-120...| 8096 M 1981.01.01 .0
CPFPX_1 PKIN1 Dyn. CPFPXb... [ 2010-08-12 08:2... 2010-08-120...| 8106 m 1981.01.01 .0
< 1] | »
\ Select all ” X Delete ” 29 E Export J ‘ Rename ‘ l % Load from File System
Select | Create | Tables
Close
The Select pane allows defining the files from which the parameters are extracted. The may
be available in a database as in the example, or alternatiely using the Load from File

System button to define the directory were the files reside. All appropriate data sets are

listed. Select all entries to be used, and then switch to theCreate pane.

[ Aggregate Components ==
Selected Components:

Component name Patient name Patient id ¥ Modify time LastUse File size Sex Birth date High Weight
CPFPX_9 PKIN1 Dyn. CPFPX b... | 2010-08-12 08:3..| 2010-08-12 0...| 8098 M 1981.01.01 0.0 0.0 BR/
CPFPX_8 PKIN1 Dyn. CPFPX b... | 2010-08-12 08:3..[2010-0812 0...| 8079 M 1981.01.01 0.0 0.0 BR/
CPFPX_7 PKIN1 Dyn. CPFPX b... | 2010-08-12 08:3..[2010-0812 0...| 8082 M 1981.01.01 0.0 0.0 BR/
CPFPX_6 PKIN1 Dyn. CPFPX b... | 2010-08-12 08:3..2010-08-12 0...| 8096 M 1981.01.01 0.0 0.0 BR/
CPFPX_5 PKIN1 Dyn. CPFPX b... | 2010-08-12 08:3..|2010-0812 0...| 8096 M 1981.01.01 0.0 0.0 BR/
CPFPX_4 PKIN1 Dyn. CPFPX b... |2010-08-12 08:2..2010-08-12 0...| 8091 M 1981.01.01 0.0 0.0 BR/
CPFPX_3 PKIN1 Dyn. CPFPX b... [2010-08-12 0 010-08-120...| 8088 M 1981.01.01 0.0 0.0 BR/
CPFPX_2 PKIN1 Dyn. CPFPX b... [2010-08-12 0 010-08-120...| 8096 M 1981.01.01 0.0 0.0 BR/
CPFPX_1 PKIN1 Dyn. CPFPX b... | 2010-08-12 08:2..2010-08-12 0...| 8106 M 1981.01.01 0.0 0.0 BR/
« I | >

\F‘arameters:
2 Tissue Compartments Model name Parameter
v Paramet
1 # ;’3;; ,ﬁ;s 2Tissue Compartments K1 [mi/ccmimin]
© K1 [miiccmimin] 2 T!ssue Compartments k2 [1/min]
© k2 [imin] 2 Tissue Compartments k3 [1/min]
© K3 [imin] 2 Tissue Compartments k4 [1/min]
© ka [imin] 2 Tissue Compartments Vs [mliccm]

¢ v Derieved 2 Tissue Compartments Vt [mliccm]
® Vs [miiccm)]

Parameters to be extracted
© Vt[mliccm]
© K1/k2 [miiccm]
© Kalka [1/1]
© Flux [miiccmimin]
| % Create new table I B savetofile [[Excec [~

Select I Create I Tables

The Selected Components list again shows which data sets have been selected. The
Parameter section has a tree structure and initially shows the different models which have
been used in any of the data sets. The parameters of these models can be shown by double
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clicking the arrow buttons as indicated above. Any of these parameters can be selected and
copied to the right for defining which parameters shall be extracted from the data. The copy
operation operates on all levels of the tree. With the top node selected, allparameters are
copied at once.

Data extraction is started can be started in two ways:

1) Save to file: This function extracts the parameters and saves them in a file which has to
be specified by the user. There are the file formatsEXCEL, TABULATED , XML available
which has to be selected beforehand. Default output is EXCEL.

2) Create new table: This function extracts the parameters and saves them in a database
table which has to be named by the user.

The created database tables can be seen on thEables tab.

[ Aggregate Components
4 Table description | Table date ] Table type I Table name
Comparison of fitting with different frames number } 2010-08-12 08:35:47.876 | [MODEL PARAMET_ERS] |_Comparison_1281594947501_I0D
[ £ View ‘ ‘ B Exportas HEXCEL ‘ = ‘ ‘ X Delete

[ setect | create |[ Tales |
Close

Tables can be deleted with theDelete button, exported into files with the Export as button,
and inspected with the View button as illustrated below.

[ _Comparison_1281594947501 10D (5|
7]
a com...| patie.. patientiD region modelName | K1[.. | k2[4 K3[1f | k4[| VS[. | Vtiml.

CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Caudatusli |2 Tissue Com... | 0.0704... |0.0884.../0.0079... | 0.03072...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Caudatus re |2 Tissue Com... | 0.0603... | 0.0852...|0.0085... | 0.04344...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Temporalli |2 Tissue Com... | 0.0782... |0.1104.../0.0279... | 0.06676...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Temporalre |2 Tissue Com... |0.0775... |0.1133.../0.0323... | 0.07063...| 0.

CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Frontal li 2 Tissue Com... | 0.0771... | 0.1172...[ 0.0239... | 0.05751...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Frontal re 2 Tissue Com... | 0.0765... |0.1112...[ 0.0187... | 0.04975...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Striatum li 2 Tissue Com... | 0.0755... | 0.0870...| 0.0057... | 0.02646...| 0. =
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Striatum re |2 Tissue Com... | 0.0717... | 0.0868...| 0.0059... | 0.03269...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI KH Ii 2 Tissue Com... | 0.0821... | 0.2324...|0.0254... | 0.05177...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI KHre 2 Tissue Com... | 0.0843... | 0.2432...[0.0264... | 0.05045...| 0.

CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI wB 2 Tissue Com... | 0.0671... |0.1267...[ 0.0284... | 0.05179...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Putamen li 2 Tissue Com... | 0.0783... | 0.0842...|0.0038... | 0.01982...| 0.
CPFPX_1 |PKIN1 Dyn. CPFPX bolus & MRI Putamen re |2 Tissue Com... | 0.0775... | 0.0845...| 0.0034... | 0.01730... 0.

CPFPX_2 |PKIN1 Dyn. CPFPX bolus & MRI wB 2 Tissue Com... | 0.0672... |0.1274.../0.0295... | 0.05378...| 0.
CPFPX_2 |PKIN1 Dyn. CPFPX bolus & MRI Putamen li 2 Tissue Com... | 0.0782... | 0.0842...| 0.0042... | 0.02498...| 0.
CPFPX_3 |PKIN1 Dyn. CPFPX bolus & MRI Frontal li 2 Tissue Com... | 0.0772... |0.1187...| 0.0265... | 0.06293...| 0.
CPFPX_3 |PKIN1 Dyn. CPFPX bolus & MRI Frontal re 2 Tissue Com... | 0.0766... |0.1123...| 0.0206... | 0.05458...| 0.
CPFPX_3 |PKIN1 Dyn. CPFPX bolus & MRI Stri li 2 Tissue Com... | 0.0755... | 0.0865...| 0.0051... | 0.02179...| 0.
CPFPX_3 |PKIN1 Dyn. CPFPX bolus & MRI Stri re |2Tissue Com...|0.0717...|0.0868... 0.0059... | 0.03269...| 0.
CPFPX_3 |PKIN1 Dyn. CPFPX bolus & MRI KH Ii 2 Tissue Com... | 0.0823... | 0.2351...| 0.0280... | 0.05779...| 0. ~|

Editing Facilities

Disable Measurements for Removing Oultliers or Shortening the
Fitted Data Segment

Occasionally there might be the need to disregard sample points when evaluating the
matching criterion, for example to exclude an outlier, or to study the stability of model
estimates with successive shortening of the acquisition duration.

In PKIN this can be easily achieved by (temporarily) disabling samples. First select the
Measured curve by selecting it in the controls area or by CTRL+Click at a point. The green
measurement points must appear highlighted in the display. Then individual points can be
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disabled by SHIFT+Click on them. For entire rangesit is advised to zoom into the region
(drag left mouse button), then activate the context menu (right mouse button) and Switch
OFF all Points in visible area . This operation is illustrated below

1[0.5,1.88] - 20 [57 5, 4 48]

1.4

Range { Zoom )
Reset Zoom =Click=
Select Active Curve =Cirl+Click=

9.2
Toggle Point =Shift+Click=

| Switch OFF all Points in visible area |
Switch ON all Points in visible area

6.4 € Hide/Show Controls

HideiShow Grid

Hide/Show Density
“————‘_______ a Hide/Show Markers

e Wiew in Separate Window

Properties e

B save Al Curves b

23 Wiew Values (visible curves)

Switch all curves ON
I

Switch all curves OFF

0.0 i :
354 40.4 453 502 6.1 R 60,
minutes Zoomed into end

resulting in a "shortened" acquisition for fitting purposes:

16.2

124

9.7

Measurements

6.5 excluded from fitting

32

0.0
0.0 120 239 354 479 54,

Disabled measurements appear in grey. They can again be enabled by a second
SHIFT+Click, or by Switch ON all Points in visible area in the context menu.

Testing the Impact of Study Duration on Parameter Estimates

A frequent task is to find out the minimal study duration which allows the reliable
estimation of a parameter. Such an analysis can be performed in PKIN as follows:

1) Ensure that the appropriate model has been configured for all regional TACs and Fit all
Regions. Save the result parameters to a file usingMenu/Save KM Parameters
File/Save.
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2) Disable the last valid measurement for a regional TAC.

3) Propagate this definition of valid points to all regional TACs using Copy to All
Regions/Valid as illustrated below:

¥ Model & Par.
I3 Model
I Weighting
Copy to All Regi| | Valid

Model &Par. | » || Regionto

4) Fit again the model in all regions using the Fit all Regions button.

5) Add the parameter results from the shortened acquisition to the previous resul ts using
Menu/Save KM Parameters File/Append

Repeat steps 25 continually shortening the acquisition until the parameter estimates
degenerate. Then all data is available in a single file which can be opened in a program such
as MS Excel for a statisticalanalysis.

Edit Data and Create New Curves

The Edit Data button in the Tools list brings up a dialog which allows to examine and
manipulate the TAC data of the current data set.

[HEEE 1 [0.08, -0.07] - 34 [57 5, 0.64] Curve Name Curve Type File nv
f I INPUT ADVANCE 30 -
total SPILLOVER ADVANCE 30
WB REGION 34
KHre REGION 34 A
KH li REGION 34
4 Striatum re REGION 34 3 "
Striatum li REGION 34 -
Frontal re REGION 34 £
Frontal li REGION 34
Temporalre REGION 34 —i
g Temporal i REGION 54
Caudatus re REGION 34 =
Average " A |
: Time begin Time end Walue Stdv Yol [com]
0.0 10.0 -0.0677075668 0.67250719  |61.232 -
10.0 20.0 -0.0557341874 1.0610065 61.232
20.0 30.0 25913641567 3.44650879  [61.232
1 \'H“.—I- 30.0 40.0 56076592532 5.773753 61.232 =
40.0 50.0 55105182935 5.490524182  [61.232
e 50.0 60.0 53852950678 4.81570492  |61.232
60.0 80.0 54246077317 3.26960169  |61.232
. 80.0 100.0 5.0331175338 3.13286992  |61.232
q P P - . a8 100.0 120.0 50556888887 3.06930854 |61.232
: 120.0 150.0 49421079713 2.46139710  |61.232
LOIES 150.0 180.0 4.8524311413 239218221 |61.232
P D i [180.0 210.0 43172073923 2.36032408  |61.232
210.0 270.0 45506468061 1.68684638  [61.232
E] KHre 270.0 330.0 42291331534 1.65373325  [61.232 =

The upper section lists the different curves. The blood-related curves are at the top, then
come the regional TACs. The arrows to the right can be used to change the TAC ordering,
and a TAC can be removed by the x button.

The lower section lists the data of the selected curve. Shown for each sample are the
acquisition start and end times, the measurement value (usually the VOI average), its
standard deviation (the VOI stdv, if available), and the VOI volume. Note that the volume
may vary if the V Ol definition changes throughout the time course.
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The values of the tissue TACs can be interactively edited by clicking into a cell and changing
the number. Note: due to a system problem, Windows users experience a strange behavior:
they have to click across different columnsto get into the edit mode.

The configuration button between the lists houses the following operations:

Average |IZ|

M Average

[J Basic operations

0 Rename

D Average Weighted by Volume

Average

Average
Weighted
by Volume

Basic
operations

Rename

When several curves are selected, this button allows calculating the avelage
TAC.

This TAC curve averaging takes into account the VOI volumes, so big VOlIs
will have more weight during averaging.

Applies simple arithmetic operations

Add
Substract
Multiply
Divide

T

to the currently selected curve.

For renaming of the currently selected curve.
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Edit Patient and Change Isotope

The Edit Patient button in the Tools list brings up a dialog window which allows you to
examine and change the demographic data of the current data set.

 PATIENT INFORMATION

Patient's Mame (L*F)[PKINT ] |
PatientID [Dyn. CPFPX bolus & MRI |

Birth date | /7] (1981 |.[1 1 yyyv.mm.dd] Sex |M hd
[0

size [m] [0.0 | weight [kg] [0.0 |

rREFERRING INFORMATION

Referring physician [Dr. Bauer |

Institution | |

rSTUDYﬁ’SER\ES INFORMATION r SUV PARAMETERS ‘

Study date Ezuug [a | [17 | swy.mm.aal O] current Date
suayime 0 [fo o |fo
Series date | 7] U i Iyyyy.mm.dd] [¥] Current Date

Series ime E @@’@

Study ID [CPFPX Bolus
Accession Number (RIS) |

Study description |CF’FPX Bolus

Series number |

Series description [Dynamic PET

IMPORT PATIENT INFO FROM | DATABASE -

In case the TAC data was transferred from PVIEW to PKIN, this information is automatically
filled in from the image data (if available in the data fo rmat). However, the contents can also
be edited and saved if required. If the patient is already in the database, the IMPORT
PATIENT INFO FROM facility can be used. With the DATABASE button a selection
window opens which allows choosing an image series fro m the database. The required
information will be retrieved and filled into the text fields.

Note the SUV PARAMETERS tab which gives access to the isotope definition.

Comment a Data Set

The Comments button in the Tools list brings up a dialog which allows incrementally
adding descriptive text to the data set being processed. It opens a dialog window with two
areas: a list of comment entries with date and name of the creator in the upper part, and the
actual text of the selected conment entry in the lower part.

e Date User
2009.09.27 16:3217  |user
2009.09.27 16:32:31  |user
2009.09.27 16:32:44 |user

second comment

‘ Add H Edit HDeIeteH Q\OSE“

To create a new comment entry selectAdd , type the comment into the lower text window,
and complete editing by Set. This operation creates a new list entry which can be selecte to
show its contents, changed with the Edit button, or removed with Delete.
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Note that you have to use Save KM File to include updated comments permanently into the
data set.

Synthetic Data Generation

The compartment models in PKIN can be employed for creating data sets representing a
perfect measurements with a certain acquisition protocol of the tissue and blood activities.

Synthetic Modeling Study for PKIN

PKIN always shows the model curve given the loaded input curve(s) and the configured
regional kinetic model with the timing of the current study. The user may modify any of the
defining parameters and observe the effect on the model curve, which represents the
expected PET measuement. With the Create Synthetic KM Study facility well -defined and
smooth TACs and blood curves can be generated which represent an ideal acquisition.

Synthetic Modeling Study Generation

1) Define a suitable kinetic model (compartment model, parameter value s) in all regions.

2) Define a suitable input curve model, for instance a smooth curve fitted to the actual
input curve.

3) Select the entrySynthetic KM Study in the File menu. A dialog appears showing the
blood models and the model curve of the current region .

kBy/cc |ﬂ
2 [0.67, 0.635] - 31 [85.0, 16.365]

18.1
*synthetic measuremen}s
y A=)

g--@--8.08..8

142
o o o

'old" measurements
10.2

6.3

23

o 8§,
16 Plasma model
-8.3 13.0 344 558 771 985
minutes
s~ [a] 8]

=HioL~ |1| Plasma model | ||DL |+ |2| Blood model
Hio |+ Eltemp-lat—re EHoL|~ E|Kinetic model

| Set Blood Sampling ” Set Tac Sampling ” Save Synthetic Study ” Cancel |

4) Initially all curves have the original sampling times. To modify sampling, use the
buttons Set Blood Sampling and Set Tac Sampling. For instance, very fine sampling
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allows to generate smooth curves for publication or simulation purposes.

kBygicc
4 [0.67,0.541]- 190 [85.0, 16.367]

18.1

142

102

6.3

23

-89 12,7 343 55.8 FT.4 99.0
minutes

5) When Save Synthetic Study is activated, all regional TACs are recalculated with the
current sampling, the old measurements are replaced by the values of the model curve,
the original blood values are replaced by the values calculated with the current blood
models, and the data is saved in a file specified by the user. Then, the original data are
shown again.

6) Finally, to see and work with the synthetic study, load the creat ed file. The synthetic
model curves are now the measured TACs, and the resampled blood curves have the
Measured model associated. So any underlying model of the blood curve (which has
been used for synthetic model calculation) gets lost. This may cause smé deviations
between the calculated model curve and the saved synthetic TAC, depending on the
density of blood sampling.

Synthetic Imaging Study for PXMOD Tests

Create Synthetic PXMOD Study is an extension ofthe Create Synthetic KM Study
approach. The idea is that synthetic model curves can be generated for many different
"tissues”, ie. combinations of model parameters, at once. These curves are compiled into
images, so that a synthetic study is generated which has a different combination of model
parameters in each pixel.

For instance, FDG TACs can be simulated by loading a FDG .km file, selecting the FDG 2
tissue compartment model and using the parameter ranges

Parameter From To

K: 0.05 0.1
k- 0.06 0.11
ks 0.04 0.08

Ka fixed to 0.0
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To enter these parameter ranges selecCreate Synthetic PMOD Study from the File. The
following dialog appears showing the parameters of the current model.

» Create synthetic PXMOD study

rSet PMOD Study Parameter

Parameters of FDG 2-tissue compartment model

Parameter Axis  Startfrom Finishat  Value Unit
Lumped Constant| - V||U.D ||D.D 0.437 iH
Plasmacue. |- [wfoo 100 50 mmoll
vB - | =00 1.0 0.05 1
K1 X [j0.05 0.1 0.08927 3 mlicemi/min
varied| k2 v |+ |fo.08 ||D.11 0.050908  1/min
k3 Z = |0.04 0.08 0.057486  1imin
k4 - | (0.0 1.0 0.0 1/min
X samples Y samples Zsamples Time points

|1 0 ||1 i ||1 i
# incremgps}zael \.raILueSsIze

|| Settime points |

Moise par.

[caussen] + |

[] Add noise

X
[ syntnetic Resuits | Generated dynamic study

Qe (m & (@

Huls i [ =0=[]
o | [ =0= D]

Cold = 4 @I -

w
H
E

[1.5403076 | € [1.9760384 |
(4] = o

e —

=]~ G -

Interpolation on/off

# ™ = O

100%

Save Generated
{ & picom -

ENEKIERIEXIE

10| a

True Results

Parameters used for data generation

@ | 1K1 B 1K1 |:| »

o =
[*]

[0 5 MRGIu.
Cald 0 6Vs ad

07wt
0.05 e |
(4] = o

=l 100%

0%
(o] - [=]- CI[E -

r ave True

#lu®™E O o4

= picom

a []Al

10| a

EREKIERIEXIE

To define the synthetic study the following configurations must be set:

8 Which parameters are varied along the X, Y, and Z axis,

o 0 o

the value ranges of the varied parameters,
the number of parameter increments to cover the ranges,

the acquisition times; initially the times of t he loaded .km study are used, but they can

be changed using the Set time points .

With Generate the model curves of all parameter combinations are generated and the data
arranged as a 4dimensional study. This synthetic study, which is suitable for pixel -wise
modeling, is shown in the upper image display. In the example above the interpolation has
been disabled to show the 10x10 layout of parameter combinations in plane. Use theSave
Generated button to save the study in any supported output format.

The lower image display contains the true parameter images. These generation parameters
can be saved using theSave True button. They will be helpful for the analysis of the
outcome from a pixel -wise analysis of the synthetic study.
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Chapter 2

PKIN Configuration

There are two places where the functionality and layout of PKIN can be configured. The
available models are managed on the general configuration panel, the layout with the local
configuration button of the PKIN tool.

In This Chapter

Global Configuration with Config BUttON  ..........cccviiiiiiiiiiiieeeieee e 79
Local PKIN Configuration .............cooouvieiieeiiiemniiieeee e smeee s 81

Global Configuration with Config Button

Use the

=
on the PMOD ToolBox to show the general configuration dialog.

Many PMOD functionalities are programmed as plug -ins. Most of these plug-ins are initially
install ed, but they can be removed or rearranged for each user account with the different
tabs. The procedure is always the same and is explained with the plug-ins (the models) of
the kinetic modeling tool PKIN.

PKIN Models

When the PKIN models tab is selected, he list of the currently installed model plug -ins is
shown. The entries show the name in the model selection of the PKIN tool as bold and in
parentheses the file names of the plugin.

To modify the order how the models appear in the PKIN application pleas e select an entry
and move it up/down using the arrows to the right. The ?button shows a quick model
explanation.

[ SETTINGS | PXMOD medels | PKIN medels | READ/WRITE pluging | LOADINGTOOLS | Color Tables | WODULES

Tissue rBIaad rPIasmaFra:ﬂon rParem |

1 Tissue Compartment [PK1compartmentModel] [~
2 Tissue Compartments [PK2compartmentModel]

2 Tissue, K1/k2 [PK2compartmentDViodel]

Logan Plot [PKloganPlotv2)

Patlak Plot, FDG [PKpatlakPlotV2]

FDG 2 Tissue Compart. [PKfdg2compartmentModel]

Flow and Dispersion [PKflowDispersionModel]

3 Tissue Compartments [PK3compartmentModel]

3 Tissue Compartments, K1/k2 & Vs [PK3compartmentModelDV]
Ichise Nonlnvasive MRTM [PKichiseMRTM]

Ichise Honlnvasive MRTM2 [PKichiseMRTM2]

Ichise Nonlnvasive MRTMO [PKichiseNoninvasivePlot]

Simplified Ref. Tissue Model [PKlammeitsma96Noninvasive]

4 Par. Ref. Tissue Model [PK4ParameterReferenceModel]
Simplified Ref. Tissue Model 2 [PKSRTM2]

Patlak Reference [PKpatlakNonlnvasive]

Logan Reference [PKloganMNoninvasiveVz]

Bolus/Infusion Opt [PKbolusinfusiontadel]

‘Card. HH3 (de Grado) [PKcardiacMH3DeGradoModel]

'Card. NH3 (2 Compartments) [PKcardiacNH3HutchinsModel]
'Card. H20 (Geometrical corr.) [PKcardiacDoubleSpilloverH2OBModel] -

e =

a Addnew . I ” X Remove
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To remove a model from the list just select its list entry and activate Remove. To add a
model back to the list use the Add new button. The appearing dialog window allows
selecting one or more plug-in(s) and adding them by the Ok button.

EL Select: @

2 Tissue, Bmax [PK2compartmentBmaxModel]
2 Tissue, K1/k2 & Vs [PK2compartmentDVDVsModel]
Multi-injection, Cold & Hot [PKDelforgeModel]

ard. Acetate (1 Compart.) [PKcardiacAc1Compartmentiodel]
Card. NH3 (Metabolite corr.) [PKcardiacDoubleSpilloverMH3AModel]
Card. NH3 {Geometrical corr.) [PKcardiacDoubleSpilloverNH3BModel]
Card. NH3 (2 Compartments, K1/k2) [PKcardiachH3HutchinsK1k2Model]

| Ok ” Cancel ” Select Al | | ? Help|

Contents of the different Plug -In Tabs

PXMOD models Configuration of the models which appear in the pixel -wise
modeling (PXMOD) tool.

PKIN models Configuration of the models which appear in the modeling tool for
time-activity curves (PKIN). Tissue contains the actual kinetic
models for the tissue TACs, Blood the models for interpolation of
the blood activity, Plasma fraction the models for plasma fraction
activity and Parent the models for metabolite correction.

READ/WRITE Configuration of the image data file formats. Note that only a subset
plug -ins ot the formats can be written.

FhidynamicFarmatinalze
PhdynamicFarmatid\Wanakze
PhdynamicFormatDBase
PhdynamicFarmatDicam
PhdynamicFarmatDicomCStore
PhdynamicFarmatEcat
FPhdynamicFarmatGEAdvanced
FidynamicFarmatGraphic
PhdynamicFarmatHidacP et
FhidynamicFarmatinterfile
PhdynamicFarmathatiab
PhdynarmicFarmaticroPET
PhdynamicFarmatRaw
FPhdynamicFarmatTiff

LOADING Configuration of image processing filters usable during loading.
TOOLS
Color Tables Configuration of user -defined color tables. These files must be

8 located in the resource/colortablesub-directory (see the
examples there),

8 textfiles ending in .cltb, and

8 contain 3 columns with the RGB values such as
#RGB
000
022
044

etc.
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Local PKIN Configuration

System color tables cannot be removed or arranged in a different

order.

The configuration of PKIN can be adjusted by Menu /Settings/Modify

el Quit

? License D)

&= Seflings N |
B Batch Mode I sae
(o5 Parameters Aggregation m

or using the configuration button #= from the status line. It opens the following dialog with
the current definitions, which can be modified. The Paths tab allows setting the initial data
paths of file-based loading as well as the file extension filters.

Paths

[ Display | PKIN |

Initial folder of

Home button data path |C:/Pmod3 3/data/

Components (C:/Pmod3.3/data/

Image Data (C:/Pmod3.3/data/

TAC File extensions

BLOQOD data extension [*.smpl; *.crv;* md|
TAC data extension [* tac;

* ot

The Display pane gives access to the settings of the initial PKIN appearance and the

appearance of the report page.

Paths

Display PKIN

View in Overlay

[ Grid [mm]
[] Patient Annotation
[¥] Anatomical Annatation
[¥] Actual Image Corners
Orthogonal View Crosshair [ Color Bar

Starting Window size
i [Default ® Maximized () Lastused

¥l vals

[] Study Annotation
[]Image Corners
[]Image Port Focus

Report

Printinstitution header
Print patient header
Print application header

The PKIN pane shows the current models of tissue, whole blood plsma and the parent
fraction wit h their respective default parameters. Changing the parameters here and saving

will establish new default parameters.
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The next section allows specifying the time and value units of data loaded from text files. If
the header lines in the data file do not contain valid units, these units are applied to the
imported data.

Paths Display PKIN

Model [1 Tissue Compartment] r Blood Model [Measured] r Plasma Fraction Model [Measured] r Parent Model [Measured] |

[]vB value 0.08 Restrict 0.0 1.0 02 n
[¥] K1 Value 0.5 [v] Restrict. (Lower 0.0 Upper 3.0 ) Search [0.2 ml/ccmimin
[¥] k2 Value 0.035 [¥] Restrict: (Lower 0.0 Upper 8.0 ) Search 0.02 1imin
Blood TABULATED Units (value, time) |kBg/cc || seconds hd
Tac TABULATED Units (value, time} |kBagfcc w | seconds A

Curve controls position H

Center model parameters display []

HD curve model display

The lower section serves for modifying the layout:

8 Curve controls position allows displaying the curve controls to the Right, Left or at the
Bottom . Their purpose is to optimize the layout depending on the display aspect ratio.
Left and Right are recommended for wide screens, otherwise Bottom .

8 Center model parameters display : if this box is enabled the parameters area is centered
vertically wi thin the available space.

8 HD curve model display : If this box is checked the model curves are calculated for
display purposes at many intermediate points, not just at the measurement times. The
result is a smooth appearance of the model curves. However, when exporting the model
curves, these interpolated points may be disturbing. Note that for the fitting only the
original acquisition times are used.
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Chapter 3

PKIN Model Reference

PKIN implemen ts different types of models with somewhat different properties.

1) Compartment Models require an input curve for the calculation of the expected
concentrations in the different compartments. Most of them also support a blood
spillover correction term.

2) Reference models do not use explicit blood information. Rather, a reference TAC is
specified which must satisfy specific criteria. The reference TAC is used to calculate the
response in the tissue of interest.

3) Non-compartment models perform different types of a nalyses which are not based on a
compartment structure of the model. Most of them use the input curve.

Note: It is assumed that all data used has beendecay corrected to the same time point.

In This Chapter

Compartmental MOAEIS ..........uueiiiiiiieeecr e 83
Compartment Models for CardiaC PET ........ccccoevviiiieeiiiiieieeee e, a3
ReferenCe MOAEIS........eiviiiiiiiiiee e 104
Non-Compartmental MOdelS ...........oooeiiiiiiiiiiiie e 115

Compartmental Models

List of PKIN Compartment Models

PKIN features a comprehensive set of compartment models as listed below. The number of
tissue compartments ranges from 1 to 3. There are differant variants of the same model
structure, so that prior information can be entered easily, and that coupling of physiologic
parameters across region is possible.

For instance, the 2tissue compartment model has the standard parameters K, kz, ks, ks . An
equivalent description is by the parameters K1, Ki/kz, ks, ks . The advantage is, that the K/kz,
represents the distribution volume of the non -displacement compartment in tissue (free and
non-specifically bound tracer), which can often be assumed to be thesame across different
tissues. Therefore, K/k. can be included as a common parameter in a coupled fit, hereby
reducing the number of fitted parameters and thus potentially improving the identifiability

of all.

Model Name Description

1-Tissue Compartment (on page85) | Most basic compartment model with the blood
compartment and one tissue compartment.

2-Tissue Compartments (on page 85) | Compartment m odel with the blood
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compartment and two sequential tissue
compartments. Often used for receptor studies.

FDG-2 Tissue Compartments(on
page 85)

The 2-Tissue compartment model including the
plasma glucose and the lumped constant to
calculate the metabolic rate of glucose.

2-Tissue Compartments, K1/k2 (on
page 89)

The same model as the 2Tissue compartment
model, except that KJ/k-is used as a modé
parameter instead of k.. This facilitates coupled
fitting.

2-Tissue Compartments, K1/k2 &Vs
(on page 85)

The same model as the 2Tissue compartment
model, except that K/k- and the specific
distribu tion volume are used as model
parameters instead of k- and ka. This facilitates
coupled fitting and the easy generation of
synthetic model curves.

Linear Least Squares(on page 86)

2-Tissue Compartment model solved by the
Linear Least Squares method.

2-Tissue Compartments, Bmax (on
page 86)

Non-linear 2-Tissue compartment model for
receptor tracer studies taking care of the
saturation of receptor sites.

3-Tissue Compartments (on page 88)

Most detailed compartment model which
separates free tracer in tissue from nonspecific
binding.

Flow & D ispersion (on page 92)

Specific for dynamic H 250- PET Data with
implicit deconvolution of the input curve
dispersion

Model with Metabolites, 3
Compartments (on page 88)

Extends the 2 tissue compartment model by an
additional input of labeled metabolites from the
plasma.

Model with Metabolites, 3
Compartments and Constraints (on
page 88)

Same model as above, with constraints usable
for fixing or coupled fitting.

Model with Metabolites, 4
Compartments (on page 90)

2-compartment model for authentic ligand and
metabolites, linked by a transfer constant
between the tissue compartments

Delforge Triple - injection Protocol
for Flumazenil (on page 90)

During a single imaging study three injections
are applied: hot ligand first, then cold ligand for
displacement, then a mixture of cold & hot
ligand. The individual receptor parameters can
be estimated.
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1-Tissue Compartment Model

All tracer in tissue is included in one compartment C .

K4
C: — C
P K 1

The system of differential equations is:

dc, (1)
dt

=K, Cp(1) -k, Cy(1)

with instantaneous tissue concentration Ca(t), uptake rate constant K. and clearance rate
constant k.

2-Tissue Compartment Models

Tracer in tissue is attributed to two different compartments in the following linear
configuration. Tracer is taken up (K1) from arterial plasma into compartment C 1. A fraction of
it diffuses back to plasma (kz), another fraction moves further to compartment C 2 (ks. Unless
tracer is trapped in the C. compartment (k.=0), transfer back to the intermediate
compartment is also going on.

K4 ks
Cc — C (o]
P Ky 1 ke 2

The typical interpretation is that C 1 represents free and non-specifically bound tracer in
tissue (non-displaceable compartment), and C: represents specifically bound tracer.

System of differential equations:

% = K Co(t)—(k, + k) C,(1) + k, C, (1)
dCy(t) )
Tar ks Cy () — Ky C,(2)

In the auxiliary 2 -tissue compartment models a direct model parameter (rate constant) is
replaced by a combination of the basic parameters:

2-Tissue The parameter Ki/k: (DV, distribution volume of free tracer and
Compartment non-specific binding) is used as a fit parameter instead of kz, and k-
Model, K1/k2 is derived from the estimated K1 and Kvk..

2-Tissue The parameters K/k- and Ki/k2*ks/ks (DVs, distribution volume of
Compartment specific binding) are used as fit parameters instead of k: and ks; k-

Model, K1/k2 & DVs and ksare derived from the fit results.
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This approach allows using the non-specific distribution volume K +/k.and DVs as common
parameters in a coupled fit, as well as for the generation of synthetic curves with fixed DV
and DVs.

FDG 2 Tissue Compartment Model

The FDG model is a standard 2tissue compartment model with two additional input
parameters, the lumped constant (LC) and the plasma glucose concentration (PG). In
combination with the estimated K 1, ke, and ks parameters they allow to calculate the
metabolic rate of glucose. When switching back and forth with the Patlak model, LC and PG
are maintained, if the checkbox Model conversion in the Configuration menu is enabled.

Note: In the FDG model k. is initially set to 0 assuming metabolic trapping, but can also be
fitted.

2-Tissue Compartment Model including Receptor Saturation

This is a standard receptor-ligand model with two tissue compartments defined by

K k3
C: — C (o
P K 1 ke 2

C: represents free and non specifically bound tracer in tissue, and C: tracer bound to the
receptors. The model accounts for the saturation of receptor sites due to a low specific
activity Sac Of the injected tracer. In this situation, ks is given by Kon(Bmax-C2/See), @and hence is
time-dependent. B is the total receptor concentration, ke the bi-molecular association rate,
and ka the dissociation rate constant kor.

System of differential equations [10]:

% = Kl CP(I)—k2 Cl(f)_km Cl(f) {Bmu — Cg(f)} _|_k4 CZ(I)
% = kon CI(I) {Bmax —CE—(I)] _k4 Cg(f)

2-Tissue Compartment by Linear Least Squares Method

As described above the 2tissue compartment model can be described by the linear
arrangement of compartments

K ks
Cec — C (o]
P K 1 Ky 2

and the system of differential equations:

dCy(n)

dt
dc, 1)

dt

K, Co(t) = (K, + &3) Ci(0) + K, Co(0)

ka C1(f) _k4 Cz(r)
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Given the input curve C pasma(t) and a set of model parameters K, .. , k, the tissue
concentrations Ci(t) and C:(t) can be calculated by integration of the equation system.
However, alternative solutions of the system are possible. With linearized solutions, the
equations are integrated twice on both sides, substitutions performed and finally rea rranged.
This can be done in different ways. The Linear Least Squares method implemented in PKIN
uses the derivation of Cai et al. [57], equation (6):

Cozr(t)= B Crpoy () + B, [ Co(D)dr + P, [ [ Cp(s)dsd
0 00

+ P, [Cogr(7)dr + P, [ [ Cogr(s)dsd
0 00

Note that the tissue curve Ceer(t) which is the target function appears on both sides of the
equation. It also includes whole -blood activity C swea(t) for spillover correction as well as the
input curve C (). This multi -linear expression can be solved in a least squares sense in one
step without iterations. T he present implementation uses a singular value decomposition
method. As a result the 5 parameters R, .., B are obtained from which the target parameters
can be calculated as follows: [57], equation (9)

vB = A ky = —(k+k +PF)

K, = RE+H k, = - B
1-P k,

k= _RE+E

* RP+P

Recommended Use of the Linear Least Squares Method

aThe advantage of the linearized approach is the fast calculation, a welldefined solution,
and no danger to get stuck in a local minimum such as the iterative methods. However, it is
well known that it is susceptible to bias, and that small TAC perturbations can cause large
changes of the parameter estimates. Therefore it is recommended that thelLinear Least
Squares method is only used for getting a quick solution which is further refined by the
iterative methods. In fact, if Parameters Initialization is configured in Extras, the initial
starting parameters of the compartment models are obtained by the Linear Least Squares
method.

Implementation Notes
The Linear Least Squares method can be used for different model configurations:
8 Irreversible model: if k 4 is disabled from fitting, the program automatically sets k .= 0.

and uses a linearized equation which is modified accordingly.

8 1-tissue compartment model: if k s is disabled from fitting, the program automat ically
sets k = ks = 0 and uses a modified equation.

8 In all configurations the vB parameter can optionally be disabled from fitting and fixed
at a specific userdefined value.
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3-Tissue Compartment Model

This 3-tissue compartment model separates free tracer G(t) from non -specifically bound
tracer Cs(t). Again, C: represents specifically bound tracer. K: and k: describe the exchange
between arterial plasma and tissue, k and ks between free and specifically bound tracer in
tissue, and ks and ks between free and non-specifically bound tracer.

K ks
C C Cc
P K, 1 ks 2

ke | ks

C;

System of differential equations:

daff) = K, Co(t)— (b, +Fy + k) € (0) + &, Cy(0) + Ky C5(0)
O .
Ef() = ks Ci(0) ~k, C,(0)
3r — —
GO K G0 - K G0

Model with Metabolites, 3 Compartments

The 3 Comp, Metabolites model has been used for modeling 123 epidepride as described by
Fujita et al. [39]. It is a receptor model with two input curves, the usual input curve of free
ligand in plasma, but also a secondinput curve of lipophilic metabolites which may cross
the blood-brain-barrier and undergo non -specific binding in brain tissue.

K1p k3
Ce C, C,
Kap Ky
K1m
cMet CS
k2m

C:includes free and non-specific binding of authentic ligand (non -displaceable), C.
represents the specific binding of interest, and C: represents free and nonspecific binding of
metabolized ligand.

The differential equations are as follows:

di;f) = K C.(t)—(k, + k) C(t) + k, C,(2)
dc,(t) )

@ ks (1) =k, Cy(1)

ac,(0

dr Klm C“li‘er (f) _kim CE (f)
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Implementation Notes

The Load input cur ve entry in the File menu has two sub-menus Plasma and Metabolites

for loading the two input curves. There are two implementations of the model, one with the
direct rate constants, and another with three ratios of rate constants. The ratios represent the
distribution volumes of non -displaceable binding and the metabolites in tissue, as well as the
delivery ratio (see parameter tooltips in PKIN). The purpose of these ratios is to introduce
constraints for coupled fitting as described in [39].

Abstract [39]

Quantitative SPECT measures of dopamine D(2) like receptors with [(123)l]epidepride is
complicated by its high affinity and lipophilic metabolites. The purpose of this study was to
use both parent (P) and lipophilic metabolites (M) as input functions in a k inetic paradigm
and in comparison to the results of equilibrium studies. Kinetic studies on eleven healthy
human subjects, ages 32+/10 were performed following i.v. injection of approximately 370
MBq of [(123)l]epidepride. Images were acquired for 13.5+/-1.0 hours. Equilibrium studies
were done on seven of eleven subjects with a bolus injection of approximately 140 MBq,
bolus/infusion ratio of 10 hours, and infusion for 30 -32 hours. High (striatum) and low
(temporal cortex) density regions were studied. Two (P and M) and one (P) input function
models were applied in the kinetic studies. In receptor -rich regions, the distribution volumes
in nondisplaceable compartments were fixed to those in cerebellum. In addition, in the two
input function model, K(1)(P)/ K(1)(M) was fixed to the values in the cerebellum. The one
input function model provided V'(3) values (=f(1)*B'(max)/K(D)) which were consistent with
those obtained in equilibrium studies in both receptor -rich regions, while the two input
function model pr ovided consistent values only in striatum. Poor identifiability of the rate
constants of metabolites seemed to be the source of errors in the two input function model.
These results suggest that correct V'(3) values can be obtained with the one input functon
model both in high - and low -density regions.
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Model with Metabolites, 4 Compartments, K1/k2, Vs

The 4 Comp, Metabolites, Vs & Vnd model is a general compartment model for ligands
which have recir culation metabolites entering tissue and contribution to the retained tissue
activity. Two input curves are required: C »(t) the authentic ligand in plasma, and C w(t) the
metabolites exchanging with tissue. Both the authentic ligand as well as the metabolites are
described by a 2tissue compartment model, and a transfer kwas constant links the
exchangeable compartments.

K1p K,
C cC c
P kzp 1 k4 2
ktrans
K1m k3m
CMet C3 C4
k2m k4m
% = K, ,Co(t) = (ky, + k3, + ki )Gy (8) + K, ,C,(2)
% - k, ,C,(6) = k,,C, (1)
a6

df = Klmc“lfer (f) - (kﬁm + kSm)CS (f) + kﬁ'ans

dc,(n )
Cd L MAGEY M)

Ci(0) + K, Cy(0)

Implementation Notes

The Load input cu rve entry in the File menu has two sub-menus Plasma and Metabolites
for loading the two input curves. The model has more parameters than can be fitted at once.
Therefore it has been implemented with K /k: , Kin/k2n and Vs as fit parameters to allow
fixing the distribution volume of the exchangeable compartment model, or to use them as
common parameters in a coupled fit.

Flumazenil Triple -injection Model

The model developed by Delforge et. al [26] for 1C-Flumazenil consists of two parallel
compartment models














































































