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ABSTRACT 

 
We derived three widely used linearizations from the definition of receptor availability in 

molecular imaging with Positron Emission Tomography. The purpose of the present 

research was to determine the convergence of the results of the three methods in terms of 

three parameters, occupancy (s), distribution volume of the non-displaceable binding 

compartment (VND), and binding potential of the radioligand (BPND), in the absence of a gold 

standard. We tested 104 cases culled from the literature and calculated the goodness of fit 

of each of the Least Squares (LSM) and Deming II (DM) methods of linear regression when 

applied to the determination of the three main parameters, s, VND, and BPND, using the 

goodness of fit parameters R2, coefficient of variation (RMSE), and ‖𝑋‖ஶ  with both 

regression methods. We observed superior convergence among the values of s, VND, and 

BPND for the Inhibition and Occupancy plots. The Inhibition Plot emerged as the plot with a 

slightly higher degree of convergence (based on R2, RMSE and ‖𝑋‖ஶ  value). With two 

regression methods, Least Squares (LSM) and Deming II (DM), the estimated values of s, 

VND, and BPND generally converged. The Inhibition and Occupancy plots yielded the best fits 

to the data, according to the goodness of fit parameters, due primarily to the absent 

commingling of the dependent and independent variables tested with the Saturation (original 

Lassen) plot. In the presence of noise, the Inhibition and Occupancy plots yielded higher 

convergence. 
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INTRODUCTION 

 
Positron Emission Tomography (PET) is a major tool of biomedical research with clinical 

applications that yields images of the distribution of systemically administered positron-



emitting radionuclides in tomographic sections of the bodies of human subjects and 

experimental animals (1,2). Positrons are positively charged anti-electrons emitted from the 

nuclei of short-lived isotopes typically produced in a cyclotron. Users of this technique image 

the high energy (511 KeV) annihilation photons that result from the interaction of a positron 

with electrons in the tissue. PET images are reconstructed by means of computed 

tomography of the source of radioactivity, following injection of radiopharmaceuticals 

according to the principles of nuclear medicine (3). The imaging of neuroreceptors with 

radioactive ligands by PET applied to living mammalian brains makes it possible to determine 

receptor density and affinity by appropriate mathematical models (4). 

Neuroreceptor studies of brain in vivo using PET require comparisons of so-called 

binding potentials of radiopharmaceutical receptor ligands at more or less inhibited receptor 

states to obtain estimates of receptor density and affinity (5). Naganawa et al. (6) proposed 

methods that reduce bias and variability, and the best use of these approaches is realized by 

improving the accuracy of data covariance matrices.  

The quantitative determination of binding potentials uses a fundamental equation of 

receptor availability to obtain separate estimates of radioligand volumes of distributions of a 

specific radioligand (5,7–10). Application of any one of the three linearizations presented here 

is the first step towards the determination of the binding potentials (or receptor availabilities) 

that is foundation of the receptor binding analysis. In cases where a proper reference region 

with no specific binding of the ligand is not known to exist, or is known not to exist, three 

linearized versions of receptor availability equation were derived for the purpose of estimation 

of the magnitude of VND by linear regression. The three different plots emerged when the 

Equation of receptor availability was linearized differently by Lassen et al., Gjedde and Wong, 



and Cunningham et al. (11–13). Here, the three different plots are referred to as the 

Saturation, Inhibition, and Occupancy Plots, to avoid the uncertain naming of the plots 

associated with the presentation of the Occupancy Plot solution (12), referred to by some 

authors as the Lassen Plot rather than the plot that Lassen et al. (11) actually used and 

reported. The Occupancy and Saturation plots commingle the dependent and independent 

variables by calculating the difference between the volume estimates for baseline and 

inhibition states, unlike the Inhibition Plot that simply plots the values of VT at inhibition (VT(i), 

ordinate) against the values at baseline (VT(b), abscissa). 

The aim of the present research was to determine the accuracy and precision of these 

three widely used linearization of receptor availability (Saturation Inhibition, and Occupancy 

plots) from experimental data. We compared 104 cases culled from the literature, the 

accuracy of each plot evaluated by the Least Squares and Deming II methods of linear 

regression.  

 

MATERIALS AND METHODS 

The quantitative determination of binding potentials uses a fundamental equation of 

receptor availability to obtain separate estimates of radioligand volumes of distributions of a 

specific radioligand (5,7–10): 

1 െ 𝑠 ൌ
𝑉 ሺ௜ሻെ𝑉ே஽
𝑉 ሺ௕ሻെ𝑉ே஽

 (1)  

where Equation (1) is the formulation of the relative or fractional receptor availability in terms 

of the relevant volumes of distribution. Here, the term s represents the occupancy and the 

term VT(i) is the apparent total volume of distribution of the sum of the specifically bound and 

the non-specifically dissolved ligand molecules occupying the receptor, while the term VND 



refers to the distribution volume of the tracer in a non-binding compartment, also known as 

the partition volume or partition coefficient of the ligand. The term VT(b) refers to the apparent 

total volume of distribution of the radioligand in a baseline state where the receptor is not 

occupied by a specific inhibitor.  

Application of any one of the three linearizations presented here is the first step 

towards the determination of the binding potentials (or receptor availabilities) that is 

foundation of the receptor binding analysis. Binding potentials (BPND) enter into the particular 

Eadie-Hofstee version of the linearized Michaelis-Menten equation that yields both the 

maximum binding (Bmax) and the affinity constant (Michaelis half-saturation concentration), KD, 

of the receptors, 

𝐵 ൌ 𝐵௠௔௫ െ 𝐾஽ 𝐵𝑃ே஽ (2)  

where B is the quantity of bound ligand. The binding potential is defined as the ratio of the 

volumes of distribution of specifically bound ("displaceable") and non-specifically bound ("non-

displaceable") ligand quantities (14,15). To determine the binding potential of a radioligand, 

the volumes of distribution are entered into the relationship that defines the binding potential 

(2,5,16): 

𝐵𝑃ே஽ ൌ
𝑉 െ𝑉ே஽
𝑉ே஽

 (3)  

which is applicable both to the receptor binding baseline and to multiple degrees of receptor 

blockade, provided the VND estimate is unaffected by the blockade. To calculate binding 

potentials, it is necessary to know the distribution of unbound ligand in a region of no binding, 

but a suitable reference region often does not exist, or is not known to exist. 

In cases where a proper reference region with no specific binding of the ligand is not 

known to exist, or is known not to exist, three linearized versions of Equation (1) were derived 



for the purpose of estimation of the magnitude of VND by linear regression. The three different 

plots emerged when Equation (1) of fractional receptor availability (1-s) was linearized 

differently by Lassen et al., Gjedde and Wong, and Cunningham et al. (11–13). Here, the 

three different plots are referred to as the Saturation, Inhibition, and Occupancy Plots, to 

avoid the uncertain naming of the plots associated with the presentation of the Occupancy 

Plot solution (12), referred to by some authors as the Lassen Plot rather than the plot that 

Lassen et al. (11) actually used and reported. The Occupancy and Saturation plots 

commingle the dependent and independent variables by calculating the difference between 

the volume estimates for baseline and inhibition states, unlike the Inhibition Plot that simply 

plots the values of VT at inhibition (VT(i), ordinate) against the values at baseline (VT(b), 

abscissa). 

The three linearizations evaluated here serve to determine a reference volume of distribution 

of radioligands when no reference region (i.e., a region of absent specific binding) is known to 

exist in the brain. From the volumes of distribution of the radioligand in the absence of 

displaceable binding (VND, for "non-displaceable"), we used the three different linearizations to 

obtain binding potentials of radioligands used in published studies. 

 

Saturation Plot 

As a novel steady-state approach to the determination of binding potentials of tracers with an 

unknown reference volume of distribution, in 1995, Lassen et al. (11) proposed to compare 

two levels of receptor occupancy, one essentially at zero for the labeled tracer itself and the 

other in the mid-range of occupancy by addition of unlabeled ligand. The concentration of the 

unlabeled ligand in brain water would be zero in the tracer-alone study and would have a 

constant value in the inhibition studies. To obtain the volume of non-specific binding, Lassen 



et al. (11) linearized Equation (1) in the form of the plot we here call the Saturation Plot. The 

plot yields the estimate of VND by plotting the baseline volume of distribution (VT(b)), as a 

function of the difference between the baseline and inhibition volumes of distribution (∆V்  ൌ

 V୘ሺୠሻ െ  V୘ሺ୧ሻ) as shown in Figure 1A, 

𝑉 ሺ௕ሻ ൌ  
1
𝑠
∆V் ൅  𝑉ே஽ (4)  

where the estimate of VND is the ordinate intercept of the linear regression, and the estimate 

of the ratio 1/s is the slope of the regression. 

 

Inhibition Plot 

Certain receptor ligands tend altogether to lack a reference brain region of no specific 

binding, from which it is therefore not possible to assess non-specific binding for the purpose 

of calculating the binding potential in regions of specific binding. Realizing that the uncertain 

choice of a reference volume of distribution of the ligand can lead to an erroneous estimation 

of the occupancy, in 2000, Gjedde and Wong (12) proposed to linearize Equation (1) to obtain 

the form of the Inhibition Plot. The plot yields the estimate of VND by relating the inhibited 

volume VT(i) to the baseline volume VT(b) by linear regression, as shown in Figure 1B, 

𝑉 ሺ௜ሻ ൌ ሺ1 െ 𝑠ሻ𝑉 ሺ௕ሻ ൅ 𝑠 𝑉ே஽ (5)  

where the estimate of VND is the intercept of the linear regression line with d the line of 

identity. 

 

Occupancy Plot 

In 2010, Cunningham et al. (13) inverted the axes of the Saturation Plot and showed that the 

graphical analysis of the inverted relationship at each of the different doses of unlabeled 



ligand provided a means to determine drug occupancies. The inversion of the axes of the 

Saturation Plot was presented as the Occupancy Plot, a term we adopt here to avoid the lack 

of specificity of the term "Lassen Plot". The linearization known as the Occupancy Plot treats 

the differences between the volumes of distribution at the baseline and challenge conditions, 

∆V், as a function of the baseline volume of distribution, as shown in Figure 1C, 

∆V் ൌ 𝑠 𝑉 ሺ௕ሻ െ  𝑠 𝑉ே஽ (6)  

where VND is the abscissa intercept. It is evident from the derivations that the Saturation and 

Occupancy plots have mutually inverted axes. 

 

Source of Published Data 

In order to use any one of the three linearizations, at least two consecutive PET recordings 

with two different levels of receptor occupancy are required. For the Inhibition plot, unlike the 

Saturation and Occupancy plots, the dependent (VT(i)) and independent (VT(b)) variables are 

not commingled. The estimates of the fractional receptor availability (1-s) and VND are then 

obtained directly from the volumes of distribution. As the three linearizations are derived from 

the same original relative receptor availability formulation (Equation (1)), they must all meet 

the requirements that there are different brain regions with different receptor densities (Bmax) 

that remain unchanged in the challenge condition, and that the values of receptor affinity (KD) 

and non-displaceable binding volumes (VND) are the same for all the relevant regions and 

remain the same for all the challenges. 

 

To assess the advantages and disadvantages of each of the three linearizations, the following 

names were searched in PubMed and Scopus databases, including "Lassen plot", "Saturation 



plot", "Gjedde plot", "Inhibition plot", "Cunningham plot", and "Occupancy plot". In the initial 

search, 60 published reports were found. The original data sets were not available for 36 of 

the identified studies. 

 

Linear Regressions of Published Data 

We analyzed the 24 remaining published reports that consisted of 104 sets of data. In seven 

cases, the authors submitted data (8,17–22), and for the remaining 17 reports, we extracted 

the data from published graphs with GetData Graph Digitizer digitization software (11,13,23–

37). The characterization of the data in terms of species, sex, age, drug, dose, and other 

identifiers is presented in Table 1. We used two linear regression methods, the Least Squares 

Method (LSM) and the Deming II method (DM), to obtain parameter estimates, as 

implemented in MATLAB (Mathworks). Using slope and intercept estimates, we determined s 

(occupancy) and VND (volume of distribution of non-displaceable ligand), and evaluated the 

accuracy. 

The LSM is a standard approach in regression analysis with its most important application in 

data fitting. The best fit of the LSM minimizes the sum of squared residuals that are the 

differences between an observed value and the value fitted by the model. In LSM, two 

variables (x,y) are obtained by regression of y on x where x is assumed to represent 

independent variable values obtained without error (38). Deming II regression (DM) is an 

errors-in-variables model that yields the line of best fit for a two-dimensional dataset. It differs 

from LSM by the assumption of errors in both independent and dependent variables that allow 

for any number of predictors and a more complicated error structure. In DM, observations are 

subject to additive random variations of both x and y (39,40). 

 



In order to test the goodness of fit of the linear regressions, we calculated the coefficient of 

determination (R2), coefficient of variation (RMSE), and the infinity Norm (‖𝑋‖ஶ). The R2 

estimate is a commonly used indicator of the goodness of fit that is applicable only to the 

Least Squares method, as in other applications it may result in negative values or values 

greater than unity. In contrast, the RMSE is applicable to all linear regressions. For n sets of 

(xi; yi) data, the RMSE, R2, and  ‖𝑋‖ஶ measures can be expressed according to Rawlings et 

al. (38): 

𝑅ଶ ൌ 1 െ
𝑆𝑆௥௘௦
𝑆𝑆௧௢௧

 )7 (  

𝑅𝑀𝑆𝐸 ൌ ට𝑆𝑆௥௘௦ 𝑛ൗ  )8 (  

where n is the number of observations, and 

‖𝑋‖ஶ ൌ 𝑀𝑎𝑥ሺ𝑓௜ െ 𝑦௜ሻ )9 (  

where 𝑓௜ is the predicted value of 𝑦 at 𝑥௜, 𝑆𝑆௧௢௧ is the total sum of squares or the variance of the data, 

𝑆𝑆௧௢௧ ൌ෍ሺ𝑦௜ െ 𝑦തሻଶ
௡

௜ୀଵ

 )10 (  

and 𝑆𝑆௥௘௦ is sum of squares of residuals, 

𝑆𝑆௥௘௦ ൌ෍ሺ𝑓௜ െ 𝑦௜ሻଶ
௡

௜ୀଵ

 )11 (  

and 𝑦ത is the mean of 𝑦௜. 

𝑦ത ൌ
1
𝑛
෍𝑦௜

௡

௜ୀଵ

 )12 (  

The closer the value of 𝑅ଶ is to unity, the better the fit is to the linearization. The closer RMSE 

and ‖𝑋‖ஶ values are to zero, the better the fit of the linearization is held to be (38,41).  



 

Calculation and Evaluation of Binding Potentials 

We compared binding potential estimates (BPND) for the baseline (BPND Base) and inhibition 

(BPND Challenge) conditions according to Equation (3). In total, we compared 104  times 12, or 

1248, sets of BPND estimates according, first, to the equation for the percentage differences of 

the LSM and DM results for each of the three linearizations, exemplified here for the Inhibition 

Plot as, 

∆𝐷ሺூ௡௛௜௕ሻ ൌ 100
𝐵𝑃ሺ௅ௌሻ െ 𝐵𝑃ሺ஽௠ሻ

ሺ𝐵𝑃ሺ௅ௌሻ ൅ 𝐵𝑃ሺ஽௠ሻሻ/2
 )13 (  

and, second, according to the equation for the percentage differences of the three 

linearizations of each of the two regression methods, exemplified here for the comparison of 

Least Squares and Deming II results for the Inhibition and Occupancy plots,  

∆𝐷ሺ௅ௌሻ ൌ 100
𝐵𝑃ሺூ௡௛௜௕ሻ െ 𝐵𝑃ሺை௖௖௨௣ሻ

ሺ𝐵𝑃ሺூ௡௛௜௕ሻ ൅ 𝐵𝑃ሺை௖௖௨௣ሻሻ/2
 )14 (  

and, 

∆𝐷ሺ஽௠ሻ ൌ 100
𝐵𝑃ሺூ௡௛௜௕ሻ െ 𝐵𝑃ሺை௖௖௨௣ሻ

ሺ𝐵𝑃ሺூ௡௛௜௕ሻ ൅ 𝐵𝑃ሺை௖௖௨௣ሻሻ/2
 )15 (  

 

 

 

Goodness of Fit 

We considered sets of data (VT(b), VT(i)), directly measured in relevant studies. Due to sources 

of error that include surgery, environment, device errors, we predicted differences to exist 

between the theoretical but unknown value of a parameter and the measured value (42). We 

expressed the theoretical value of a parameter as (VT(b), VT(i)), 



𝑉 ሺ௜ሻ
∗ ൌ 𝑉 ሺ௜ሻ െ 𝑒ଵ )16 (  

and 

𝑉 ሺ௕ሻ
∗ ൌ 𝑉 ሺ௕ሻ െ 𝑒ଶ )17 (  

where 𝑒ଵ  are 𝑒ଶ  the differences between real and measured values of VT(b) and VT(i), 

respectively. We expressed the real value of the differences between baseline and inhibition 

volumes of distribution as ∆𝑉∗, 

∆𝑉∗ ൌ 𝑉 ሺ௜ሻ
∗ െ 𝑉 ሺ௕ሻ

∗   

which after substitution yielded, 

∆𝑉∗ ൌ ൫𝑉 ሺ௜ሻ െ 𝑒ଵ൯ െ ሺ𝑉 ሺ௕ሻ െ 𝑒ଶሻ  

or 

∆𝑉∗ ൌ ൫𝑉 ሺ௜ሻ െ 𝑉 ሺ௕ሻ൯ െ ሺ𝑒ଵ െ 𝑒ଶሻ  

that yielded, 

∆𝑉∗ ൌ ൫𝑉 ሺ௜ሻ െ 𝑉 ሺ௕ሻ൯ െ ሺ𝑒ଷሻ )18 (  

where e3 refers to the differences between the real and measured values of ΔVT. 

 

Source of Convergence 

In this research we defined the closeness of the fitted model to the data as convergence. For 

the set of (xi; yi), regardless of method, the linearization has the form, 

𝑦 ൌ 𝑎𝑥 ൅ 𝑏 )19 (  

with the real values in the equation expressed as, 

𝑦 ൌ 𝑎∗𝑥 ൅ 𝑏∗ )20 (  



where (a,b) are the estimated values of slope and ordinate intercept and (a*,b*) are the real 

values of slope and ordinate intercept. As discussed, the measurement error of (xi; yi), yields 

a difference between real and estimated values of slope and ordinate intercept as,  

𝑎∗ ൌ 𝑎 െ 𝑒ଵ
∗ )21 (  

and 

𝑏∗ ൌ 𝑏 െ 𝑒ଶ
∗ )22 (  

where 𝑒ଵ
∗ is the error between real and estimated values of slope and ordinate intercept. By 

substituting Equations (20) and (21) in the three original equations ((4), (5), and (6)), we 

calculated the differences between real and estimated values of s and VND. Here, s and VND 

are the estimated and s* and VND
* the real (unknown) values. The differences of real and 

estimated values of s and VND are listed in Table 2. 

 

RESULTS 

Digitization Accuracy 

We compared the linearization of data obtained from the authors directly or by digitization of 

published graphs. With the submitted data available for comparison, we showed the mean 

error of digitization to be less than 0.85%, confirming the accuracy of the digitization. Here, we 

present the results from the analysis of the digitized values of VT(b) and ΔVT from the report of 

Horti et al. (17), used to obtain the VT(i) values for the 0.5 mg receptor inhibitor challenge. With 

the Inhibition, Saturation, and Occupancy linearizations for the LSM and Deming II 

regressions, we obtained the parameter values from the linear regressions of the data 

presented in Figure 1, with the resulting regressions and estimates of s and VND presented in 

Figure 2. For the Saturation Plot, we used ΔVT as the independent variable (X), and VT(b) as 



the dependent variable (Y), while for the Occupancy plot, we used ΔVT as the dependent 

variable (Y), and VT(b) as the independent variable (X). 

 

Plot Analysis 

Using the linearization goodness of fit parameters R2, RMSE, and ‖𝑋‖ஶ, the comparisons 

yielded the results listed in Table 3 and Figure 2. The mean value of R2 (for the 104 samples) 

of the Inhibition Plot was slightly closer to unity, identifying the Inhibition Plot as the plot with 

slightly greater fit to the experimental data. In addition, the mean values of RMSE and ‖𝑋‖ஶ 

of the Inhibition Plot were closest to zero, again as the most accurate of the three plots. In 87 

of the 104 cases, the Inhibition Plot yielded the lowest RMSE and ‖𝑋‖ஶ values, implying that 

the Inhibition Plot had superior accuracy in the 87 cases. 

 

The effects of regression method (Least Squares or Deming II) on the estimated values of s, 

VND, and BPND are shown in Figure 3. The estimates of s, VND, and BPND of the two 

regression methods (Least Squares and Deming II) generally converged. The average 

deviation was less than 0.1% for s and VND, and less than 3% for BPND. We also compared 

the effects of choice of method on the estimated values of s, VND, and BPND. The deviations 

of s, VND, and BPND for the three plots (Inhibition, Saturation and Occupancy) are shown in 

Figure 3. From the figure, we conclude that the results of the Inhibition and Occupancy plots 

normally converged for both the Least squares and Deming regressions. The average 

difference of the Inhibition and Occupancy plot results was less than 2%. In contrast, we 

generally found considerable differences between the results of the Saturation Plot and the 

Inhibition and Occupancy plots. The average difference shown in Figure 3 is close to 40%. 



Bland-Altman graphs for the binding potentials determined with 0.5 mg receptor inhibitor 

blockade by Horti et al. (17) are shown in supplemental Figure 1. 

 

Goodness of Fit 

We considered sets of data (VT(b), VT(i)), directly measured in relevant studies. Due to sources 

of error that include surgery, environment, device errors, we predicted differences to exist 

between the real but unknown value of a parameter and the measured value (42). We 

expressed the real value of a parameter as (VT(b), VT(i)), 

𝑉 ሺ௜ሻ
∗ ൌ 𝑉 ሺ௜ሻ െ 𝑒ଵ )23 (  

and 

𝑉 ሺ௕ሻ
∗ ൌ 𝑉 ሺ௕ሻ െ 𝑒ଶ )24 (  

where 𝑒ଵ  are 𝑒ଶ  the differences between real and measured values of VT(b) and VT(i), 

respectively. We expressed the real value of the differences between baseline and inhibition 

volumes of distribution as ∆𝑉∗, 

∆𝑉∗ ൌ 𝑉 ሺ௜ሻ
∗ െ 𝑉 ሺ௕ሻ

∗   

which after substitution yielded, 

∆𝑉∗ ൌ ൫𝑉 ሺ௜ሻ െ 𝑒ଵ൯ െ ሺ𝑉 ሺ௕ሻ െ 𝑒ଶሻ  

or 

∆𝑉∗ ൌ ൫𝑉 ሺ௜ሻ െ 𝑉 ሺ௕ሻ൯ െ ሺ𝑒ଵ െ 𝑒ଶሻ  

that yielded, 

∆𝑉∗ ൌ ൫𝑉 ሺ௜ሻ െ 𝑉 ሺ௜ሻ൯ െ ሺ𝑒ଷሻ )25 (  

where e3 refers to the differences between the real and measured values of ΔVT. 

 



Sources of Convergence 

For the set of (xi; yi), regardless of method, the linearization has the form, 

𝑦 ൌ 𝑎𝑥 ൅ 𝑏 )26 (  

with the real values in the equation expressed as, 

𝑦 ൌ 𝑎∗𝑥 ൅ 𝑏∗ )27 (  

where (a,b) are the estimated values of slope and ordinate intercept and (a*,b*) are the real 

values of slope and ordinate intercept. As discussed, the measurement error of (xi; yi), yields 

a difference between real and estimated values of slope and ordinate intercept as,  

𝑎∗ ൌ 𝑎 െ 𝑒ଵ
∗ )28 (  

and 

𝑏∗ ൌ 𝑏 െ 𝑒ଶ
∗ )29 (  

where 𝑒ଵ
∗ is the error between real and estimated values of slope and ordinate intercept. By 

substituting Equations (20) and (21) in the three original equations ((4), (5), and (6)), we 

calculated the differences between real and estimated values of s and VND. Here, s and VND 

are the estimated and s* and VND
* are the real (unknown) values. The differences of real and 

estimated values of s and VND are listed in Table 3. 

 

Analysis of Noise Simulation 

To investigate the effect of noise on the convergence of the results of different plots, two sets 

of theoretical data (data without noise) were created on the basis of the Horti et al. (17) data 

at two levels of inhibition (0.5 and 5 mg inhibitor administration). We considered five sets of 

data, and calculated the values of occupancy (s), nondisplaceable volume of distribution (VND) 

using the three plots and two different linearizations (data without noise, with noise K=0.1, 



K=0.2, K=0.5, and experimental data) where K is the chosen standard deviation. The results 

of the linearizations are listed in Supplemental Table 1 and Supplemental Figure 2. As shown 

in Supplemental Figure 3, for the data without noise, all three plots and two linearizations yield 

identical results. For the convergence of the three plots, it is evident that the RMSE of the 

data without noise for all three plots is approximately zero (10-9). However, as is shown in 

Supplemental Figure 4, in the presence of noise, the Inhibition and Occupancy plots yielded 

lower RMSE, consistent with greater convergence. 

 

DISCUSSION 

In the present examination of the plots of competition, we linearized the formulation of the 

fractional receptor availability (Equation (1)) into three equations  underlying the different 

regressions that we refer to as the Saturation, Inhibition, and Occupancy plots. The purpose 

of all three linearizations is to obtain an estimate of the reference volume of distribution VND, 

required to calculate the binding potential of a radioligand. We undertook the comparisons 

because the extent to which the results of the three plots converge or diverge is unknown. We 

culled 104 cases reported on the basis of one or more of the plots, and we tested the results 

of the three plots linearized by Least squares and Deming II regressions. 

As shown in Table 3, for both s and VND, the differences of estimated and real values are of 

the same order of magnitude for the Inhibition and Occupancy plots but are much greater for 

the Saturation Plot. For this reason, the average deviation of calculated values of s and VND of 

the Inhibition and Occupancy plots was less than 0.1%, and the results generally converged. 

In contrast, there was more than 35% difference between the results of the Saturation and the 

results of the Inhibition and Occupancy plots. In Equations (16-18), e1, e2, and e3 are the error 

values resulting from the divergence of individual plots. The parameter e3 may be smaller 



than e1 and e2, but frequently is not. As e1 and e2 do not adopt exclusively positive or 

negative values, errors can be superimposed. For this reason, the use of ΔVT differences may 

result in higher levels of error and reductions of goodness of fit. Among the three methods, 

the Inhibition Plot avoided the use of the commingled variable ΔVT. As expressed by the three 

indicators R2, RMSE, and ‖𝑋‖ஶ, the Inhibition Plot was shown to yield slightly greater fit for 

both Least Squares and Deming II methods. The noise analysis showed that, the Inhibition 

and Occupancy plots yielded higher convergence in the presence of noise. 

 
 

CONCLUSION 

Based on the all 3 of the goodness of fit parameters (R2, RMSE, and ‖𝑋‖ஶ) and with both 

regression methods (Least Squares and Deming II), the Inhibition plots emerged as the plot 

with slightly higher degree of convergence. We judge this to be because of the absent 

commingling of the original dependent and independent variables of the Saturation (original 

“Lassen”) plot. Concerning the effect of regression method (Least squares and Deming II) on 

the estimated values of s, VND, and BPND, we observed that the average differences of results 

of the Inhibition and Occupancy plot linearizations were less than 0.1% and as such 

negligible. In contrast, we noted more than 35% difference between the results of the 

Saturation plot comparisons that we explain by the violation of the negligible variability rule for 

independent variables. The noise analysis showed that the three plots resulted in the same 

parameter estimates in the absence of the noise, However, in the presence of noise, the 

Inhibition and Occupancy plots yielded higher and close degrees of convergence. 
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 KEY POINTS 

Question: Which of the three linearizations (Inhibition, Saturation, and Occupancy) had 

superior convergence to the experimental results?  

Pertinent Findings: Superior convergences among the values of s, VND, and BPND for the 

Inhibition and Occupancy plots were observed. Based on the goodness of fit parameters (R2, 

RMSE, and ‖𝑋‖ஶ) and with both regression methods (Least squares and Deming II), the 

Inhibition Plot emerged as the plot with the slightly higher degree of convergence.  

Implications for Patient Care: The correct use of the Occupancy and Inhibition plots allows 

brain imaging specialists to advise on the optimal dose of target engagement of 

neuroreceptor inhibitor drugs chosen to block the pathological excess of neurotransmission. 
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Source Cite Case 

No. 
Data 
No. Type Male Female Age Weight (Kg) Drug or Material Doses Duration 

(Hours) Tracer 

Owen et al. 23 92 10 7-15 Human - - - - XBD173 10 - 90 mg - 11C-PBR28 

Naganawa et al. 24 35 2 13 Human - - 25-52 - PF-04455242 30 mg 1.5 , 8 11C-GR103545 

Cunningham al. 13 197 4 9 Human - - - - 5HT 1A 1.5, 10, 150 µg/kg 1 WAY100635-C11 

Kagedal et al. 25 31 3 10 Human - - - - AZD2066 3.5, 6.9, 13.5 mg - 11C -ABP688 

Jucaite et al. 26 28 2 9 Human 2 0 22 - 44 - AZD5213 0.1 , 0.3 mg 2 
11C -GSK189254         
11C-AZ12807110 

Elmenhorst al. 27 57 14 9-23 Human - - 24-68 - Caffeine 0 - 9 mg/kg 36 18F-CP FPX 

Ridler et al. 28 24 6 12-15 Papio anubis 6 0 - 22.4 P943, SB-616234-
S, SB-714786 25, 100 µg - 11C-P943 

Fuchi gami al. 29 3 2 6 Rhesus 
monkey - - - 4.90 , 5.55 SSR504734 1.5 and 4.5 mg/kg - 

11C-N-methyl-
SSR504734 

Logan et al. 30 4 1 7 Human - - 23-67 - letrozole 2.5 mg 2.5 11C-Vorozol e 

Martin et al. 31 38 5 26-39 Human 5 - 20-51 - Bitopertin 5, 15, 30, 60, 175 mg - 11C-RO5013853 

Lassen et al. 11 18 1 31 Human 1 0 22-65 - Benzodiazepines 0.6 mg - 11C-flumazenil 

Myers et al. 32 19 12 24 Human - - AVG: 
43,44 - Zolpidem, Placebo 1.37 µg - 3.71 µg 1.5 

11C-flumazenil, 
11C-Ro15-4513 

Phan et al. 33 1 1 9 Sprague 
Dawley rats 0 1 - 0.225 - 0.250 Cyclosporine 1 mg/kg 1.5 11C-yohimbine 

Ettrup et al. 19 41 5 10 Danish 
Landrace Pigs 0 5 - 19 SSR180711  

NS14492 1 , 10 mg/kg 0.5 , 4 11C-NS14492 

Ramakrishnan et 
al. 18 4 2 12 Wistar 

Hannover Rat 2 0 - - Cutamesine 0.3 , 1 mg/kg - 11C-SA4503 

Visser et al. 34 5 1 11 Wistar rats 1 0 - 0.317 MDL 100907 1 mg/ml - 11C-MDL 100907 

Milak et al. 35 53 6 8 Papio anubis 6 0 - - Citalopram, 
Fenfluramine 2, 2.5, 4 mg/kg - 11C-CUMI-101 

Hillmer et al. 36 12 3 9 Macaca 
mulatta 2 1 6–15 7-14 ASEM 0.69 , 1.24 mg/kg - 18F-DBT-10 

Paul et al. 37 11 2 14 Wistar rats 2 0 - 0.304 CPA, Caffeine 0.25 , 40 mg/kg 15 min 11C-MPDX 

Phan et al. 8 11 10 6 Sprague 
Dawley,Rats - - - 0.250 - 0.300 Amphetamine - 6 - 28 min 11C-yohimbine 

Horti et al.17 41 2 16 Baboon 2 0 - 20.1 - 26.0 ASEM 0.5 , 5 mg/kg 5 - 90 min 18F-ASEM 

Narendran et al. 20 28 6 11 Human 5 1 AVG: 24 - Aripiprazole 15 mg 3 11CFLB 457 

Koole et al.22 12 3 15 Human - - 20–54  padsevonil 6.25 mg 2 11C-UCB-J 

Wong et al. 21 12 1 20 Human 1 0 18-52 - DMXB-A 150  mg 40 min 18F-ASEM 

 
 

Table 1. Categorization of data from papers included in the analysis 



 
 

Method 𝑠𝑠 𝑉𝑉𝑁𝑁𝑁𝑁  

Inhibition 𝑠𝑠∗ + 𝑒𝑒1 𝑠𝑠∗𝑉𝑉𝑁𝑁𝑁𝑁∗ − 𝑒𝑒1
𝑠𝑠∗ + 𝑒𝑒1

 

Occupancy 𝑠𝑠∗ − 𝑒𝑒1 𝑠𝑠∗𝑉𝑉𝑁𝑁𝑁𝑁∗ − 𝑒𝑒1
𝑠𝑠∗ − 𝑒𝑒1

 

Saturation 
𝑠𝑠∗

1 − 𝑠𝑠∗ − 𝑒𝑒1
 𝑉𝑉𝑁𝑁𝑁𝑁∗ − 𝑒𝑒2 

 
 

Table 2. Differences between real and estimated values of s and VND of the three methods 
 
 
 
 
 

Plot Method R2 RMSE ‖𝑋𝑋‖∞ 

Inhibition 
LSM 0.75 ± 0.25 0.36 ± 0.46 0.69 ± 0.84 
Deming 0.75 ± 0.25 0.26 ± 0.33 0.69 ± 0.84 

Saturation 
LSM 0.73 ± 0.29 0.77 ± 1.29 1.40 ± 2.01 
Deming 0.73 ± 0.29 0.55 ± 0.91 1.40 ± 2.01 

Occupancy 
LSM 0.73 ± 0.29 0.36 ± 0.46 0.69 ± 0.84 
Deming II 0.73 ± 0.29 0.26 ± 0.33 0.69 ± 0.84 

 
Table 3. Average precision of regressions of the three plots 

 
 
 



 

 
 
 

Figure 1. Linearizations of data from Horti et al. (17) (dose 0.5 mg) 



 
Figure 2. Average and standard deviation of goodness of fit of the three plots 
 



 
Figure 3. Differences of s, VND and BPND in pairwise regression comparisons (LSM & Dm) 
and pairwise plot comparisons (I, S and O) (Mean and Standard Deviation). Deviation of A. s 
and VND LSM vs. Dm. B. BPND LSM vs. Dm. C. VND LSM and Dm in different plots. D. BPND 
Base LSM and Dm in different plots. E. s LSM and Dm in different plots. F. BPND Challenge 
LSM and Dm in different plots. 



Supplemental Tables and Figures 
 

Supplemental Table 1. Effect of noise in three plots and two linearizations of data  
from Horti et al. (17) 

 
   Inhibition Occupancy Saturation 
   s VND RMSE s VND RMSE s VND RMSE 

LSM 

0.5 
mg 

Theoretical (no noise) 0.3857 5.4284 0.000000 0.3857 5.4284 0.000000 0.3857 5.4284 0.000000 
Noise (K=0.1) 0.3728 4.7845 0.236853 0.3728 4.7845 0.236853 0.3799 5.0540 0.630585 
Noise (K=0.2) 0.3891 5.5287 0.431700 0.3891 5.5287 0.431700 0.4172 6.4369 1.061096 
Noise (K=0.5) 0.4568 7.5947 0.952075 0.4568 7.5947 0.952075 0.5167 8.9220 2.273353 
Experimental 0.3857 5.4284 1.227867 0.3857 5.4284 1.227867 0.5999 10.2899 2.616056 

5 
mg  

Theoretical (no noise) 0.8205 0.8007 0.000000 0.8205 0.8007 0.000000 0.8205 0.8007 0.000000 
Noise (K=0.1) 0.8201 0.8033 0.199058 0.8201 0.8033 0.199058 0.8228 0.8639 0.235100 
Noise (K=0.2) 0.8219 0.8832 0.405815 0.8219 0.8832 0.405815 0.8357 1.1824 0.482307 
Noise (K=0.5) 0.9526 3.2904 0.481152 0.9526 3.2904 0.481152 0.9647 3.4883 0.522587 
Experimental 0.8205 0.8007 0.427508 0.8205 0.8007 0.427508 0.8376 1.1733 0.549541 

Dm 
II 

0.5 
mg 

Theoretical (no noise) 0.3857 5.4284 0.000000 0.3857 5.4284 0.000000 0.3857 5.4284 0.000000 
Noise (K=0.1) 0.3728 4.7845 0.236852 0.3728 4.7846 0.236853 0.3799 5.0522 0.630618 
Noise (K=0.2) 0.3891 5.5285 0.431711 0.3892 5.5289 0.431693 0.4170 6.4317 1.059852 
Noise (K=0.5) 0.4568 7.5943 0.952020 0.4568 7.5950 0.952121 0.5165 8.9171 2.272647 
Experimental 0.3857 5.4266 1.228060 0.3858 5.4296 1.227746 0.5990 10.2764 2.613943 

5 
mg  

Theoretical (no noise) 0.8205 0.8007 0.000000 0.8205 0.8007 0.000000 0.8205 0.8007 0.000000 
Noise (K=0.1) 0.8201 0.8033 0.199059 0.8201 0.8034 0.199054 0.8228 0.8638 0.235111 
Noise (K=0.2) 0.8219 0.8831 0.405815 0.8219 0.8834 0.405813 0.8356 1.1819 0.482324 
Noise (K=0.5) 0.9526 3.2904 0.481151 0.9526 3.2905 0.481173 0.9647 3.4881 0.522568 
Experimental 0.8205 0.8006 0.427503 0.8205 0.8009 0.427530 0.8376 1.1728 0.549500 

 

  



 
 
Supplemental Figure 1. Bland-Altman plots for binding potentials at 0.5 mg DMXB-A 
inhibition by Horti et al. (17). Comparison of methods and plots, A. LSM vs. Dm at baseline. 
B. LSM vs. Dm at challenge. C. Inhibition vs. Occupancy. D. Inhibition vs. Saturation. E. 
Saturation vs. Occupancy 
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Supplemental Figure 2. Effect of noise on A. occupancy (s) and B. distribution volume of 
non-displaceable binding compartment (VND) by inhibition plot of LSM from Horti et al. (17) 

  



 

 
 

 

Supplemental Figure 3. Comparison of occupancy (s) in different plots and linearizations 
with and without noise (A. 0.5mg, B. 5mg) from Horti et al. (17), Using data without noise, all 
three plots and two linearizations resulted exactly in the same parameter estimates. 
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Supplemental Figure 4. Comparison of RMSE in three plots and two linearizations.  
A. noise at K=0.1, B. noise at K=0.2 for data from Horti et al. (17) 
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