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Chapter 9. Parametric imaging of [11C]HED and [11C]acetate

Abstract

Parametric images, showing fully quantitative parameters at the voxel level, can
be used to quantify various processes with maximal spatial resolution. Para-
metric imaging has been validated for myocardial blood flow imaging, but still
needs to be extended to other tracers and kinetic models. The aim of this study
was to validate parametric images of the reversible one tissue (1T2k) model
for [11C]acetate and both 1T2k and the reversible two tissue (2T4k) model for
[11C]HED.

Methods: Dynamic [11C]acetate and [11C]HED scans were acquired for 10
and 22 patients, respectively, using a Gemini TF PET/CT scanner. Paramet-
ric images of [11C]acetate kinetics were derived using a basis function method
(BFM) implementation of the single tissue compartment model. For [11C]HED
BFM implementations of both single and two tissue compartment models were
used. Quantitative accuracy of BFM was assessed by comparing average re-
gional parametric values with those obtained using standard non-linear regres-
sion (NLR) analysis applied to regional tissue time-activity curves. Simulations
were performed to study effects of noise on both NLR and BFM. [11C]acetate
scans were analysed twice by three observers using two different software pack-
ages, of which one incorporates parametric image information during heart seg-
ment definition. Regional inter- and intraobserver variability was assessed for
both software packages.

Results: Both inter- and intraobserver variability was excellent for soft-
ware incorporating parametric image information (ICC > 0.91). Quantitative
accuracy of BFM was high (ICC > 0.90) for all assessed parameters although a
small but significant difference (between -3 and 6%) was observed which could
be addressed to heterogeneity within individual segments. In addition, BFM
was equally or less sensitive to noise as compared to NLR.

Conclusion: Parametric images can be generated using a basis function
implementation of both single and two tissue compartment models. Obtained
images were of diagnostic quality, quantitatively accurate and could be analysed
with high reproducibility.
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9.1. Introduction

9.1 Introduction

Dynamic positron emission tomography (PET) can be used to measure a wide
range of cardiac processes in vivo, such as myocardial blood flow (MBF) (7, 8,
11,13,21,74) myocardial oxygen or glucose metabolism (33,42,211) and myocar-
dial neuronal function (55, 184, 201, 212, 213). Dynamic PET has been used in
many clinical and research studies (7, 8, 33, 55, 212–215). Most of these studies,
however, were conducted at the level of the whole myocardium or myocardial
segments. An obvious disadvantage of analysis at these levels is loss of spatial
information such as possible heterogeneity within a segment. For some tracers,
alternative measures that can easily be obtained at the voxel level, such as stan-
dardized uptake value (SUV), monoexponential fitting (Kmono) or retention
index (RI), are in use (184). However, quantitative accuracy of these simplified
measures may not be optimal (Chapter 7 of this thesis). It has been shown
that performance of state-of-the-art PET/CT scanners is sufficient to generate
fully quantitative parametric MBF images (81, 131, 132). Therefore, methods
to obtain fully quantitative data at the voxel level should be explored for other
tracers as well. The gold standard for quantifying tracer kinetics at segmental
level is nonlinear regression. For calculations at the voxel level, however, nonlin-
ear regression is too slow and too sensitive to noise. As an alternative, the basis
function method (BFM (128)) has been proposed. BFM linearizes the model
equation using a set of basis functions, which are defined for a limited number
of predefined and physiologically plausible model parameter values. Next, for
each voxel, the model equation is solved for all basis functions using standard
linear least squares techniques. Finally, from all these solutions the one with
the lowest sum of squared errors is selected. Its use in cardiac PET has already
been shown in the generation of absolute MBF images (81, 82, 131, 132, 155).
Although BFM has been used and validated for generating MBF images, its use
for other tracers or for models with more compartments has not been described.
Therefore, the aim of the present study was to validate quantitative accuracy
of BFM derived parametric images for [11C]acetate, a tracer described using
a single tissue compartment model (43, 216), and [11C]-meta-hydroxyephedrine
([11C]HED), a tracer which can be described using either single or two tissue
compartment models (Chapter 7 of this thesis).

9.2 Materials and methods

9.2.1 Patient population

Five male patients with ischemic cardiomyopathy and an LV ejection fraction
below 50%, together with five age and body mass index (BMI) matched healthy
men underwent a dynamic [11C]acetate scan. Average age for all subjects
was 60.6 years (range 53–69 y) and average BMI 31.1 kg⋅m-2 (range 26.8–35.8
kg⋅m-2). In addition, 22 patients (18 male, average age 66.9 y, range 43–80 y, av-
erage BMI 26.3 kg⋅m-2, range 20.6–33.1 kg⋅m-2) with ischemic cardiomyopathy
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Chapter 9. Parametric imaging of [11C]HED and [11C]acetate

and an LV ejection fraction below 35%, based on cardiac magnetic resonance
imaging (MRI), underwent a dynamic [11C]HED scan. Ischemic cardiomyopa-
thy was defined as having one or more stenoses > 50% on coronary angiography
and delayed contrast enhancement on cardiac MRI. Scans were derived from
on-going clinical studies, which had been approved by the Medical Ethics Re-
view Committee of the VU University Medical Center, and all participants had
given written informed consent prior to inclusion.

9.2.2 Scanning protocol

All studies were performed using a Gemini TF-64 PET/CT scanner ( (66);
Philips Healthcare, Best, The Netherlands). In case of [11C]acetate, a 50 minutes
emission scan was started simultaneously with the injection of 370 MBq of
[11C]acetate, which was administered as a 5 mL bolus (infusion speed 0.8 mL⋅s-1)
followed by a 35 mL saline flush (infusion speed 2 mL⋅s-1). This emission scan
was followed immediately by a respiration averaged low-dose CT (LD-CT) scan
(55 mAs, rotation time 1.5 s, pitch 0.825, collimation 64x0.625, acquiring 20 cm
in 12 s compared with 5 s for a regular LD-CT) during normal breathing. The
acquisition protocol for [11C]HED, was similar to that for [11C]acetate, except
that the duration of the emission scan was 60 minutes. In addition, all [11C]HED
patients received an indwelling radial artery catheter for arterial blood sampling
during the emission scan. A total of seven 7 mL arterial samples were collected
manually at 2.5, 5, 10, 20, 30, 40 and 60-min post-injection. For each sample,
activity concentrations in plasma and whole blood were determined as described
previously (Chapter 7 of this thesis). Images were reconstructed into 36 frames
(1x10, 8x5, 4x10, 3x20, 5x30, 5x60, 4x150, 6x300 s for [11C]acetate and 1x10,
8x5, 4x10, 3x20, 5x30, 5x60, 4x150, 4x300, 2x600 s for [11C]HED) using the
3D row action maximum likelihood algorithm (3D RAMLA) and applying all
appropriate corrections for scanner normalization, dead time, decay, randoms,
scatter, and attenuation based on the corresponding LD-CT scan.

9.2.3 Input functions

For both [11C]acetate and [11C]HED, input functions were obtained by placing
1 cm diameter regions of interest (ROI) over the ascending aorta in 5 transaxial
image planes of the frame showing the first pass of the injected bolus. These
ROIs were combined to obtain arterial whole blood (CA(t)) time-activity curves
(TACs). To correct for spill-over from the right ventricular (RV) cavity, a sec-
ond set of ROIs was placed over the RV cavity in 5 transaxial planes, with
ROI boundaries at least 1 cm from the RV wall to avoid spill-over of myocar-
dial activity. Again, these ROIs were combined to obtain RV TACs (CRV(t)).
Corrections for both metabolism of parent tracer and plasma to whole blood
ratio were applied to CA(t), yielding CP(t). For [11C]acetate, a population av-
eraged correction (217) was used, whilst for [11C]HED, individual corrections
were applied using data from the manual arterial samples, as described previ-
ously (Chapter 7 of this thesis).

126



9.2. Materials and methods

Figure 9.1. Typical example of an image of [11C]HED uptake from 50-60 minutes (left)
of a patient with a myocardial infarction in the anterior wall, its corresponding parametric
image of ATF (centre) and the fused image (right). As can be seen, myocardial structures
are difficult to delineate using only the PET image, whilst the fusion image clearly shows the
left ventricular wall, even when no [11C]HED uptake is present.

9.2.4 Generation of parametric images

For [11C]acetate, parametric images were generated based on the reversible sin-
gle tissue compartment (1T2k) model. For [11C]HED both 1T2k and reversible
two tissue compartment (2T4k) models were used as 2T4k was shown to yield
the best fits, whilst 1T2k could be used as a simpler and more robust alternative
(Chapter 7 of this thesis). For the 1T2k model, the same method was used as
described previously for [15O]water (81, 128, 131, 132), using a set of 100 basis
functions. For the 2T4k model, two sets of 100 basis functions each were used to
account for the clearance rates of both compartments. A two-step method was
used to preserve computational speed when using two sets of basis functions.
A detailed description of the basis function methods and this two-step method
can be found in the appendix. Next, parametric images of anatomical tissue
fraction (ATF) were generated using parametric blood volume fraction images
estimated for each tracer and model, in a similar fashion as reported previously
for [15O]water (82):

ATF = 1.06 ⋅ (CTnorm − VA − VRV )
�� ��9.1

where CTnorm is a transmission map image based on the low-dose CT, normal-
ized to density of blood, VA and VRV represent arterial blood volume and right
ventricular spill-over fractions, respectively, and 1.06 represents the density of
blood. For all parametric images other than those of VA and VRV, voxels with
VA or VRV > 0.6, VA + VRV > 0.75 or ATF < 0.25 were set to 0.

9.2.5 ROI definition

After rotation to short-axis images, 17 heart segments (169) were defined on
images of tracer uptake between 5-10 and 50-60 minutes for [11C]acetate and
[11C]HED, respectively. ROI definition consisted of several steps for each short-
axis image included:
� Generation of a fusion image of tracer uptake and ATF (Figure 9.1);
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Chapter 9. Parametric imaging of [11C]HED and [11C]acetate

� Manual definition of outer contours of the LV wall, resulting in an LV ROI;
� Automatic exclusion of blood voxels, as described in the previous section.
Only voxels in the LV wall are included in the LV ROI after this step;
� Optional manual fine-tuning of the resulting LV ROI;
� Manual definition of a reference point, defining the border between septal and
inferior walls;
� A reference line connecting the centre of the LV ROI and the reference point
of the previous step is defined as the border between infero-septal and inferior
regions for basal and mid slices or the border between inferior and septal regions
for apical slices. The rest of the LV wall is then automatically divided into 6
segments at increments of 60 degrees for basal and mid slices or into 4 segments
at increments of 90 degrees for apical slices.

No fully automatic contour detection was used, since automatic methods
are inaccurate in patients with large infarcts and therefore not generally appli-
cable. Using fused images, regions with low tracer uptake can still be defined
based on anatomical information from ATF (Figure 9.1). To validate validity
of the method described above, three observers (O1, O2 and O3) analysed all
[11C]acetate scans using software (Cardiac VUer) developed in-house within
the Matlab 7 (Mathworks, Natick, MA, USA) environment. In addition, all
observers analysed all [11C]acetate scans using a previously validated and com-
monly used software package, CAPP (Siemens/CTI, Knoxville, TN, USA), in
which analyses were performed fully manually. O1 had a high degree of ex-
perience (> 250 analyses) with both packages, whilst both O2 and O3 had no
experience with either package. All observers were blinded to results of each
other, and O2 and O3 received identical training before starting analysis. O1
and O2 started with CAPP followed by Cardiac VUer, and O3 started with Car-
diac VUer followed by CAPP to eliminate any potential bias due to a learning
curve. After a period of at least two weeks, analyses were repeated for both
CAPP and Cardiac VUer.

9.2.6 Data analysis

ROIs were transferred to the dynamic image sequences and segmental TACs
were extracted. Using standard weighted nonlinear regression (NLR), segmen-
tal [11C]acetate TACs were fitted to a 1T2k model, whilst segmental [11C]HED
TACs were fitted to both 1T2k and 2T4k models. Corresponding average para-
metric values were obtained by transferring the same ROIs used to extract seg-
mental TACs to the parametric images. Intra- and interobserver variability of
ROI definition was assessed using ICC using K1 and k2 values derived from seg-
mental analysis of [11C]acetate data with NLR Correlations between parametric
and segmental values were assessed using linear regression with an intercept of
0, intraclass correlation coefficients (ICC) and Bland Altman analyses. Paired
t-test was used to study differences between parametric and segmental values.
To exclude outliers, only segments with a coefficient of variation less than 25%
(from the nonlinear regression analysis) were included.

128



9.3. Results

Table 9.1. Parameters values used to generate simulated time-activity curves.

[11C]acetate [11C]HED

Healthy Compromised Healthy Scar

K1 0.75 0.25 1.0 0.5

k2 0.075 0.025 0.5 0.5

k3 0.6 0.3

k4 0.02 0.02

VT 10 10 62 16

9.2.7 Simulations

Simulations were performed to study effects of noise on quantitative accuracy of
parametric images. For [11C]acetate, two TACs were calculated using the 1T2k
model, whilst for [11C]HED two TACs were calculated using the 2T4k model.
For either tracer, one TAC represented healthy tissue with normal kinetics,
whilst the second TAC represented compromised tissue with impaired kinetics.
For these TACs, parameters were used based on clinical data (Table 9.1). For all
TACs, input functions of a randomly selected patient were used and an arterial
blood volume fraction of 0.2 and a right-ventricular spill-over fraction of 0.1
were assumed. After adding 5 and 20% Gaussian noise to the TACs, curves
were fitted using both NLR and BFM, together with each respective model for
each tracer. This process was repeated 1.000 times for each tracer, tissue and
noise level, after which accuracy, precision and computation times were assessed
for each method by comparing results with parameter estimates at 0% noise.

9.3 Results

9.3.1 Validation of ROI definition

As shown in Table 9.2, high levels of agreement were found for segmental K1

and k2 of [11C]acetate, obtained with CAPP and Cardiac VUer. In addition,

Table 9.2. Intersoftware and inter- and intraobserver correlation observed for CAPP and
Cardiac VUer for all observers. Displayed values are intraclass correlation coefficients.

K1 k2

O1 O2 O3 O1 O2 O3

CAPP vs Cardiac VUer 0.96 0.90 0.94 0.97 0.90 0.92

CAPP

O1 0.98 0.99

O2 0.89 0.90 0.90 0.91

O3 0.90 0.86 0.94 0.90 0.87 0.94

Cardiac VUer

O1 0.98 0.99

O2 0.96 0.97 0.93 0.96

O3 0.94 0.91 0.94 0.94 0.93 0.94
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Chapter 9. Parametric imaging of [11C]HED and [11C]acetate

Figure 9.2. Typical example of parametric [11C]acetate images of (A) K1 and (B) k2 for
a patient with ischemic cardiomyopathy. Images are fused with parametric ATF images and,
for display purposes, filtered using a 10 mm Gaussian filter.

Figure 9.3. Typical example of parametric [11C]HED images of K1 (A,C) and VT (B,D)
derived using 1T2k (A,B) and 2T4k (C,D) models for a patient with ischemic cardiomyopathy.
Images are fused with parametric ATF images and, for display purposes, filtered using a 10
mm Gaussian filter.

a high interobserver and intraobserver variability was observed for K1 and k2

using both CAPP and Cardiac VUer. In case of Cardiac VUer, interobserver
and intraobserver variabilities for all observers were > 0.90. In general, ICC
values were higher for Cardiac VUer, except for the experienced observer.
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9.4. Discussion

Table 9.3. Percentage of segments included (i.e. with coefficient of variation < 25%),
correlation, slope, ICC and averages values obtained with both NLR and BFM with corre-
sponding p-value. Slopes marked with an asterisk (*) differ significantly from 1. Please note
that [11C]acetate k2 and [11C]HED K1 derived using 1T2k had slopes of 1.004 and 1.003,
respectively, which were both significantly different from 1.

% segments
r2 Slope ICC Mean NLR Mean BFM p

included

[11C]acetate 1T2k
K1 100 1.00 1.00 1.00 0.39±0.08 0.39±0.08 0.27

K2 100 0.99 1.00* 0.99 0.076±0.009 0.076±0.009 0.03

[11C]HED 1T2k
K1 99.7 1.00 1.00* 1.00 0.23±0.09 0.23±0.09 < 0.001

VT 97.0 0.98 1.06* 0.99 21.8±11.0 23.2±11.9 < 0.001

[11C]HED 2T4k
K1 75.3 0.83 1.01 0.94 0.43±0.17 0.45±0.14 < 0.001

VT 81.5 0.92 0.98* 0.96 27.3±13.1 27.2±12.1 0.60

9.3.2 Validation of parametric images

Figure 9.2 shows an example of parametric [11C]acetate images for a patient
with ischemic cardiomyopathy, and Figure 9.3 shows an example of parametric
[11C]HED images for a patient with myocardial infarction of the antero-septal
region. Results of the comparison between NLR and BFM are listed in Table
9.3. In general, for all parameters and models tested, there was high correlation
between values extracted using both methods (r2 > 0.85 and ICC > 0.90 for
all parameters). For several parameters, however, the slope of the linear fit
was significantly different from unity, showing a consistent bias in parametric
images, although observed differences were small. Slopes ranged from 0.98 to
1.06, indicating a maximum bias of 6% in quantitative results.

9.3.3 Simulations

Accuracy and precision of BFM and NLR results are shown in Tables 9.4 and 9.5
for [11C]acetate and [11C]HED, respectively. In general, accuracy and precision
of BFM and NLR were comparable for the 1T2k model for both [11C]acetate and
[11C]HED, whilst BFM showed significantly improved accuracy and precision for
VT derived using the 2T4k model.

9.4 Discussion

This study presents an (extended) application of the basis function method [18-
21] for generating absolute, quantitative parametric images of [11C]acetate and
[11C]HED kinetics. For [11C]acetate, parametric images were calculated using
the reversible single tissue compartment (1T2k) model, whilst for [11C]HED
parametric images were calculated using both reversible single and two tissue
compartment (2T4k) models.

Both agreement and correlation (ICC ≥ 0.94, r2 ≥ 0.83 for all parameters,
Table 9.3) of average segmental values, derived from calculated parametric im-
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Table 9.4. Accuracy and precision of [11C]acetate K1 and k2 estimated using NLR and BFM
at 5 and 20% noise levels. Coefficient of variation (CoV) and bias are given in percentages.

NLR BFM

Parameter TAC Noise (%) Bias (%) CoV (%) Bias (%) CoV (%)

K1

Healthy
5 0.00 1.97 0.46 2.06

20 0.44 8.24 0.94 8.24

Compromised
5 0.10 1.93 0.64 2.06

20 1.06 8.00 1.70 8.13

k2

Healthy
5 -0.03 1.66 1.00 2.04

20 0.01 7.19 1.11 7.24

Compromised
5 0.03 2.00 1.13 2.34

20 -0.07 8.05 0.95 8.26

Table 9.5. Accuracy and precision of [11C]HED parameters estimated using NLR and BFM
at 5 and 20% noise levels for two models. Coefficient of variation (CoV) and bias are given
in percentages and represent biases as compared to parameter estimates at 0% noise.

NLR BFM

Parameter TAC Noise (%) Bias (%) CoV (%) Bias (%) CoV (%)

K1 1T2k

healthy
5 0.01 1.95 0.34 1.97

20 0.59 7.09 0.09 7.32

compromised
5 0.09 1.98 0.20 2.00

20 0.18 8.02 0.28 8.04

VT 1T2k

healthy
5 0.60 8.08 1.99 8.18

20 7.55 31.74 8.99 31.76

compromised
5 0.13 5.42 0.15 5.46

20 6.75 34.69 6.55 35.10

K1 2T4k

healthy
5 0.18 7.53 0.42 7.73

20 1.03 18.94 5.11 19.25

compromised
5 0.08 4.41 0.18 4.51

20 1.23 17.73 1.62 16.02

VT 2T4k

healthy
5 2.64 12.79 1.07 12.97

20 13.43 32.46 7.98 32.32

compromised
5 0.68 8.63 0.58 8.78

20 53.20 88.60 20.03 44.10

ages, with corresponding values obtained using NLR of segmental TACs were
high. This indicates that it is possible to generate parametric images of K1

and k2 for [11C]acetate and for K1 and VT, using either 1T2k or 2T4k, for
HED with high quantitative accuracy. However, for all parameters except K1 of
[11C]acetate and 2T4k derived K1 of [11C]HED, there was a significant difference
in results obtained from parametric images and NLR, as indicated by slopes of
the linear fits that deviated significantly from unity. although especially for k2

of [11C]acetate and 1T2k derived K1 for [11C]HED, differences were negligible.
Small errors in spill-over or blood volume corrections in voxels adjacent to LV
or RV cavities may lead to small inaccuracies in these voxels, resulting in a
potential bias of average segmental values. This issue was reduced by setting
voxels with high blood volume or spill-over fractions to 0 (81) in order to avoid
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9.4. Discussion

spurious noise induced high values outside the blood vessels, although some dif-
ferences remained. Another explanation for observed differences is that, due
to the non-linear nature of the models used in this study, parameters derived
from an average segmental TAC can be different than the average of parame-
ters derived from all individual TACs within a segment. This is illustrated by
the fact that, when average segmental TACs as used for NLR are fitted using
BFM, obtained values are no longer significantly different from those obtained
using NLR (data not shown). Similarly, no significant differences between values
derived using NLR and BFM were found for simulated, noise free data.

Simulations showed that, for 1T2k, accuracy and precision were similar or
higher for [11C]acetate than for [11C]HED. This may partially be explained
by the fact that the 2T4k model was used to define [11C]HED tissue TACs,
whilst the 1T2k model itself was used for [11C]acetate. Previously, it has been
shown (Chapter 7 of this thesis) that, for low noise levels, the 2T4k model
yields the most accurate fits for [11C]HED. Therefore, this model was used to
generate simulated TACs for [11C]HED. Whilst the 1T2k model can be used as
a simplified alternative to the 2T4k method (Chapter 7 of this thesis), especially
for noise levels seen in most clinical studies, it is not surprising that this affects
accuracy and precision of 1T2k results when curves are generated using the
2T4k model. In addition, [11C]acetate typically shows a higher clearance rate
from tissue (k2 of 0.075 and 0.010 for [11C]acetate and [11C]HED, respectively),
which makes estimation of k2 and consequently the entire fitting process more
robust.

Parametric images can be used during the ROI definition step to automat-
ically exclude LV and RV cavities from the ROIs, in this case by setting vox-
els with blood volume or spill-over fractions > 0.6 to 0. Using this method,
endocardial borders of the heart are defined with minimal user intervention.
In addition, images used for ROI definition can be fused with parametric im-
ages of ATF, showing anatomical information as background layer, aiding in
the manual definition of the remaining (epicardial) border. ROIs defined us-
ing this method (implemented in Cardiac VUer) showed similar or increased
reproducibility than when ROIs were drawn without this additional informa-
tion (e.g. by using CAPP). Improvements were seen in both inter-observer and
intra-observer reproducibility (Table 9.2), indicating added value of automatic
detection of LV and RV cavities and/or use of fusion images.

In the present study, validation of parametric images was performed for
[11C]HED and [11C]acetate. This validation could, however, be extended to
other tracers as long as the appropriate tracer kinetic model is known. Nev-
ertheless, the range of basis functions should be evaluated for each tracer in-
dependently, so that they cover the entire physiological range for that tracer.
Therefore, for each new tracer, a first pilot study with NLR should be performed
in order to determine the physiological range of exponents needed for definition
of the basis functions, after which parametric images can be generated and val-
idated in a direct comparison with NLR. In addition, for tracers with more
complicated models, such as the one for [11C]palmitate (218), the large number
of model parameters may limit accuracy and precision of resulting parametric
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images. In addition, computational time, which is proportional to the product
of the number of basis functions for each exponential, increases substantially for
each added compartment.

9.5 Conclusion

This study demonstrates that parametric imaging is feasible for [11C]HED us-
ing either single or two tissue compartment models, and for [11C]acetate using
a single tissue compartment model. This enables assessment of myocardial in-
nervation and oxygen consumption at the voxel level. When using parametric
image information, more reproducible definition of heart segments is possible
by fusing with ATF images and automatic detection of LV and RV cavities.
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9.6 Appendix

For each model described below, CPET(t) represents measured radioactivity con-
centrations as function of time, CP(t) plasma concentrations of parent tracer,
CA(t) (arterial) whole blood radioactivity concentrations, and CRV(t) right ven-
tricular blood radioactivity concentrations. VA represents arterial blood volume
in tissue, and VRV spill-over from the right ventricle. K1, k2, k3 and k4 are
the model parameters representing unidirectional uptake rate, tracer washout
rate, rate of binding or metabolic trapping and rate of dissociation of bound or
trapped tracer, respectively.

9.6.1 Parametric 1T2k images

For both [11C]acetate and [11C]HED, the following equation was used:

CPET (t) =K1 ⋅CP (t)⊗ e−k2⋅t + VA ⋅CA(t) + VRV ⋅CRV (t)
�� ��9.2

For calculation of parametric images, a single set of basis functions was defined:

Bi(t) =K1 ⋅CP (t)⊗ e−k2,i⋅t
�� ��9.3
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9.6. Appendix

consisting of a range of 100 exponentially spaced values of k2,i, between 0.005
and 0.25 for [11C]acetate ,and between 0.002 and 0.1 for [11C]HED. These sets
of basis function were then substituted in the model equation, resulting in

CPET (t) =K1 ⋅Bi(t) + VA ⋅CA(t) + VRV ⋅CRV (t)
�� ��9.4

This equation was solved for every basis function Bi(t) using weighted least
squares. For each voxel, the value of k2,i, together with its corresponding values
for K1, VA and VRV, that yielded the lowest weighted squared sum of differences
was used in the parametric images. Finally, for each voxel, VT was calculated
as

VT = K1

k2

�� ��9.5

9.6.2 Parametric 2T4k images

The following equation was used for the 2T4k model:

CPET (t) = (b1 ⋅CP (t)⊗ e−a1⋅t + b2 ⋅CP (t)⊗ e−a2⋅t)
+VA ⋅CA(t) + VRV ⋅CRV (t)

�� ��9.6

In which

a1 = k2 + k3 + k4 −
√
(k2 + k3 + k4)2 − 4 ⋅ k2 ⋅ k4

2

�� ��9.7

a2 = k2 + k3 + k4 +
√
(k2 + k3 + k4)2 − 4 ⋅ k2 ⋅ k4

2

�� ��9.8

b1 =K1 ⋅ k3 + k4 − a1
a2 − a1

�� ��9.9

b2 =K1 ⋅ a2 − k3 − k4
a2 − a1

�� ��9.10

Two sets of basis functions were defined:

Bi1(t) = CP ⊗ e−ai1(t)
�� ��9.11

Bi2(t) = CP ⊗ e−ai2(t)
�� ��9.12

100 exponentially spaced values for ai1 and ai2 were used, ranging between 0.25
and 2 and between 0.004 and 0.25, respectively, and substituted in the following
model equation:

CPET (t) = (b1 ⋅Bi1(t) + b2 ⋅Bi2(t)) + VA ⋅CA(t) + VRV ⋅CRV (t)
�� ��9.13

Obtained values for a1, a2, b1 and b2 were then used to calculate K1 to k4 and,
subsequently, VT and VS:

K1 = b1 + b2
�� ��9.14
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k2 =
a1 + a2 + (b2−b1)⋅(a2−a1)K1

2

�� ��9.15

k4 = a1 ⋅ a2
k2

�� ��9.16

k3 = a1 + a2 − k2 − k4
�� ��9.17

VT = K1

k2
⋅ (1 + k3

k4
)

�� ��9.18

VS = K1

k2
⋅ k3
k4

�� ��9.19

In order to preserve computation speed, a two-step method was applied. During
the first step, a coarse subset of each tenth basis function was used. The optimal
values for ai1 and ai2 were stored and, in the second step, for each voxel and
both sets of basis functions, the basis functions with value ai-10 to ai+10 were
used to obtain the final value ai1 and ai2. In this way the overall number of
calculations was reduced from 10.000 (i.e. 100x100) to 541 (i.e. 10x10 + 21x21).

9.6.3 Weighted least squares

All model equations were fitted using weighted least squares. Weights were
defined as

W = (Tend − Tstart)
2

C ⋅ f2
�� ��9.20

Tend and Tstart represent end and starting times of the frames, respectively, C
the total number of image counts and f was calculated as

f = λ ⋅ (Tend − Tstart)
e−λ⋅Tstart − e−λ⋅Tend

�� ��9.21

In which λ is the isotopes decay constant (0.034 for 11C). Linear fits were then
performed using the standard weighted least squares algorithm:

R = (B′ ⋅ diag(W 2) ⋅B)−1 ⋅B′ ⋅ diag(W 2) ⋅D
�� ��9.22

In which diag(W) is a diagonal matrix containing the weights as defined in 9.20,
R is the matrix containing the calculated values of the parameters in 9.4 and
9.13, B is a matrix containing both one basis function of each appropriate set
and the blood time-activity curves of 9.4 and 9.13 for spillover and blood volume
correction, and D a matrix containing the voxel time-activity curves to be fitted.
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