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Abstract

""C-ABP-688 is a selective tracer for the mGluR5 receptor. Its kinetics is fast and thus favourable for an equilibrium approach to
determine receptor-related parameters. The purpose of this study was to test the hypothesis that the pattern of the '' C-ABP688 uptake using a
bolus-plus-infusion (B/I) protocol at early time points corresponds to the perfusion and at a later time point to the total distribution volume.
Methods: A bolus and a B/I study (1 h each) was performed in five healthy male volunteers. With the B/I protocol, early and late scans were
normalized to gray matter, cerebellum and white matter. The same normalization was done on the maps of the total distribution volume (Vt)
and K| which were calculated in the study with bolus only injection and the Logan method (Vt) and a two-tissue compartment model (K).
Results: There was an excellent correlation close to the identity line between the pattern of the late uptake in the B/I study and Vt of the
bolus-only study for all three normalizations. The pattern of the early uptake in the B/I study correlated well with the K; maps, but only when
normalized to gray matter and cerebellum, not to white matter.

Conclusion: It is demonstrated that with a B/I protocol the ''C-ABP688 distribution in late scans reflects the pattern of the total distribution
volume and is therefore a measure for the density pattern of mGIluRS. The early scans following injection are related to blood flow, although
not in a fully quantitative manner. The advantage of the B/I protocol is that no arterial blood sampling is required, which is advantageous in
clinical studies.

© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Recently, ''C-ABP688 (3-(6-methyl-pyridin-2-ylethynyl)-
cyclohex-2-enone-O-''C-methyl-oxime) has been intro-
duced as a PET tracer to evaluate the metabotropic glutamate
receptor mGIluRS [1]. This compound binds with high
selectivity to the allosteric site of the receptor. In previous
studies, we assessed the in vivo kinetics of ' C-ABP688 after
bolus injection and evaluated several quantification methods
for human ''C-ABP688 data. We demonstrated that ''C-
ABP68S has a high first-pass extraction fraction of 96%, that
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a two-tissue compartment model is required for adequately
describing the tissue kinetics, that K is highly correlated with
regional cerebral blood flow and that there is an excellent
agreement between the total distribution volumes calculated
with the two-tissue compartment model and the Logan
method [2].

Quantitative PET studies after bolus injection involve
arterial blood sampling with complex blood analyses, which
is inconvenient for patients. An alternative is the application
of an equilibrium paradigm. If it is possible to reach true
equilibrium, the concentration of total tracer in plasma
equals that in tissue water, and the total tissue volume of
distribution (Vt) equals the concentration of tracer in tissue
divided by the concentration of authentic tracer in plasma
[3]. For radiotracers with sufficient clearance such as ''C-
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ABP688, the constant infusion of tracer will result in a
prolonged state of equilibrium at the receptor population of
interest [4]. To minimize the time to equilibrium, the
infusion can be optimized by the addition of an initial bolus
[3]. The optimal relation between bolus activity and infusion
rate in such bolus/infusion (B/I) experiments can be derived
based on the tissue uptake curves from a bolus-only
experiment [3]. In practice, this relation is determined from
the data of a series of bolus studies and then applied for the
B/I studies. Treyer et al. [2] used the parameters resulting
from fitting the two-tissue compartment model for the
determination of a bolus/infusion ratio. A value of K,=53
min was found, meaning that a bolus equivalent to an
infusion of 53 min should result in an equilibrium after about
40 min. In addition, the tracer accumulation shortly after
injection of the bolus part can potentially be used as a
measure for perfusion [5]. Often, fully quantitative studies
are too noisy or the study population is too small to
demonstrate significant differences. In these circumstances,
the noise can be reduced by normalization of the regional
tracer uptake to a specific region. The purpose of this study
was to test the hypothesis that the pattern of the '' C-ABP688
uptake using the B/I protocol corresponds to the total
distribution volume at a later time point and to the perfusion
at early time points. For this purpose, the tracer uptake at
early and late time points was normalized to the mean of gray
matter, cerebellum and white matter, and the values were
compared to the corresponding ones obtained by tracer
kinetic modelling of the ''C-ABP688 kinetics after bolus
only injection.

2. Materials and methods
2.1. Study population

Five healthy male volunteers (mean age 32 years; range
24-46 years) were scanned with both the bolus and the B/I
protocol. The bolus study was performed first, and the time
interval to the infusion study ranged from 7 to 97 days (mean
30 days). A detailed questionnaire was used to ensure that
none of the volunteers had a history of neurologic disorders,
drug or alcohol abuse, or psychiatric medication. The study
was approved by the local ethics committee, and written
consent was obtained from each volunteer.

2.2. PET Acquisitions

The PET acquisitions were performed using two similar
whole-body PET-CT scanners (Discovery STE and Discov-
ery RX, GE Healthcare, Milwaukee, WI, USA). The
Discovery RX was only used for a single acquisition and
the Discovery STE for all others. The volunteers were
prepared with an antecubital vein catheter for tracer
injection, and for the bolus studies also with a contralateral
radial artery catheter for blood sampling. The acquisition
was started with a low-dose CT for attenuation correction

purposes, followed by the dynamic 3D PET acquisition
(10x1 min, 10x5 min) which was started at tracer injection.
In the bolus study, a slow bolus injection of 600—650 MBq
''C-ABP688 PET within 2 min was applied. In the B/I study,
the same activity was prepared in a syringe. It was applied
using an initial 47-s bolus (48% of activity, infusion rate 30
ml/min), followed by a 1-h infusion (0.45 ml/min) of the
remaining activity using a Perfusor fm (Braun) pump. With
this B/I protocol, the activity injected by the bolus equals the
activity infused by 53 min of infusion (disregarding physical
decay). Transaxial images of the brain were reconstructed
using the 3D FORE FBP algorithm with CT-based
attenuation correction. The resulting images had a
128%128 matrix, 47 slices, 2.34%2.34x3.27-mm voxels and
an in-plane resolution of approximately 7 mm. For
measuring the arterial input curve of the bolus studies,
arterial blood samples were collected every 30 s during the
first 6 min, and then at increasing intervals until the end of
the study. In the B/I studies, only two venous blood samples
were collected at 60 min. The activity concentrations of
whole blood and of authentic tracer in plasma were
determined with the methods established by Treyer et al. [2].

2.3. Data analysis

2.3.1. Data processing of bolus studies

Motion correction was first applied to the images of the
bolus studies. The average of Frames 2 to 4 was used as the
reference, to which all frames were matched using the
normalized mutual information criterion [6]. Parametric
maps of the bolus studies were generated by fitting a
standard two-tissue compartment model including a fixed
5% fraction of whole-blood activity with fit parameters K,
K 1/ky, k 3, k 4 to the voxel-wise time—activity curves
(TACs). Because of the noise level, a ridge-regression fitting
approach was applied as described in Appendix A. The
voxel-wise fits resulted in parametric maps of all model
parameters. The Logan plot was applied to the voxel-wise
TACs for calculating reliable parametric maps of Vt
(VtLogan) [2]. For the quantitative comparison, regional Vt
and K; values were calculated by averaging the parametric
maps within the VOIs. The PMOD version 3.0 software
(PMOD Technologies, Zurich, Switzerland) was used for all
image processing and quantification steps.

2.3.2. Data processing of infusion studies

No input curve was available for the infusion studies. The
tracer accumulation was averaged over the last three frames
(45-60 min, Aj,) to obtain the late uptake pattern and over
the first three frames (1-3 min, Ag,ny) for the early uptake.
The maps of Ajye and Aeyy were rigidly matched to the
corresponding bolus study maps using the Vt maps and an
automatic registration method based on the normalized
mutual information criterion [6]. VOI averages were
calculated in the realigned parametric maps using the VOIs
described below.
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Fig. 1. Representative parametric maps calculated from a bolus study (K,
VtLogan) and the corresponding B/I study (average activity 0—-3 min and
uptake 45-60 min). Note the marked difference between the early and late
scans. In the late B/I scans, structures with low concentrations of mGluRS,
such as the brain stem, thalamus and cerebellum, demonstrate a low tracer
uptake and the pattern correlates well with the Vit; ogan maps. In the early
scans, the pattern of tracer uptake agrees well with the K; maps.
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2.3.3. Volume-of-interest definition

The VOI analysis was based on the standard VOIs defined
by the AAL template [7]. To avoid spatially normalizing the
PET images, AAL VOIs adjusted for each patient were
obtained by the following approach: the K; map of the bolus
study was spatially normalized to the standard MNI PET
template. The resulting normalized K; image was then again
normalized, this time using the original K; image as the
reference. The resulting transformation constitutes an inverse
normalization from the standard MNI space to the subject
space. This transformation was applied to the AAL VOI
template, resulting in the 113 standard AAL VOIs adjusted to
the subject’s anatomy. A subset of these VOIs were combined
to form 13 standard VOlIs: four cortical VOIs (frontal, parietal,
temporal and occipital), two VOIs within the cingulate gyrus
(anterior and posterior), three VOIs in the prosencephalon
(caudate, putamen and thalamus), three VOIs in the limbic

systems (medial orbitofrontal cortex, amygdala, hippocampus)
and one VOI in the cerebellar cortex.

2.3.4. Parameter value normalization and bolus to
B/I comparison

For facilitating the comparison between the different
protocols, parameter normalization was performed using the
average parameter values in gray matter, white matter and
cerebellum. The gray matter and cerebellum values were
obtained by applying AAL-VOIs, whereas individually
defined VOIs were used for obtaining the white matter
values. The normalized parameter values were compared by
correlation and Bland—Altman analysis.

3. Results

Representative maps of the different parameters of
interest are shown in Fig. 1. The similarity of K, and the
early uptake Acny is evident, as well as the similarity of
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Fig. 2. Representative time—activity curves of a bolus study (A) and the
corresponding B/I study (B). The values represent the mean in a volume of
interest placed over the cingulate, parietal cortex, cerebellum and white
matter. To facilitate a comparison, the gray matter curves were normalized to
the cerebellum uptake in the second frame, namely, 22.3 kBg/ml in the bolus
and 11.4 kBg/ml in the B/I study.
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Fig. 3. (A) Scatter plot of 65 normalized values from five paired ''C-ABP688 bolus and B/I studies. The Vit values were calculated as the VOI averages of the
Vtpogan maps (horizontal axis, bolus studies) and as the VOI average of the uptake from 45 to 60 min (4, vertical axis, B/I studies). Normalization was done
relative to the average in all gray matter VOIs. (B) Bland—Altman plot showing the percent differences vs. the averages of the normalized Vtogan and Ajaee
values. (C) Scatter plot of the perfusion-related information. The K values were calculated as the VOI averages of the K| maps (horizontal axis, bolus studies)
and as the VOI averages of the uptake during the first 3 min (4eany, vertical axis, B/I studies). Normalization was done relative to the average in all gray matter
VOIs. (D) Bland—-Altman plot showing the percent differences vs. the averages of the normalized K and Ay values.

Vtiogan and the late uptake Ajue. The most visually
appreciated difference between early and late uptake is in
the cerebellum, the thalamus and the brain stem, where the
initial uptake shows larger values.

Typical tissue TACs of the bolus and the B/I protocol are
demonstrated in Fig. 2. In the cingulum and the cerebellum, a
plateau is reached after 35 min; in the parietal cortex and white
matter, it was already reached earlier. In addition, the early
phase in white matter is protracted, due to the lower blood flow.

The comparison of Vt; 4., With the differently normal-
ized Aju values is shown in Figs. 3—5A and B. The scatter
plot demonstrates a high linear correlation close to the
identity line between the normalized Vt estimates and A,
for all normalization methods. The highest correlation
coefficient was calculated for the normalization to gray
matter, the lowest for the normalization to white matter. In
the Bland—Altman plots, only a few data points were outside
the range mean+2 S.D. A somewhat different picture arises
for the normalized early scans as demonstrated in Figs. 3—5C
and D. The correlation of A,y With K is reasonable for the
normalization to gray matter and cerebellum but low for the
normalization to white matter. A considerable intercept for
all modes of normalization is notable. Furthermore, a flow-
dependent trend is clearly seen in the Bland—Altman plots.

4. Discussion

This study validates the hypothesis that the pattern of the
late distribution of ''C-ABP688 with a B/I protocol reflects
the pattern of the total distribution volume of the tracer and
that the early distribution is related to K; and therefore
blood flow. In this study, we concentrated on the pattern
(normalized values) as opposed to absolute Vt values, since
these can be obtained without arterial blood sampling,
which renders the B/I protocol more practical. The reasons
for testing three different regions as a normalization
reference were the following. To demonstrate regional
differences in the pattern of tracer uptake between groups,
one often uses statistical parametric mapping, which was
originally developed for blood flow activation studies. Most
of these studies require some kind of normalized values,
and the most common area of normalization is the gray
matter. This normalization method yielded the highest
correlation of the late uptake pattern with the Vt values and
also at early time points with K;. A disadvantage of this
normalization is that the gray matter in the hemispheres also
contains the mGIluRS5 receptors. Therefore, a general
increase or decrease of mGIluRS5 would be missed by this
method. However, localized differences in the mGIluR5
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Fig. 4. Similar plots as in Fig. 3 except that normalization was performed relative to the average in the cerebellum VOI.
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distribution could still be demonstrated. In certain cases, it
would be advantageous to normalize the tissue uptake to an
area with few, or ideally no, mGluR5. The gray matter area
with the lowest concentration of mGIuRS is the cerebellum.
In the rat cerebellum, there is no measurable concentration
of mGIluRS5 [1]; in humans, the cerebellar mGluR5
concentration is low but probably not negligible [8]. The
maps normalized to the cerebellum also demonstrate a high
correlation with the normalized Vt and K; maps, although
the noise is somewhat higher compared to the normalization
to gray matter.

The area with negligible mGluRS5 in humans is the white
matter. The advantage of this normalization is that it
potentially allows to partially quantify differences in
mGIluRS concentration between groups. If one assumes
that the nonspecific ''C-ABP688 uptake in white matter is
equal in both groups, any percentage change in the
normalized values between the groups will reflect the same
percentage change in Vt. However, the normalization to
white matter yielded the correlation with the highest noise.
While the normalized late scans still correlate reasonably
well with normalized Vt, the correlation of the early scans
with the K| maps is poor.

The delivery of tracer by tissue perfusion is a critical step
of tracer uptake. Due to the high correlation of K; with
regional cerebral blood flow, which is a consequence of the
high first-pass extraction fraction of ABP688 [2], K; can be
used as a measure of perfusion in absolute units. Conse-
quently, parametric maps of K; represent supplemental
information which may be valuable for the interpretation of
the total distribution volume outcome. The K; maps were
calculated using a two-tissue compartment model with ridge
regression fitting. As the K, parameter is directly propor-
tional to the calculated model function, it can relatively
reliably be estimated, as has been found by Zhou et al. [9].
Averaging the first minutes of tracer uptake yields an image
which can be expected to be related to tracer delivery, but
which is not an absolute perfusion measure. The correlations
of the early uptake with the K| maps deviate considerably
from the identity line. Lower blood flows are relatively
overestimated and high blood flows relatively underesti-
mated. The reason for this effect is the backdiffusion of
tracer to blood during the integration time. The higher the
blood flow (K;) and the longer the integration time, the
higher the amount of backdiffused tracer. The correlation
could therefore be improved by shortening the integration
time, but that would lead to noisier images. We found that
3 min was a reasonable compromise.

The uptake at late time points will exactly reflect Vt if the
tracer concentration in tissue and blood were in true
equilibrium. That this is indeed the case is suggested by
the plateau in tissue activity which is reached in the B/I
studies. However, a proof of a true equilibrium would require
the demonstration of a steady concentration of true tracer
also in arterial plasma. In true equilibrium, absolute values
for Vt using the B/I protocol could be derived by dividing the

tissue activity values by the activity values in arterial plasma.
In fact, it might be possible to measure blood concentration
in venous plasma, since at late time points, arterial and
venous values converge.

5. Conclusion

It is demonstrated that, with a B/I protocol, the e
ABP68S distribution in late scans reflects the pattern of the
total distribution volume and is therefore a measure for the
density pattern of mGIluRS. The early scans following
injection are related to blood flow, although not in a fully
quantitative manner. The advantage of the B/I protocol is
that no arterial blood sampling is required, which is
advantageous in clinical studies.
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Appendix A

To calculate the parametric maps of K, a standard two-
tissue compartment model including a fixed 5% fraction of
whole-blood activity was fitted using a ridge-regression
approach. Ridge-regression fitting imposes a penalty on
changing the individual model parameters from their
respective starting values. Less identifiable parameters are
subject to a stronger penalty.

K-Means clustering and parameter starting values

The starting values were automatically determined by
the following approach: background voxels were removed
by calculating the signal energy of the voxel-wise TACs
(sum of squared TAC values) and masking all voxels
below 0.1% of the maximal energy. The remaining voxels
were classified into 10 clusters using a k-means algorithm
[10]. The time-weighted Euclidean distance was used as the
measure of dissimilarity between TACs. Ten voxels serving
as initial cluster centroids were randomly assigned. In a
first step, each voxel was assigned to the centroid with
minimal distance, thus forming 10 initial clusters. For each
cluster, a centroid TAC was calculated as the average TAC
of all voxels in the cluster. Subsequently, an iterative
process was started which repeated the following two steps:
(1) Each voxel TAC was compared with all centroid TACs
and assigned to the cluster with minimal distance. (2) All
centroid TACs were recalculated to reflect the updated
cluster population. The iterations were repeated until no
voxel was reassigned to a different cluster, or the number
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of 300 iterations was exhausted. The final centroid TACs
were fitted by a standard two-tissue compartment model
including a fixed 5% fraction of whole-blood activity,
yielding 10 sets of fit parameters (K, Ki/k», ks, ki)
together with estimates of their standard errors derived
from the fitting covariance matrix of the Marquardt—
Levenberg algorithm.

Nonlinear ridge-regression fitting

For the iterative nonlinear fitting of the voxel-wise TACs
with a two-tissue compartment model, the standard cost
function “weighted residuals sum of squares” (WRSS) was
extended by a term which penalizes the local parameter
variation [11,12]. This total sum of squares (TSS) criterion is
given by the expression [9]

TSS(0) = WRSS(0)+ Ep: hi(0:=B;)?

i=1

where 0 denotes the parameter set to be optimized, f; the
initial parameter estimates and /; the ridge factors for the p
fitted parameters. This TSS criterion was integrated into the
Marquardt—Levenberg optimization, including the calcula-
tion of the Hessian and gradient matrices.

For performing the voxel-wise ridge-regression fits, for
each parameter a f3; image is needed which provides a
reasonable approximation of the final parameter value.
Assuming successful clustering and stable fits of the
centroid TACs, f; images were obtained by creating
cluster images using the parameter values resulting from
the centroid TAC fits and by applying a spatial filter to
accommodate smooth transitions. A simple average filter
was used which replaced a voxel value by the average of
a 5x5x3 neighbourhood (5%5 voxels in-plane, three
voxels axially).

The ridge factors 4; should be chosen such that changes of
unstable parameters are penalized to a stronger extent.
Assuming that a large standard error (ste) indicates a para-
meter which suffers from a high variability, it was included
in the ridge factors [11]. To allow more variation for para-
meters with a large value range across the clusters, the ridge
factors were finally calculated by

b= median(ste;) :
. (median(ﬂf)range(ﬁi)>

Median(x;) represents the median of the parameter x;
across the 10 cluster fits, and range(f;) the absolute
difference between the maximal and the minimal fit value.
The ridge factors were smoothed in the same way as the
initial parameters. Additionally, the user interface supports a
scaling factor for each #4; value to allow for manual
adjustments of the individual parameter penalties. This
scaling was set to a factor of 100 for all %;.
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