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To calculate binding potential8P) in ['C]raclopride brain PET studies a reference tissue model

is widely used. The aim of the present study was to improve the determination of time activity
curves(TAC) of reference tissue regions using cluster analysis. In four patients with Huntington
disease TACs of a cerebellar reference region were calculated either from manually placed circular
ROIls within the cerebellum or by cluster analysis. BP estimates derived from cluster analysis are
independent from inter- and intraobserver variations and show an improved reproducibility com-
bined with a low variability compared to manually placed cerebellar ROIs. This is of high value in
longitudinal studies. €2004 American Association of Physicists in Medicine.
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[. INTRODUCTION The aim of the present study was to assess whether it is

feasible to employ cluster analysis to identify homogeneous
[C]raclopride and positron emission tomogragR¥T) are  tissue reference regions in PET studies using
used to determine dopamine,eceptor binding sites in ['C]raclopride. Manually defined ROIls were applied as a
vivo.1=3 For quantitative analysis of clinicat*C]raclopride  reference.

PET studies a reference tissue model has been shown to be
valid and is widely used in order to avoid arterial blood
sampling? This model requires one to collect time activity |l. METHODS
curves(TACs) of a reference region, conventionally the cer- ¢ patients with the genetically confirmed diagnosis of
ebellum. The reference tissue model assumes that the regiQRniington diseaséHD) in early clinical stages of the dis-
selected as reference tissue does not contain specific bindiRgse, who participated in a longitudingt'Clraclopride
sites, i.e., dopamine Preceptor-like binding sites. There is gydy, were enrolledone female, three males; mean age 50
evidence, however, that lobules 9 and 10 of the vermis of thgears, range 40-36and investigated twicedelay 15.8
cerebellum express dopamine-Beceptors known to bind months, range 15.6—16.1The study was approved by the
raclopride? at least in rat$~® In addition, an immunohis- |gcal ethical review board. All patients signed informed con-
tochemical study suggested the presence gfil®@ immu-  sent forms prior to PET examination.
noreactivity in the cerebellurh. PET data were acquired dynamically in 3D mode
The standard method to determine a TAC for a referencgSiemens/CTI ECAT EXACT HR-, Knoxville, TN).}* Sub-
tissue involves the manual definition of a region of interestiects were positioned in the scanner using a vacuum pillow
(RQI) as reference region. It is obvious that, aside from in-py which an individually formed head mold was generated.
advertedly included regions containing specific binding, fo-The head was aligned parallel to the orbitomeatal line with
cal inhomogeneities in blood flow and blood brain barrierthe aid of an external laser beam. To correct for attenuation a
permeability increase variability in manually defined refer-transmission scan of 10 min duration was performed using a
ence tissue ROIs. Cluster analysis is set to automaticallyetractable®®Gaf®Ge source['C]raclopride [doses: (247
identify volume elementévoxels with similar biokinetics of ~ +27) MBq; specific activity (2% 15) GBg/umol] in 10 ml
a given tracet®® sterile physiological saline was injected as a bolus. A dy-
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namic PET protocol with 17 temporal frames with a durationmeasure. With hard clustering the membership to cluster cen-
between 5 and 600 s over 60 min was used starting at thrs is a disjunct partition of the data. The MQQE is defined
time of injection. Reconstruction was performed using theas

PROMIS (PROject Missing Sinogramsalgorithm of the K

manufacturer with a cutoff of 0.5. This algorithm first calcu- MQQE, = i >3 (Xe— Xic)2 3)

lates a forward projection from the two-dimensional data for Né=1 e

the event positions beyond the physical field-of-view fol-

with N the total number of clustered voxels, ard the
lowed by 3D filtered backprojectiof. d

- . . : . N voxel TACs belonging to class prototype. The vectorsx
Binding potenual(%l;’) S estimated using a simplified ref- .o nain the time activity curve of the corresponding voxels.
erence region mOdé,lj Thls .model requires a reference re- Fitting is provided by a gradient descent method. The num-
gion devoid of specific binding and derives the BP from they o\ "ot osters was determined by trial and error. A prob-
ratlo.of volumes of distribution of.the Ilgand in the striatum |, ' \vith k-means cluster analysis is that due to the random
relative to the cerebellum according'td initialization process repeated runs yield different results and
some can have insufficient goodness of fit due to local
1) minima in the objective function of the methdout see Sec.
IV). In order to find good clustering solutions and to check
f, is the free fraction of unbound ligand in the tissBg,, is the reproducibility qf the re;ults we repeated the pluster
analysis for each patient ten times. The mean quadratic quan-

the total concentration of specific binding sites, agland L .
Kpi are the equilibrium dissociation constants of the IigandT[IZatlon error(MQQE) between data points and the accord

andi competing endogenous ligands, are the corresponds- ing class prototypes served as measure for the goodness of

. . . fit. As measure for reproducibility we used the mean and
ing concentrations. The receptor parametric mappRigMV) L . .

16 . standard deviation of the sizes of the clusters for each repli-
software developed by Guret al.”® was used to determine

the BP. This software implements a basis function methOé:atlon for al pat|e.nt§.Add|t|ona}IIy, th? re_prodUC|b|I.|(mean
o : and standard deviatigiof the striatal binding potentials were
for the simplified reference tissue model at the voxel fetfel

to enable a fast and robust solution. The introduction of théjetermmed using the receptor parametric mapiiREM)

16 . . ._
basis set allows us to use realistic parameter bounds, Whic%oftware. For this purpose, the striatal cluster of the opti

makes the model robust at the voxel level. As input the soft-r.nal clustering analysis was ysed together with all replica

. : tions of the cerebellar TACs, i.e., the cerebellar clusters and
ware needs the TAC of the reference region devoid of spe;
cific binding® the manually drawn cerebellar ROIs.

Two approaches were used to define the TAC of the ref- Results were compared using the Wilcoxon matched pairs

. ) . o signed rank test using GraphPad Prism version 3.02 for Win-
erence region. First, the cerebellar time activity curve was .

. o . . dows (GraphPad Software, San Diego, CA, www.graphpad-
determined from the mean of six circular regions of interest

. .com). The nonparametric Wilcoxon test first computes the
(ROI), manually placed on three subsequent planes covering; :
. . ifferences between the two values of the matched pairs, and
the region of the cerebellar hemisphet®2Second, cluster

; o : o . __analyzes thereafter only the list of differences. The Wilcoxon
analysis was used to partition voxel time activity curves into, )
. s test does not assume that these differences are sampled from
a small number of clusterfs.Only voxels with an activity

larger than the mean in the image were included in the analy‘rZl Gaussian distribution.

sis in order to exclude voxels outside the patient or those
with very low activity in the liquor. The different framgsof
a study were weighted according to Poisson statitivith IIl. RESULTS

the factor The TACs of the clusters showed four distinct clusters by
_ - L0 visual inspection: venous, striatum, white/gray matter con-
w;=(frame j duration/(P;+D)). @ tinuum, and scatter. Thus witt= 10 the clustering algorithm
The promptsP; are the total counts obtained for frame  had enough clusters to separate the voxels with partial vol-
The counts measured in the delayed coincidence windpw ume effects into extra clusters. Inspecting the differences of
are subtracted to obtain the true coincidendgs(=P; the cluster analyses within one patient with respect to the
—D;). [Note that the varianceM) of the difference of two MQQE showed that those yielding a low MQQE showed the
Poisson variables equals the sum of the variables, i.eyenous system of the brain as a separate clustey. 1).
V(T;)=P;+D;.] The frame duration is included because Subsequent investigations were restricted to the subgroup of
the data in the reconstructed images contain “counts peanalyses with low MQQEs. The results of a detailed analysis
frame duration.” The benefit of weighting is that the frameswith respect to cluster sizes are shown in Table I.
contribute according to their statistical weight. This prevents The TACs of the cluster containing the largest part of the
low count frames from dominating the clustering process. cerebellum were used to determine the BP for the striatal
The remaining set of signal time courses was analyzed usingjuster using the receptor parametric mappifigPM)
the classicak-means cluster analysis algorithm with setting software'® A comparison with the manually drawcerebel-
k=101° This adaptive hard-clustering algorithm uses thelar) ROIs method is given in Table Il. An example for the
mean quadratic quantization erroMQQE) as validation TACs is given in Fig. 2.

fZBmax

BP= Ko(1+=F IKp))
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T

TaBLE II. Binding potentials(BP9 assessed using TACs of the cerebellar
cluster and the manually drawn cerebellar ROIs (me&Db).

BP by RPM N Cerebellar cluster N Cerebellar ROIs
la 4 0.969-0.002 5 0.89%0.005
1b 5 1.153-0.001 5 1.04%0.006
2a 4 1.387-0.002 5 1.35%0.015
2b 6 1.685-0.005 5 1.47%0.011
3a 4 1.4030.001 5 1.20%0.039
3b 6 1.281-0.001 5 1.219:0.017
4a 6 0.607-0.001 5 0.396:0.028
4b 4 0.878-0.001 5 0.827#0.022

Note Of the ten performed clustering analyses those showing the venous
cluster(which corresponds to low MQQEs, numkgj were used. For the
manually drawn cerebellar ROIs the TAC was determined independently
N=5 times. The BP was calculated using the receptor parametric mapping
(RPM) software developed by Guret al® The Wilcoxon matched pairs
signed rank test demonstrates a significant difference between the manually
and cluster defined reference tissue ROIs for both the BP and the standard
deviation (<0.05).

Introduction, there is evidence for the presence oflike
Fic. 1. Examples for “venous” clusteftop; maximum intensity projection  binding sites in certain regions of the cerebellum. Cluster
for three angles “striatal” (middle) and “cerebellar”(bottom; axial slices analysis allows the inclusion of additional cortical regions
cluster. . .. .
with the same TACs as the cerebellum. This increased size of
the reference region reduces noise and improves the determi-
To quantfy a suspected presence of ,-like  Nation of the binding potential. In addition, venous blood

immunoreactivity in the manually drawn cerebellar ROIs, VE€SSels may contribute to a variable and unpredictable de-
we calculated the BP of the manually drawn cerebellar ROIree to the regional signal of manually delineated cerebellar
using the cerebellar cluster as reference region. The obtaindtC!s:

binding potential was 0.040.04 and range was 0.00 to 0.12 Both limitations can be overcome using a method able to
(for patiert 2 a fit could not be obtained, therefore the BP distinguish different dynamics of TACs. For this purpose we
was assumed to be zgro used cluster analysis and demonstrated that a single cluster

analysis does not necessarily result in an optimal identifica-
tion of relevant structures. However, when performing ten
IV. DISCUSSION arbitrarily initialized cluster analyses, an optimal subgroup
The reproducible generation of parametric PET imageshowing a venous cluster yields results of high reproducibil-
depends on the definition of an appropriate reference tissugy with respect to MQQE. We showed that the high MQQE
TAC devoid of specific bindind:2 For [ *!C]raclopride PET  reproducibility corresponds to a high reproducibility of clus-
studies, a reference tissue model is widely used and regardéer sizes(Table ) and as a consequence TA@Sg. 2). The
as valid? which requires the delineation of a reference re-high TAC reproducibility transforms directly into BP repro-
gion. Conventionally the cerebellum is used as a referencducibility (Table I). Therefore, the optimal method to use
region with the implicit assumption that this region does notthis kind of cluster analysis consists in performing ten cluster
contain specific binding sites. However, as discussed in thanalyses and utilize that with the lowest MQQ&hich

TasLE |. Cluster sizes described by voxel numbers (me&D; 1 voxek 16 mn?).

Study N Cerebellar Thalamo-cortical Striatal Venous Manually
la 4 2110214 15948-76 825.0:2.3 4046+ 16 685-4
1b 5 2295231 1711742 771.8-0.4 5123:31 6103
2a 4 2139145 14243116 882.3:0.0 11568-5 974+ 4
2b 6 18820-84 18285110 852.71.0 887369 860+ 8
3a 4 1922311 1639147 896.0-0.0 66798 7576
3b 6 204883 161237 893.70.8 47202 9274
4a 6 2211&5 18855+11 4735.2:34.9 267737 589+ 3
4b 4 19264 26 14390- 19 906.8-5.9 4962-9 683t 3

Note N is the number of clustering analyses showing the venous system of the brain as a separate cluster. Differences in mean voxel numbers between
investigation a and b are partially due to different patient positioning. For comparison, the sizes of the manually drawn cerebdBanR@Isix circles

drawn in three consecutive planes; five replicatjar® given in the right column. The “striatal” cluster of investigation 4a contains additional cortical areas

of the brain: The clustering analysis did not separate the striatal area, due to its low binding p¢fabt&lll). On average, the cluster method yields 28

+7 times more voxels for the reference region compared to manually determined reference regions.
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3000 . . —T—————— excludes parts of the cerebellum, which are suspected to con-
E 26001 | z tain specific binding site¥The positive BP € 0.04+0.04)
@2500 Ex 2400 1% % B T obtained for the manually drawn ROIs using the cerebellar
S 2000 L .?.z 2200f ,° - cluster as reference region is compatible with the presence of
® 3 \5“\,: 2000 ¢ . specific binding sites for raclopride in the region defined by
1500 ( %, % i the manually drawn cerebellar ROIs that cannot be ne-
§ \‘i‘ 1800 = glected. As a consequence the calculated BP was lower when
;1000 s \? 0 100 200 300 using the manually defined ROI technig(@Eable I). This
s \ supports the assumption that the highly reproducible TACs
8 SO0F M —eclusters T 1 based on cluster analysis are devoid of major contributions
| .o manual ROIs ' \.“‘%‘-7—-..9 of areas with specific binding. However, this small BP value
0 0 500 1000 1500 2000 2500 3000 could also be due to several confounding factors, such as
t(s) choice of model, e.g., a model using the arterial input func-

tion instead of a reference region may yield different results.
Fic. 2. Comparison of TACs defined by cluster analysisean ofN=4 Or this small BP value could be a systematic artifact of im-
clustering analysesand manual ROIs in the cerebelluimean and SD for aging, e.g., of noise in the attenuation maps or of inaccura-
N=5) for patient 3a. The standard deviation SD for the cluster results is no&- > ' . P .
= . ies in the scatter correction or normalization. To definitely
shown, because it is too small to depict (SR Bg/ml). . .
characterize these small BP values as specific binding a sepa-

) ) ) rate D2/D3 saturation study must be performed.

variability introduced by the expert through manually de'algorithm§2‘24 like EM-ML (expextation maximization—
fined ROIs is obviated. Note that the variability of the BP for maximum likelihood, OSEM (ordered subset expectation
the manually drawn ROIs in Table Il is only depictirg maximization and MAP(maximuma posteriorb25 were not
traobserver variability, however in a clinical setting usually investigated. However, provided that the algorithms
interobserver variability is more relevant. Therefore, a stantconverged? the relevant differences in the reconstructed im-
dardized method defining a reference region is warranted. ages for cluster analysis are the resolution and the Rbise.
Although cluster analysis was already used previously inchange in resolution affects the degree of the partial volume
binding potential analysts'*"the issue of reproducibility effect, i.e., a better resolution may need a slightly increased
was not demonstrated. We demonstrated the following.  number of clusters to separate the voxels with partial volume
(1) With our clustering algorithm we could obtain in all effgcts into extra clusters. The same holds.true fqr increased
cases convincing results by multiple rufis contrast to ~ noise: More clusters allow a reduced “noise” within each
the statement in Ref. 11 cluster. If such an adjustment to different reconstruction al-
(2) Due to our Poisson weighting we obviate user interac-90rithms would be necessary, it would reduce the number of
tion to exclude or combine low count framésompare ~ Pixels in the demanded reference cluster. However, the ben-
Ref. 11). efit of clustering probably will not be reduced excessively,
(3) Because we use a hard clustering algorithm instead dpecause the diminished variation within the smaller cluster
the mixture modéf we do not need/allow user interac- counteracts the decreased pixel number in the cluster.
tion to define the threshold for the probabilities for ~The RPM methotf implements parameter bounds with
which the voxels are partitioned into the respective clusYesPect to the simplified reference region mdtielhich in
ter. This avoids additional inter- and intraobserver vari-turn reduces the number of free parameters of the reference
ability. tissue model from four to three. Although the results are
essentially the sarfié® after this reduction in the degrees of
The cluster analysis may be improved using a nonranfreedom it is clear that a model with more parameters is
domized initializatioR®?* or by a dynamical cluster analysis more sensitive to noise. Therefore, compared to the RPM
that extracts useful values &ffrom the datad® Our expec- method the clustering should be even more advantageous for
tation is that with such improvements more than five to sixboth, the simplified reference region model and the reference
runs (closer to teh of the analysis runs would yield useful tissue model, due to noise reduction in the TAC of the refer-
results. However, we did not investigate this point as time ince region.
not critical in the BP evaluation. The fraction of useful runs In conclusion, the semiautomated and observer indepen-
may be increased also by escalating the number of clustersdent cluster analysis allows us to analyirevivo receptor
on the expense of CPU time. binding studies using a reference tissue model with high ac-
The additional voxels included into the reference regioncuracy and reproducibility.
by clustering are distributed over the cortex with a pattern,
which is not possible to select manuallyompare Fig. 1L ACKNOWLEDGMENTS
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